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Welcome to the 2024 Materials Genome Initiative Principal Investigators Workshop! 

 

This draft of the meeting booklet contains abstracts for the 130 PI posters presented during the two-day 
meeting. A final version of the booklet will be published on the website in the middle of August with 
summaries and reports from the workshop breakout sessions and panel discussions. Poster presenters will 
find the location of the poster on their nametag and in the meeting Whova app.  Attendees can find all the 
abstracts and the poster locations in the mobile of online version of the app.  

The Materials Genome Initiative (MGI) was launched in 2011 to accelerate the discovery, design, 
development, and deployment of new materials, at a fraction of the cost, by harnessing the power of data 
and computational tools in concert with experiment. The interagency initiative includes broad 
participation, including the National Science Foundation (NSF), the Department of Energy (DOE), the 
Air Force Research Laboratory (AFRL), the Office of Naval Research (ONR), the U. S. Army Combat 
Capabilities Development Command (DEVCOM), and the National Institute of Standards and 
Technology (NIST). 2024 marks the sixth time funding agencies, the OSTP Subcommittee for the MGI 
(SMGI), and Principal Investigators from across the research spectrum have convened to provide and 
assessment of the status of the initiative and provide a springboard to collaborative work leveraging rapid 
growth in data, data-driven, AI/ML, and community-wide infrastructure development.  

In 2024, MGI PI workshop was hosted by Johns Hopkins University in the Bloomberg Center at 555 
Pennsylvania Avenue, Washington, DC and addressed the MGI mandate to biennially assess and report 
on progress; incorporate input from the interagency SMGI Advisory Board; create engagement of PIs; 
and deepen the national materials data network manifest in the Materials Research Data Alliance 
(MaRDA) as called out in the current MGI Strategic Plan. The workshop program included reports and 
panel discussions of national priorities, recent program evaluations, aligned international efforts, and new 
directions for AI and autonomous materials discovery. Current MGI investigators presented 130 posters 
and provide brief oral presentations of a dozen projects provided supplemental funding to pursue 
outcomes of the 2022 PI workshop. Convening in Washington resulted in record attendance both by PIs 
and by representatives of the agencies engaged in the MGI. A central goal of the meeting was to engage 
attendees in evaluation of MGI roles in societal-level challenges to both survey existing resources and 
identify important gaps and barriers that can focus development of the materials innovation infrastructure 
central to accelerated, data and AI driven materials discovery, design, and deployment.   

The final version of this book will include summaries and report outs of workshop activities. This draft 
contains abstracts from the 130 posters presented by investigators across the MGI.  Draft organization is 
alphabetical by PI last name. Poster locations can be found in the meeting app and online sites. 
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DMREF: Deep learning guided twistronics for self-assembled 

quantum optoelectronics 

Lead Investigator: Ritesh Agarwal, riteshag@seas.upenn.edu 

Participating Institutions: University of Pennsylvania, University of Wisconsin at Madison, Northeastern 

University 

Source of Support: NSF-DMREF 

Website: None 

Keywords: supertwisted, spiral, quantum optoelectronics, twistronics, deep learning.  

Project Scope 

In this project, we will break the fundamental limitation of designing twistronic materials via deep-learning 

based symmetry and topological engineering of materials and metamaterials. We will start from a quantum 

paradigm to optimize the atomic scale symmetry and topology in 2D materials for prescribed chiral responses. 

Guided by theory, novel and rational synthesis will enable direct growth of 2D materials with control over interlayer 

twist angles, compositions, and crystal phases to realize novel and predictable quantum properties. New knowledge 

will be generated that can enable the design of highly 

engineered quantum materials with new degrees of freedom 

with high predictive power to demonstration of novel chiral 

optoelectronic responses. Understanding of the symmetry-

topology-response relationships will lead to designs of new 

photonic metamaterial platforms with novel chiral 

responses to structured light to produce desired complex 

optical response from the material system with patterned 

external fields. 

Relevance to MGI 

      The emergence of twisted quantum material systems 

opens a vast and diverse material space for materials 

discovery and design. The advance of artificial intelligence 

(AI) in the fields of graph theory, equivariant neural 

network, and nature language processing, offers an 

essential toolbox – when combined with domain 

knowledge and other data-driven approaches – to aid both 

materials discovery and device design in every single 

aspect. Motivated by the MGI, we will develop state-of-the-

art data-driven approaches and computational methods to 

guide and accelerate the material discovery and device 

development cycle. A twisted 2D materials database will be 

created by high-throughput computation based on newly 

developed methods for large-scale systems and GPU-based 

computation. Thereafter, deep learning based on Wannier 

functions and Hamiltonian-centric graph neural networks 

will be constructed to learn and discover the “materials genome” from a vast material design space and accelerate 

the inverse design of novel quantum phases in multilayered twisted materials and further extend it to photonics.   

Technical Progress 

In the first year of the project, a major achievement is the observation of the nonlinear optical Hall effect in 

self-assembled supertwisted multilayered (>5-100 nm thickness) WS2 system formed by a screw-dislocation-driven 

mechanism. The optical Hall current direction changed with the structural handedness of the supertwisted system, 

along with an unusual photon-momentum dependence of the nonlinear optical response in the moire potential. 

Signatures of thickness-dependent exciton-polaritons and the associated strong photon momentum-lattice 

Figure. Top: Illustration and linear optical 
characterization of the 3D chiral systems from 
supertwisted spirals of WS2. Bottom: Opto-
twistronic Hall response from spiral lattice-
photon momentum interactions. 
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interaction dependent photocurrent response were measured, which suggest a fundamentally altered light-matter 

interaction in 3D Moire systems. Our study seamlessly connects 2D and 3D twistronics and provides a bridge 

connecting the electrons and photons by overcoming their significant length scale differences in conventional 

systems.  

We also developed a physics-informed neural network approach bridging deep-learning force field and 

electronic structure simulations, illustrated through twisted large-scale MoS2 systems. Using the Wannier functions 

as the basis, we categorize the Hamiltonian elements based on physical principles to incorporate diverse information 

from a deep-learning force field model. This Wannier-based dual-functional model for simulating electronic band 

and structural relaxation (WANDER) serves as a powerful tool to explore large-scale supertwisted systems in the 

future.  

Future Plans 

      Combining experiment, computation, and theory, we will explore novel phenomena induced by superspiral 

structures (such as chiraloptical effect) in multilayered twisted MX2 systems. We will synthesis and explore 

supertwisted quantum material systems beyond transition metal dichalcogenides guided by data-driven approaches. 

Utilizing Wannier functions as the basis, we will endow new capabilities to the ML model to predict novel properties 
associated with supertwisted MX2 systems, such as Berry curvature, density of states, and other topological 

properties. We will develop unique photonic structures for the demonstration of new quantum optoelectronic 

functionalities in high-dimensional quantum entanglement generation and flat-band cavity-quantum 

electrodynamics for efficient chiral light emission and detection.  

Broader Impacts and Workforce Development 

      At the core of this DMREF proposal is to design and obtain a deeper understanding of topological quantum and 

photonic materials by combining elements of empirical knowledge, condensed matter theory and deep learning and 

data mining techniques. These designer twistronics materials with new twist degree of freedom will host novel 

phenomena that will also enable us to understand excitations in topological quantum materials by experimentally 

seeking for responses with novel features that describe these interactions. If successful, the proposed materials 

discovery with unique chiral optoelectronic responses can enable the next generation of electronics and optical 

devices (e.g. quantum switches, high-dimensional quantum entanglement, chiral emitters and detectors) where their 

response can be precisely controlled. The interdisciplinary nature of this research program will also provide an 

excellent educational opportunity for training the next generation of graduate and undergraduate students. The main 

goals of our educational and outreach program are to: a) enhance our undergraduate and graduate courses, b) 

improve the participation of undergraduates in cutting-edge research, and c) outreach and inclusion of 

underrepresented groups. 

Data Management and Open Access 

The datasets for training the ML model developed in the first year are available at the Digital Repository Service 

of Northeastern University (http://hdl.handle.net/2047/D20630194). The code for the work is available on GitHub 

(http://github.com/yuboqiuab/multifunctional). We will continue to make sure that all the data practices associated 

with publications are consistent with the FAIR standard.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

An open-access database including both twisted and supertwisted two-dimensional material systems will be 

constructed and shared with the public with a web interface.  

Publications and References 

1. Z. Ji, Y. Zhao, Y. Chen, Z. Zhu, Y. Wang, W. Liu, G. Modi, E. J. Mele, S. Jin, R. Agarwal, “Opto-twistronic Hall effect in

a three-dimensional spiral lattice”, arXiv:2312.10954. DOI: 10.48550/arXiv.2312.10954

2. Y. Qi, W. Gong, Q. Yan, “Bridging deep learning force fields and electronic structures with a physics-informed approach”,

arXiv:2403.13675. DOI: 10.48550/arXiv.2403.13675
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Low Cost, High Strength and Ductile Mg Alloys 

Lead Investigator: Sean R. Agnew, agnew@virginia.edu 

Participating Institutions: University of Virginia, Cornell University, University of Canterbury 

Source of Support: NSF-DMREF 

Website: none. 

Keywords: Lightweight, Alloy design, Precipitation, GP zones, Crystal plasticity. 

Project Scope 

As the lightest structural metals, Mg alloys provide unique opportunities to enhance energy efficiency in the 

transportation sector. Nevertheless, wrought Mg alloys remain underutilized, due to high processing costs and 

inadequate mechanical properties. This project aims to simultaneously improve strength and ductility, while being 

cognizant of cost. The new materials design strategy utilizes GP-zones composed of elements widely available in 

the earth’s crust (e.g., Mg, Al, Ca). It is hypothesized that the thermally activated dislocation-GP-zone interactions 

increase strain rate sensitivity, leading to improved ductility, in addition to the obvious strengthening effect.  

Relevance to MGI 

This project combines computational and experimental 

techniques from atomic length scales to the macroscale 

(Figure 1). Given the macroscopic stress-strain response and 

the microstructure, the single crystal strength and strain 

hardening parameters can be inferred from crystal plasticity 

simulations. This “top-down” approach relates the 

macroscale mechanical properties to dislocation-precipitate 

interactions within individual crystals. The “bottom up” 

approach involves prediction of precipitate structures and 

fundamental physical parameters such as coherency strain 

due to lattice mismatch, stacking fault energies, and elastic 

moduli using density functional theory (DFT) and statistical 

mechanics-based mixed-space cluster expansion models.  

Together, the single crystal strength can be obtained from 

first principles and compared with the ones obtained from 

crystal plasticity simulations. Once validated, this 

comprehensive solution to the forward modeling problem 

provides the basis for the inverse problem represented by 

goal-driven materials design.  

Technical Progress 

Atomic structures of ordered monolayer Guinier-Preston 

(GP) zones in Mg-Zn-X (X = Ca, Nd)1and Mg-Al-Ca2 

systems have been predicted based on first-principles calculations combined with the statistical-mechanical 

approach of cluster expansion (CE). Advanced TEM/STEM imaging techniques have provided atomic resolution 

imaging with atomic number contrast. Simulated TEM images and diffraction patterns of the predicted structures 

agree well with prior experimental observations. Notably, the determined structure is distinct from the one which 

was proposed and remained uncontested in the literature for nearly two decades.  

Comprehensive first-principles calculations based on DFT, CE and Monte Carlo (MC) simulations are being 

performed to study the crystal structures and stabilities of phases in Mg-Zn system, including GP zones, 𝛽1′, 𝛽2
′  and

stable 𝛽 phase3,4. Mixed-space cluster expansion (MSCE) is generalized to systems with arbitrary crystal symmetry 

and multiple sublattices by formulating compatible reciprocal space interactions and developing a crystal-

symmetry-agnostic algorithm for the calculation of constituent strain energy5. A neural network-based approach to 

describe the interatomic potential of Mg-Zn-Ca is near completion, and the process has already enabled predictions 

of GP zone stiffness and generalized stacking fault and anti-phase boundary (APB) energies. Furthermore, both 

experimental and simulation-based results have shown that the evolution from GP zone to metastable precipitate to 

Figure 1. The project combines computational and 
experimental methods to link the structure-property 

and chemistry-processing-structure relationships. 
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equilibrium phase involves enrichment in the more slowly diffusing species, Zn. Precipitation sequence and key 

precipitate phases of dilute Mg-Zn-Ca alloys were reexamined combining Advanced TEM and DFT6,7. Machine 

learned interatomic potentials have been developed for Mg, Ca, and the binary Mg-Ca system. The interatomic 

potentials for Zn, Ca-Zn, Mg-Zn, and Ca-Mg-Zn systems have proven more challenging but are required to perform 

the planned MD simulations of dislocation-GP zone interactions.   

The age-hardening response of 4 candidate alloys has been characterized, including 1 in the Mg-Al-Ca-Mn 

(AXM) and 3 in the Mg-Zn-Ca-Zr (ZXK) quaternary systems. Metallurgical and mechanical property 

characterization of the 4 alloys in various thermomechanical processing conditions has been performed. The 

possibility of natural aging and concerns of natural over-aging have been explored, with aging times of up to one 

year, and no statistically significant difference in the tensile stress strain behavior is observed. 

The results of polycrystal plasticity modeling of the observed mechanical responses have helped answer a 

number of practical and mechanistic questions. First, the approach revealed that crystallographic texture distinctions 

explain why sheet forms of the alloys are less potently strengthened than extruded product forms.8 Second, the 

approach was able to show that the GP zones in both AXM9 and ZXK6 alloys impart about 2.5x more strengthening 

on the prismatic slip systems, as compared to the basal. This is not due to the GP zone shape (which actually impacts 

basal slip more strongly than prismatic). Rather, it is due to the intrinsic shearing resistance which is far greater for 

prismatic dislocations because they induce an APB within the GP zone. While these strength differences contribute 

to the intrinsic plastic anisotropy of Mg alloys, the weak crystallographic texture observed in these sheet alloys, and 

the positive impact of GP zone strengthening upon the strain rate sensitivity enables the alloys to maintain good 

ductility even in the peak aged condition8. Finally, it has been revealed that material in the as-rolled (work hardened) 

condition exhibits even higher strength than the peak aged, with acceptable ductility and polycrystal plasticity 

enables the degree of work hardening to be optimized for a particular strength/ductility combination of interest. 

Future Plans 

Design criterions for forming prismatic plates in hcp Mg are being explored using computational 

thermodynamics. The development of neural network-based interatomic potential will enter the training-testing-

revising cycle and the parameter will be finalized. The aforementioned interaction between the dislocations and the 

GP zones, accounting for the coherency strain fields and mismatch between the elastic modulus is being performed 

using a FFT-based DDD code which can account for shearable obstacles like GP zones10. 

Broader Impacts and Workforce Development 

The broader impacts of the project are development of computational tools for the prediction of multicomponent 

alloy structure and performance and a new paradigm for GP zone-strengthened alloy development. The project is 

also educating a diverse group of graduate students and postdoctoral fellows including members of 

underrepresented groups: MEng students, Oluwaniyi Ajiteru (now with Micron Technologies, Manassas, VA) and 

Aaron Sullivan; PhD students, Du Cheng (Acta Student Award1, now Postdoctoral Research Associate in Shanghai 

Jiao Tong University), Yuan-Chen Gao, and Bassel Khoury; Postdocs, Eric Hoglund (now Postdoctoral Research 

Associate at Oakridge National Lab) and Kang Wang (now associate professor in Shanghai Jiao Tong University); 

and research scientist, Jishnu Bhattacharyya. Monthly meetings provide the students and postdocs with deep 

exposure to the collaborative nature of advanced materials development research.  

Data Management and Open Access 

The developed computational package implementing the MSCE and MC has been made open-source and 

uploaded to the online platform GitHub (https://github.com/Bi-Cheng/MSCE). The predicted and experimentally 

verified atomic structures of GP zones and metastable precipitates are uploaded as supplementary materials of 

publications. The DFT-generated training set for neural network-based atomic potential will be uploaded to online 

repositories, such as Materials Cloud. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

New ternary alloy compositions are being explored using established criterions for forming prismatic plates in 

hcp Mg alloy matrix. We plan to test the predicted compositions in collaboration with experimental colleagues. 
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Collaborative Research: DMREF: Discovery of Novel Phases 
Through Pseudospin Control   

Lead Investigator: D.F. Agterberg agterber@uwm.edu, L. Li lian.li@mail.wvu.edu, and M. Weinert 
weinert@uwm.edu 
Participating Institutions: University of Wisconsin-Milwaukee, West Virginia University 
Source of Support: NSF-DMREF 
Website:  https://sites.uwm.edu/pseudospin 
Keywords: pseudospin, altermagnetism, MBE-STM-ARPES 

Project Scope 

This project combines analytic and predictive computational theory with experimental molecular beam epitaxy 
(MBE) growth and characterization with in situ scanning tunneling microscopy/spectroscopy (STM/S) and angle-
resolved photoemission spectroscopy (ARPES) to control 
non-spin-1/2 pseudospin fermions in epitaxial materials, 
where novel phases and materials properties can be 
achieved by tailoring lattice strain, proximity effects, 
charge doping, and electrical and optical gating. 
Specifically, we will use analytic and first principle 
solutions of interacting electron Hamiltonians to engineer 
altermagnets, odd-parity multipole magnets, and high-field 
superconductivity through pseudospin control. 

Relevance to MGI 

To realize the efficient discovery of altermagnetic, odd-
parity magnetic, and high-field superconducting materials, 
we will follow the collaborative and iterative closed-loop 
approach outlined in the MGI strategic plan. Specifically, 
we integrate the PIs’ strengths and expertise in DFT 
calculations (Weinert), many-body modeling of 
phenomena such as superconductivity and magnetism 
(Agterberg, Weinert), and material synthesis and atomic 
scale imaging and spectroscopy (Li). The calculations and 
modeling will help interpret and guide the experimental 
investigations; at the same time, the experiments will 
provide data to test the theory and offer important insights 
into which aspects and parameters of the real materials are 
important and must be included in the models. 

Technical Progress 

We have made theory progress in three directions. First is the discovery that the Stoner instability of non-spin-1/2 
pseudospin is to a magnetic state very different than ferromagnetism. This Stoner instability leads to magnetic states 
that break reversal symmetry, have a vanishing magnetization, are non-collinear, and exhibit altermagnetic-like 
energy band spin-splittings. A second direction has led to a design principle to stabilize altermagnetism in two-
dimensional materials. We have found that by tuning to coincident van Hove singularities in five lattice structures 
that support non-spin-1/2 pseudospin, altermagnetism becomes the dominant electronic instability in the weak-
coupling limit. We have also developed a class of minimal models for altermagnetism that encompass forty different 

Fig. 1. The synergistic combination of theory and 
experiment is integral to the project. Examples of the 
complementary aspects are the calculation of the 
Berry curvature for a minimal model of RuO2, where 
the large values near the Brillouin zone boundaries 
arise from non-spin-1/2 pseudospin; and the 
synthesis, characterization, and calculations for 
NbSe2 and Fe1\4NbSe2, including demonstrating the 
altermagnetic nature of the material. 
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crystal structure types, including monoclinic, orthorhombic, 
tetragonal, rhombohedral, hexagonal, and cubic materials. 
These models reveal that non-spin-1/2 pseudospin serves as a 
design principle for optimizing the Berry curvature in 
altermagnets and reveal that symmetry-imposed band 
degeneracies in non-symorphic materials enhance the tendency 
towards altermagnetism. To connect these models to real 
systems, we have focused our calculations on Fe1/4NbS2 and 
Co1/4NbSe2 motivated by our modeling that links the 2a 
Wyckoff position of Fe/Co in the non-symmorphic space group 
194 to an altermagnetic state with a momentum dependent spin 
splitting of the form kykz(3kx

2-ky
2). 

As a first step towards the synthesis of transition metal 
intercalated NbSe2 and NbS2, we have demonstrated the growth 
of single-layer 1H-NbSe2 on graphene and SrTiO3 (STO) (001) substrates using MBE. In situ ARPES measurements 
of valence band structures at 77 K reveal that the 1H variant exhibits metallic behavior. STM imaging reveals the 
well-ordered (3x3) charge density wave on single-layer 1H films, similar to that observed on the surface of bulk 
2H-NbSe2. These ARPES and STM results agree with our simulated STM images and the bands (Fig.1). 

Future Plans 

We will use minimal models and electronic structure calculations to study the relationship between spin-orbit-
coupling driven magnetization and the anomalous Hall effect, altermagnetic domain walls, and transport properties 
such as non-linear Hall and other non-linear transport linked to the non-symmorphic band degeneracy driven 
quantum geometry. Experimentally, we will synthesize transition metal intercalated NbSe(S)2 and single-layer 
FeSeS/STO using MBE and compare the STM/STS and ARPES spectra to our calculated altermagnetic properties. 

Broader Impacts and Workforce Development 

PI Li jointly organized the Unleashing Innovation in 
Energy Science Workshop: A Journey from First 
Principles to Data-Driven Autonomy at WVU’s Annual 
Research Week. Newly recruited female graduate student 
Marzieh Yousefi presented a poster on the MGI approach 
to synthesizing altermagnets. We have hired three 
postdoctoral associates: Dr. Yue Yu and Dr. Merce Roig 
(to start in January 2025) at UWM and Dr. Jiaqi Guan at 
WVU. We supported graduate students Hao Wu at UWM 
and Marzieh Yousefi at WVU. Online instructional 
materials will be posted on our project website, advertised, 
and highlighted at outreach events such as MGI Day and 
MGI Summit of STARs. 

Data Management and Open Access 

All publications are publicly available on the arXiv. During this project, the further development of DFT and related 
analysis codes will be made available to other researchers (via GitHub). 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The development of non-spin-1/2 pseudospin control will be a powerful new tool in materials by design, which can 
lead to large and controllable anomalous Hall effects and new pseudospin-based spintronic materials both of which 
represent paradigm shifts in materials discovery.  

Fig. 2 Design principle based on altermagnetic 
susceptibility: non-symmorphic materials are more 
likely to host altermagnetism than symmorphic 
materials. 

Fig. 3 Graduate student Marzieh Yousefi at the 
Unleashing Innovation in Energy Science Workshop at 
WVU’s Annual Research Week. 
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3D Structures by Block Copolymer Self-Assembly 
Lead Investigator: Alfredo Alexander-Katz, aalexand@mit.edu, Caroline A. Ross, caross@mit.edu,  

collaboration with Vincenzo Vitelli, vitelli@uchicago.edu 

Participating Institutions: Massachusetts Institute of Technology, University of Chicago 
Source of Support: NSF-DMREF 

Website: http://soft-materials.scripts.mit.edu/www/,   https://caross.mit.edu/ 

Keywords: Block Copolymer, Self-Assembly, Dissipative Particle Dynamics, 3D nanofabrication 
Project Scope:  

This project aims to understand the physics underlying block copolymers to self-assemble into three-dimen-

sional structures in thin films combining experiment and computation. The structure of diblock copolymers 

such as polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) and bottlebrush copolymers such as Polysty-
rene-branch-Polydimethylsiloxane (PS-branch-PDMS) and Polystyrene-branch-Polydimethylsiloxane-block-

Polylactic Acid (PS-branch-PDMS-b-PLA) are studied experimentally and computationally using Dissipative 

Particle Dynamics (DPD). Our research not only obtains and elucidates the formation mechanisms of intri-
guing 3D structures, such as multilayer structures and mesh networks, which have great potential in nanofab-

rication, but also develops and disseminates simulation packages for new block copolymer systems. 

Relevance to MGI: 

Experimentation and computation have been closely synergized in this project. Simulation has been very 

helpful in designing and understanding experiments. For example, simulations under various conditions-such 

as compositions, surface topographies, and interaction parameters-are readily carried out to construct phase 

diagrams, providing a reasonable starting point for selecting experiment conditions in specific regimes.1 Ad-
ditionally, simulations provide mechanistic insights into kinetic pathways to equilibrium structures and mo-

lecular chain conformation and stacking.2,3 The effectiveness of simulation in guiding experiments heavily 

depends on its accuracy and ability to reproduce experimental results. Therefore, existing experimental re-
sults are important training data to verify the parameter and physical mechanisms integrated in the models.4 

By combining experimental and computational approaches, we have gained a better understanding of numer-

ous principles behind designing and preparing 3D structures using diblock and Janus bottlebrush copolymers. 
Technical Progress: 

Overall, this project explores the principles 

and strategies for using two types of block 

copolymer materials to create functional 
3D structures. 

When diblock copolymer PS-P2VP was 

submerged in an acidic solution contain-
ing metallic compounds, the pyridine 

groups in P2VP became positively 

charged by H+, allowing the anionic metal 

complex to infiltrate the P2VP block 
through electrostatic interaction. This infil-

tration significantly decreased the polymer’s 

mobility, preserving (i.e. locking) the struc-
ture during spin coating and annealing of 

subsequent layers. Furthermore, the infil-

trated metal could be exfiltrated using a basic complexing solution, enabling reversible locking and unlock-
ing of self-assembled structures. Utilizing this reversible metal infiltration technique, we could construct 3D 

multilayer structures with independent control of each layer.5 

The selective infiltration of metal ions into P2VP also enables the preparation of multicomponent functional 

metal nanostructures. In another study on cylindrical forming PS-b-P2VP (SV 115 kg/mol, 𝑓𝑃2𝑉𝑃 = 31.7% 

and SV 275 kg/mol, 𝑓𝑃2𝑉𝑃 = 32.7%) self-assembly over trenches and mesas, we find that the in-plain cylin-

ders align either parallel or perpendicular to the trench edge, depending on the ratio between film thickness 

and trench depth. By tracking morphology evolution using DPD, we believe that the parallel orientation 

Figure. Block copolymer 3D self-assembly structure study by ex-

periment and DPD: orthogonal bilayer cylinders on bare sub-

strates, orthogonal metal meshes, and hierarchical mesh-in-la-

mellae structure.
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arises from an initial wetting layer on trench walls propagating into the trench, while the perpendicular orien-

tation is due to solvent flow from mesas to trenches during annealing. We prepared bilayers of cylinders, 
with each layer having a different orientation and different infiltrated metal.2  

The DPD model, previously used primarily to simulate bulk morphology, had limitations in reproducing thin 

film morphologies, such as perforated lamellae structures. Therefore, in our simulation-focused papers, we 
reparameterized the DPD model to accurately reproduce the experimentally observed composition-thin film 

morphology relation. Additionally, the interaction between polymer and trenches, and post arrays were also 

optimized to simulate directed self-assembly cases.4 With the reparameterized DPD model, we simulated 

stacking layers of A-b-B and A-b-C, hypothesizing that the shared block can transfer morphological infor-
mation between two layers. By varying film thicknesses, interaction parameters, and compositions, we 

achieved a rich morphology including meshes and multiple layers of parallel cylinders.6 

Besides preparing network structures in a layer-by-layer fashion, we also investigated mesh-forming Triblock 
Janus Bottlebrush Copolymers (TJBBCP) PS-branch-PDMS-b-PLA (PDMS5 kg/mol-branch-PS6.9 kg/mol)30-b-

(PLA6.3 kg/mol)30. The TJBBCP formed a hierarchical structure, where the PLA formed a lamellae superstruc-

ture and the PS-branch-PDMS forms a substructure confined within the PLA lamellae. For the substructure, 

we observed a unique M15 mesh network for the first time in literature. Using DPD simulation to visualize 
chain arrangement and comparing with diblock Janus bottlebrush copolymers, we found that the intrinsic mo-

lecular confinement exerted by the PLA superstructure is responsible for the unique mesh network1,3. Moreo-

ver, the bottlebrush architecture allowed for adjustments in molecular weight and brush number in each 
block, providing independent control over the morphology type and scale size of the super and substructure7. 

Future Plans: 

We plan to experimentally investigate the self-assembly structure of TJBBCP when directed with geomet-
rical patterns, such as trenches, square arrays, and circle arrays. DPD simulation will also be applied to un-

derstand how the super and substructure respond to geometrical confinements. The project aims not only to 

address the fundamental question of how TJBBCP stack under complex spatial confinements and their result-

ing structures, but also to improve the long-range order of the mesh network to enhance their potential for 
applications and develop computational methods to explain and predict the morphologies, with implications 

for nanoscale fabrication. By modeling the effect of solvent annealing and metal infiltration/exfiltration on 

polymer conformation and morphology, we will develop predictive processing models for polymer-based 
nanofabrication. 

Broader Impacts and Workforce Development: 

Four graduate students and one postdoc participated in the project, acquiring skills in polymer thin film pro-
cessing, characterization, thin film patterning, and DPD simulation. They have attended and will attend mul-

tiple high-impact research conferences to present the results listed above, including the 2024 APS and 2024 

ACS meetings. Usually a supercloud server is needed to complete the DPD simulation within a reasonable 

amount of time. To assist researchers unfamiliar with the supercloud interface, we have posted detailed in-
structions on GitHub on how to apply for an account and submit computation jobs through command lines. 

Data Management and Open Access: 

We are devoted to sharing our data and code in the belief that it will help others with their research. In our 
study of TJBBCP (doi.org/10.1038/s41565-022-01293-z), the DPD simulation was conducted using software 

LAMMPS. The code to generate initial files for LAMMPS, as well as the post-processing scripts, are availa-

ble as open-source on GitHub. 

Advancing Along the Materials Development Continuum and Partnerships to Translation: 

To apply block copolymer self-assembly structures to lithographic applications, significant efforts have been 

devoted to eliminating undesired defects. These efforts, involving chemoepitaxy and graphoepitaxy, are often 

time-consuming. As a result, block copolymers can be more readily applied in scenarios where performance 
is more tolerant to minor structural defects, such as organic photovoltaics. We have submitted a proposal for 

synthesizing donor-block-acceptor block copolymer and optimizing their structure to improve the organic 

solar cell performance and long-term stability. 

Reference: 
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Center for PRedictive Integrated Structural Materials Science 

(PRISMS Center) 

Lead Investigator: John Allison (Director), johnea@umich.edu 

Participating Institutions: University of Michigan and University of California, Santa Barbara 

Website: http://prisms-center.org 

Keywords: Integrated Multi-Scale Modeling, Magnesium, Microstructural Evolution, Mechanical Behavior 

Project Scope 

The primary objective of the PRISMS Center is to develop and deploy a unique scientific platform for accelerating 

predictive materials science. The platform is comprised of advanced open-source software, an information 

repository and scientific use cases.  The suite of four major open-source multi-scale computational tools is designed 

to predict microstructural evolution and mechanical behavior of metals. The Materials Commons is a sophisticated, 

user-friendly information repository and collaboration space.  The PRISMS Center platform is demonstrated in 

scientific use cases which accelerate the quantitative and predictive understanding of magnesium alloys.   

Relevance to MGI 

The PRISMS Center platform of open-source software, Materials Commons and scientific use cases has been 

designed to form an important and extensible component of the MGI Materials Innovation Infrastructure. Our 

scientific use cases demonstrate the value of the integration of simulation, experiment, and theory for accelerating 

predictive understanding important phenomena of metallic materials. 

Technical Progress 

Over 8000 unique clones have been made of PRISMS Center open-source software (see Fig. 1) with over 

1000 downloads over the past year.  The codes are updated with 

new features annually and represent state-of-art computational 

efficiency and capability.  The four major codes are DFT-FE 

(real space density functional theory), CASM (Cluster 

Approach to Statistical Mechanics), PRISMS-Plasticity (crystal 

plasticity finite element) and PRISMS-PF (phase field).  

Communities of open-source developers are forming around 

each code.  Notable among these open-source developed codes 

are PRISMS-Fatigue, a code for simulating microstructural 

effects on fatigue and PRISMS-Indentation, a code for 

investigating microstructural effects on indentation.  Both 

codes use PRISMS-Plasticity as the simulation engine.  

Another notable achievement is the Gordon Bell Prize that was 

awarded to the developers of DFT-FE for its demonstration of 

high-performance computational capability on the Frontier 

exascale GPU machine.  

Materials Commons 2.0 is an information repository, a 

collaboration site and an electronic lab notebook all in one 

seamless and user-friendly web-based system.  It has many features for uploading information, searching, 

visualizing and using materials information and is frequently updated with new features.  There are over 760 

registered users of the Materials Commons and it currently securely stores over 6.7M million data files (42TB).  

Published datasets have been viewed over 28,000 times and downloaded more than 14,000 times.    

Our fundamental science is conducted in “scientific use cases” which currently include grain boundary 

strengthening, alloy effects on twin evolution and alloy effect on texture development and recrystallization. 

Significant progress has been made in all areas and is documented in over 125 archival papers. In the past year, 18 

papers have been published and an additional 6 have been submitted.    

Scientific highlights over the past year include: 

Grain boundary (GB) strengthening: Using DFT-FE, the largest ab-initio simulation ever conducted to date was 

used to study the influence of solute (Y) atoms on the <c+a> pyramidal I/II screw dislocation cross-slip barrier in 

dilute binary Mg-Y alloys (this work was awarded the Gordon Bell Prize). Atomistic simulations were used to 

Figure 1.  Growing number of cumulative 
downloads (unique clones) of PRISMS Center 
open-source software since 2016.   
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measure the slip transmission energy barriers at pure and solute-segregated Mg grain boundaries. An improvement 

on Ashby's classic model for grain size dependence of flow stress was developed and calibrated for Mg-Al using 

nanoindentation testing. This model improvement incorporates both geometrically necessary dislocations and 

statistically stored dislocations.  

Alloy effects on twin evolution:  We have applied a systematic framework to quantify the influence of alloying on 

the formation of twins and detwinning during monotonic and cyclic deformation.  This framework involves the use 

of PRISMS-Plasticity simulations coupled with an array of advanced experimental tools including in-situ high 

energy diffraction microscopy and in-situ electron back scatter diffraction to quantify twin evolution. We have 

determined that Al and Zn lead to low resistance to twinning, while Nd, Zn-Ca alloys and Y have increasingly high 

resistance to twinning. Using a new dark-field high energy x-ray microscopy technique, an important twin 

nucleation data set has been captured showing twin nucleation at grain boundary triple junctions.  PRISMS-

Plasticity simulations of this grain neighborhood are underway.  Using molecular dynamics simulations, alloy 

effects on competition between <c+a> slip and twin nucleation have been modeled.  A {11-21} twin mechanism, 

uncommon in Mg alloys, has been discovered experimentally in a Mg-7Y alloy.   

Alloy effects on texture evolution and recrystallization: Using PRISMS-Plasticity coupled with thermo-mechanical 

testing and EBSD characterization of texture, we have demonstrated the ability to predict the influence of Ca, Zn 

and Ca/Zn in combination on deformation texture.  We determined that alloying with >1wt% Zn+Ca reduces the 

amount of basal slip and twinning while promoting <c+a> slip.  This combination produces a weak basal 

deformation which is key for producing the highly desirable weak annular texture that is subsequently produced by 

recrystallization during annealing.  To simulate the annealing phase, a probabilistic nucleation model has been 

established and incorporated into the PRISMS-PF recrystallization application.  A comprehensive model for 

predicting grain boundary segregation has been developed and experimentally validated.  Alloy effects and 

segregation effects on grain boundary mobility are being characterized using molecular dynamics simulation. 

Recrystallization experiments on Mg-Zn-Ca alloys have been completed to parameterize these models.   

Future Plans:  Detailed future plans have been developed for all PRISMS Software, Materials Commons and the 

scientific use cases.   

Broader Impacts and Workforce Development 

PRISMS Center holds an annual workshop to disseminate our scientific results, establish a collaboration network 

and train users. Over 400 researchers have attended this workshop and been trained in use of one or more PRISMS 

Tools.  In addition, a PRISMS Center You-Tube channel has been established with training for PRISMS software 

and have been viewed nearly 42,000 times.  PRISMS software has also been integrated into graduate courses at UM 

and Georgia Institute of Technology, as well as short courses at UM and Texas A&M. 

Data Management and Open Access 

PRISMS Center has four open-source major codes and ancillary codes for use and co-development by the materials 

community.  The Materials Commons information repository functions as a digital laboratory notebook, 

collaboration platform and public data repository. All data and simulation results from PRISMS Center research are 

made available to the public via the Materials Commons. Codes and data can be accessed at the following sites: 

• DFT-FE: https://github.com/dftfeDevelopers/dftfe

• CASM: https://github.com/prisms-center/CASMcode

• PRISMS-PF: https://github.com/prisms-center/phaseField

• PRISMS-Plasticity: https://github.com/prisms-center/plasticity

• PRISMS-Fatigue: https://github.com/prisms-center/Fatigue

• PRISMS Toolbox: https://github.com/prisms-center/prisms-toolbox

• Materials Commons: https://materialscommons.org

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Industrial and national lab researchers have been trained on PRISMS software tools and are using one or more of 

these codes.  The scientific outcomes of our fundamental research projects provide understanding and data (via 

Materials Commons) that can be used in applied research and development projects as opportunities arise.   
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AI-Guided Accelerated Discovery of Multi-Principal Element 
Multi-Functional Alloys 

Lead Investigator: Raymundo Arroyave, rarroyave@tamu.edu 
Participating Institutions: Texas A&M Engineering Experiment Station 
Source of Support: NSF-DMREF-2119103 
Website: none 
Keywords: Multi-functional alloys, Shape Memory Alloys, Machine learning, Bayesian optimization 

Project Scope 
Discovering multi-principal element multi-functional alloys (MPEMFAs) with extreme property combinations, 

such as ultra-high temperature martensitic transformations (MT) with low hysteresis, stable reversible shape change 
under stress, superelasticity at temperatures significantly beyond state-of-the-art; extreme properties, such as Invar 
and Elinvar effects up to 700◦C; or uniquely tailored properties, such as SMAs-as-phase-change-materials (PCMs) 
with high thermal conductivity and transformation enthalpy but also with widely different MT temperatures, 
enabling adaptive thermal energy storage/conversion/management systems in a wide temperature range.  

Relevance to MGI 
Once a materials problem has been defined, a 
major challenge is how to efficiently explore 
and exploit the materials design space. 
Unfortunately, current alloy development 
frameworks fall far short of this challenge. 
Methods based on traditional Integrated 
Computational Materials Engineering (ICME) 
for example, (i) build and exploit process-
structure-property-performance (PSPP) 
relationships at a considerable computational 
expense; (ii) do not readily incorporate data 
from experiments within their framework; and 
(iii) are sequential, which means that they tend

to be deployed by evaluating materials design choices one-at-a-time. Traditional high-throughput (HTP) 
combinatorial computational and experimental approaches, on the other hand, are (i) incapable of dealing with the 
high dimensionality and complexity of the materials space; and (ii) are ‘one-shot’ or ‘open loop’ schemes without 
a built-in iterative framework, and are unable to prescribe future actions given the current state of knowledge. 
Moreover, traditional ICME and HTP approaches are suboptimal in resource utilization. 

To address these issues, we have developed a Constrained Multi Information Source Batch Bayesian 
Optimization (CMISSBO) framework that incorporates the strengths of ICME and combinatorial methods 
while addressing all their weaknesses, as it: (i) combines advanced simulations, physics-based and ML models 
with phase stability analysis, and advanced alloy search schemes to efficiently identify the feasible regions 
amenable to optimization; (ii) exploits correlations to fuse simulations and experiments to obtain efficient ML 
models for predicting PSPP relations; (iii) uses Bayesian Optimization (BO) to make globally optimal iterative 
decisions on where to explore/exploit the materials space, leveraging existing models and data; (iv) leverages the 
team’s newly developed batch modifications to BO (Batch BO) that enable the iterative and optimal 
exploration/exploitation of the design space evaluating multiple solutions at once; and (v) is capable of accounting 
for multiple objectives and constraints simultaneously.  

Our framework is directly relevant to the MGI as it seamlessly integrates experiments and simulations, takes 
advantage of novel AI/ML tools, incorporates modern approaches to high-throughout alloy discovery, and carries 
out the discovery in iterative loops in which each iteration provides improved knowledge over the materials space 
being explored. 

Figure 1. Constrained Multi-Information Source Batch Bayesian 
Optimization. 
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Technical Progress 
We have already employed this framework to discover a NiTiCuHf alloy with the lowest recorded thermal 

hysteresis with transformation temperatures between 250℃ and 350℃ to date without the need to incorporate 
expensive precious metals. Notably, our optimization scheme was able to prescribe not only chemistry but also 
processing conditions. 

In addition to this discovery, numerous contributions have been made on the methodology front: 
Bayesian Optimization and Modeling: Advances in Bayesian optimization and modeling techniques have 

significantly enhanced the efficiency and accuracy of materials design. These methods enable multi-objective 
optimization, uncertainty quantification, and adaptive experimental design, leading to improved prediction of 
material properties and accelerated discovery processes. 

Predictive Modeling: The development of predictive models and machine learning frameworks has enabled 
more accurate and interpretable predictions of material properties. Techniques such as deep learning, graph 
networks, and boosting-based models are being used to predict transformation temperatures, phase constitution, and 
crystal properties with high precision. 

High-Throughput and Data-Driven Approaches: High-throughput and data-driven methodologies are 
revolutionizing materials discovery by enabling rapid exploration and analysis of vast material spaces. These 
approaches leverage large datasets and advanced computational techniques to uncover novel materials and optimize 
their properties efficiently. Through this project, we have developed extensive datasets that can be used for further 
method improvement and method validation. 

Future Plans 

We plan to cover the missing pieces of the current efforts in connecting scientific approaches to explore the 
design space, perform targeted design steps using optimization tools, and evaluate the discoveries using 
experimental approaches. The ultimate goal is discovering MPEMFA, not only for a specific element group but in 
a much more diverse design space in terms of the elements and the number of elements included in each material. 

Broader Impacts and Workforce Development 

The team is actively involved in nurturing the next generation of experts through the Texas A&M 
Computational Materials Science Summer School, now in its thirteenth successful year. Organized by Principal 
Investigator Raymundo Arroyave, this prestigious program delivers an intensive, 10-day training experience 
covering state-of-the-art computational materials science methods. The curriculum spans multiple scales and 
incorporates cutting-edge topics such as machine learning, artificial intelligence, and materials design. Participants 
gain hands-on exposure to various simulation techniques and predictive tools essential for advancing material 
behavior understanding. 

Data Management and Open Access 

Following FAIR data practices, all the research’s datasets and source codes are published on GitHub. The 
following repositories belong to the published articles: 

- https://github.com/sinazadeh/CatBoost-SMAs
- https://github.com/sinazadeh/Phase-Compatibility-Model-NiTi

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Our study achieved a significant milestone by identifying the narrowest hysteresis observed to date in the 
quaternary HT-SMA temperature space, and notably, without incorporating precious materials. This breakthrough 
was facilitated by leveraging extensive datasets from both literature and our own experiments, coupled with 
advanced machine-learning models and optimization platforms. These tools enabled rapid exploration within the 
expansive compositional space, enhancing the efficiency and effectiveness of our research. 
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Optimizing Problem formulaTion for prIntable refractory alloys 
via integrated MAterials and processing co-design (OPTIMA) 

Lead Investigator: Raymundo Arróyave, e-mail: 
raymundo.arroyave@tamu.edu 
Participating Institutions: Texas A&M University 
Source of Support: NSF-DMREF-2323611. 
Website: N/A 
Keywords: Bayesian Optimization, Problem Optimization, Human-
in-the-loop, Printable Refractory Alloy, Additive Manufacturing 

Project Scope 
This project aims to develop a dynamic problem formulation and 
optimization framework to enhance the discovery of printable 
refractory alloys (PRAs). Specifically, the project targets PRAs for 
high-temperature transportation, power generation, and national 
security applications. The research involves integrating physics-
based models, machine learning, and high-throughput experiments 
to optimize alloy performance and manufacturability while considering supply chain risks. Key innovations include 
a Problem Optimization Space Bayesian Optimization (POSBO) approach based on human-in-the-loop feedback 
for dynamic problem adjustments (Fig 1). Identifying and validating alloys meeting performance, 
manufacturability, and supply chain criteria will measure success. 

Relevance to MGI 
The project aligns closely with the Materials Genome Initiative (MGI) goals, as outlined in the 2021 MGI strategic 
plan. It integrates experimental, computational, and theoretical efforts through a closed, iterative feedback loop, 
harnessing the power of data to accelerate materials discovery. This integration is achieved via the Problem 
Optimization Space Bayesian Optimization (POSBO) framework, which dynamically adjusts problem formulations 
based on real-time decision-maker input and evolving constraints. The collaborative process involves synergistic 
interactions between Synthesis, characterization, and modeling efforts. Synthesis and processing activities produce 
candidate printable refractory alloys (PRAs), which are characterized using high-throughput techniques to measure 
properties. The resulting data is fed into computational models to refine predictions and guide subsequent 
experimental iterations.  

Technical Progress 
We developed a novel computational framework to 
explore multicomponent systems for efficient 
search inside multiple objectives' entire chemistry 
design space. This framework makes our complex 
search space a polar and cylindrical coordinate 
space for odd and even numbers of component 
systems, respectively (Fig 2). Using this framework, 
we implemented a Multi-Objective Bayesian 
Optimization (MOBO) integrated with CALPHAD 
simulations to efficiently navigate the multi-
principal component design space (a quinary 
system) by addressing the critical trade-offs 
between optimizing conflicting objectives, e.g., 
crack susceptibility and yield strength—factors that 
significantly influence the performance and 
manufacturability in Additive Manufacturing processes (Fig 3). This multi-objective optimization gives a solution 
for the alloy design (as defined by the Pareto set); our innovative framework at this stage calls the human inside the 
loop to guide selecting the best alloy for specific design tasks by optimizing the problem formulation space. 

Figure 1. Human Preference-Centered
Alloy Discovery and Design 

Figure 2. (a), (b) framework for screening inside odd number 
of component system (reduced to a polar coordinate), quinary 
and septenary system, respectively; (c), (d) for even number of 
component system (reduced to a cylindrical coordinate), senary 
and octonary system, respectively. 
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Synopsis of the Proposed Work 
In tandem with material optimization 
(Fig 3a) (multi-objective optimization 
in the chemistry space), our innovative 
framework optimizes the problem 
definition itself (Fig 3b) because, in 
materials discovery, a design (problem 
solution) may be a poor fit to a 
discovery task but may be an excellent 
fit for another task. So, for different 
materials design tasks, even if the 
multiple objectives are the same, the 
weights of these quantities of interest 
need to be optimized for different 
tasks, necessitating the human in the optimization loop to rate the candidate alloys at the Pareto frontier hypersurface 
of a multi-objective optimization problem. So, the key innovations are (a) the inclusion of problem formulation 
within the design optimization loop and (b) the rigorous incorporation of decision-maker preferences within the 
discovery/design loop. The framework rigorously incorporates decision-maker preferences within the discovery 
loop by utilizing an Elo-based rating system to compare pairs of candidate solutions and adjust preferences based 
on new information (Fig 1). After identifying the candidate chemistries, vacuum arc melting (VAR) will synthesize 
large samples. A Rapid Alloy Prototyper (RAP) will also be employed, based on a laser direct energy deposition 
(DED)-based additive manufacturing Synthesis involves vacuum arc melting (VAR) and a Rapid Alloy Prototyper 
(RAP) to fabricate and optimize alloy samples. Characterization techniques like SEM, EDS, XRD, and EPMA will 
ensure precise analysis of microstructure and properties. This dynamic, human-in-the-loop framework aims to 
accelerate materials discovery by allowing real-time adaptation to changing constraints and objectives, including 
externalities like supply chain risks, ultimately enhancing the performance and applicability of the materials 
solutions. 

Broader Impacts and Workforce Development 
The research team leverages the Data-Enabled Discovery and Development of Energy Materials (D3EM) program 
at Texas A&M University, supported by the NSF NRT program, to provide interdisciplinary training in materials 
science, informatics, and design. Students involved in this project are gaining hands-on experience with the novel 
co-design framework and tackling real-world materials discovery problems using machine learning and AI-based 
frameworks through the Materials Design Studio (MDS) course. At least 25 students enrolled in the Materials 
Design Studio (MDS) course in Spring 2024. Besides the theory classes, outstanding lab sessions were provided on 
hands-on Materials discovery using Bayesian Optimization. From the innovative works carried out in this course, 
six final projects are completed, which are expected to be published as peer-reviewed papers. Collaborations with 
industry partners and government laboratories, such as the Army Research Laboratory and NASA Glenn Research 
Center, will facilitate translating research outcomes into practical applications.  

Data Management and Open Access 
The project’s data management ensures that all digital outputs will be readily accessible and valuable to the broader 
materials research community. Data from experiments and computations are combined into a comprehensive, 
searchable materials data infrastructure organized within the framework of process-structure-property relationships. 
This structure is maintained through a hierarchical and logical file system, ensuring data traceability and 
accessibility. Following the same approach of disseminating a synthetic microstructure dataset (the open phase field 
microstructure database), we plan to share our simulation augmented AM database as the Additive Manufacturing 
Atlas.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
The project will produce open-source software and maintain open-access databases, promoting the disseminating 
of knowledge and tools developed. Additionally, the commercialization of designed alloys will be pursued through 
collaborations with industry partners, leveraging the PIs' extensive experience in commercializing research outputs 
through start-up companies.  

Figure 3. (a) Multi-objective optimization in chemistry design space, (b)
Problem formulation space optimization, here we used a proxy utility function
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Vibronic Excitations with Light in the Infrared (MARVEL-IR) 
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Project Scope 
     Infrared (IR) photodetectors underpin modern science, technology, and society in profound ways. However, 
current IR semiconductors possess numerous drawbacks that limit their widespread use and the development of 
emerging technologies. To overcome this limitation, the MARVEL–IR project will revolutionize our 
understanding of charge photogeneration and emerging solid-state transport phenomena to develop a new 
generation of conjugated polymers that enable optical to electrical transduction of IR light. Our complete 
interdisciplinary program combines quantum dynamics calculations, beyond DFT approaches, high-throughput 
computation, and an integrated feedback loop with synthesis, spectroscopy, and device fabrication to enable a new 
fundamental capability for organic materials that will serve as a core enabler of transformative technologies.  

Relevance to MGI 
     Our DMREF team is developing the first examples of design 
guidelines for conjugated polymers (CPs) that show a 
photoresponse spanning the short-, mid-, long-wave IR (SWIR-
LWIR, l = 1–14 µm); a primary window for modern scientific, 
industrial, energy, medical, space, defense, quantum, and 
numerous other applications. To achieve this, MARVEL–IR is 
addressing grand challenges in a program that forms a closed 
loop between theory, synthesis, spectroscopy, device 
fabrication, and computation. Revolutionary ab initio and time-
dependent quantum chemical calculations that incorporate non-
adiabatic dynamics are for the first-time providing detailed 
insight into IR excitations in correlated organic materials with 
complex excitonic, vibrational, polaronic, and spin properties. 
Systematic theory-synthesis-spectroscopic approaches are being 
developed and applied to benchmark these new theoretical approaches and correlate molecular design with 
emerging functionality and coherent quasiparticle dynamics across multiple spatiotemporal timescales. This is 
being related to the fundamental electro-optical physics and device performance. New, foundational design 
principles will eventually be combined with experimentally validated physical structure-property models and data-
driven machine learning methods to simulate new polymer structures, rapidly screen materials candidates, improve 
performance, and create a comprehensive materials genome for CPs that operate throughout the IR.  

Technical Progress 
Four research aims holistically span fundamental advances in theory, synthesis, spectroscopy, device physics, 

and computation. Our team is: (1) pioneering the use of advanced computational approaches (density functional 
tight binding (DFTB) for large/disordered systems and real-time, time-dependent DFT (RT-TDDFT)) to provide 
the first understanding of non-adiabatic dynamics in narrow bandgap CPs; (2) understanding the role of structural 
and electronic properties on long-range quasiparticle transport (Aim 1); (3) relating excited state properties to 

Figure 1. The MARVEL–IR program will extend
the utility of organics into the IR.  
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molecular design in correlated open-shell CPs through systematic theory-
synthesis-spectroscopic approaches (Aim 2); (4) developing, applying, and 
automating advanced tools that allow for temporal resolution of IR excitations 
and coherent quasiparticle dynamics across multiple spatiotemporal timescales 
(Aim 1 & 2); and (5) creating foundational knowledge to connect molecular 
and electronic structure to electro-optical physics and performance (Aim 3).  

In combination with these fundamental efforts, we demonstrated a new 
approach to suppresses noise in organic photodiodes (OPDs) by diluting the 
transport and trapping sites using an insulative polymer within the blend. The 
resulting detectivity (D*, the figure of merit for detector signal-to-noise ratio) 
from 600–1400 nm under an applied bias of −2 V was improved by two orders 
of magnitude, from 108 to 1010 Jones (cm Hz1/2 W−1). This broadly applicable 
strategy reduces noise in IR-OPDs enabling their practical operation and the 
realization of emerging technologies (Adv. Funct. Mater. 2024, 2314210). Our team has also been studying the 
response of photoconductive detectors to blackbody radiation at low photon fluxes, which mirrors incident power 
levels emanating from real-world objects. This is necessary  to enable practical application and technology 
translation. Recent efforts spanning the synthesis of new open-shell CP materials have resulted in D* >  1010 Jones 
in the IR at room temperature, greatly exceeding state-of-the-art. This performance is competitive with commercial 
blackbody-sensitive technologies and exceeds other classes of emerging semiconductor materials.  

Future Plans 
In Aim 1, we will continue to understand emergent quasiparticle properties through developing advanced 

computational methods. Innovations in synthesis will produce CPs with the requisite energetic order and long-range 
electronic couplings to support the study of emergent transport phenomena, benchmark theory, and articulate 
structure-property-function relationships in the IR. We will develop spectroscopic methods for correlating 
vibrational, coherent, and IR excited state characteristics within these emerging semiconductors. In Aim 2, we will 
understand what ab initio methods can define excitations in open-shell CPs with complex excitonic, polaronic, and 
spin behavior. We will combine/extend state-of-the-art DFTB and RT-TDDFT approaches, systematic synthesis, 
magnetic characterization, ultrafast and THZ spectroscopy, and quantum dynamical modeling to understanding the 
underlying physical and chemical principles of function. In Aim 3, we will understand how molecular features 
impact the basic electro-optical physics, device performance, noise, and understand the ultimate limits of 
functionality. These new, foundational design principles will be combined with experimentally validated physical 
structure-property models and data-driven machine learning methods in Aim 4.  

Broader Impacts and Workforce Development 
Workforce development efforts are focusing on the pillars of multidisciplinary education through co-

mentorship, industry and DoD interactions, outreach to underrepresented students, and professional development 
actives for research and leadership training. The Center for Organic Photonics and Electronics (Azoulay is director) 
organized two workshops and hosted renowned scientists with emerging IR optoelectronic technologies as a core 
theme. This enabled team and community building, thought leadership, reputation enhancement, and to act as an 
effective focal point for interactions with external partners. Efforts related to the development of IR sensors are 
ongoing between GT and AFRL. The program is strengthening AFRL-academia interactions by (1) further 
capitalizing on current disruptive technology innovations; (2) increasing TRL; (3) promoting technology 
development and transfer; and (4) better integrating academic researchers to collaborate with AFRL. 

Data Management and Open Access 
     All computational data has been stored in backup hard drives and within computing centers. Data/codes have 
been stored and disseminated to GitHub, which allows them to be findable and accessible.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
     All branches of the military face the same challenges associated with EO/IR technologies and our research is 
being disseminated to others within DoD. We are working with an established company in the field of organic 
electronics to scale our materials for direct insertion into current manufacturing processes and inclusion within the 
value chain of both small and medium-sized enterprises (SMEs) and larger companies. 
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Project Scope 

The Chemical Catalysis for Bioenergy Consortium (ChemCatBio) Data Hub project accelerates the catalyst and 
process development cycle by providing (1) a secure repository and plug-ins for centralized data storage and sharing 
and (2) advanced analytics tools to provide predictive capabilities for catalyst research and development. The vision 
of this project is the development of a Catalyst Design Engine (CDE), a pathway-independent tool that evaluates 
the trade-off between predicted performance and material cost of catalysts for producing a diversity of end-products 
from biomass and waste resources. 

Relevance to MGI 

The Catalyst Design 
Engine (CDE) concept is to 
use rapid, data-driven 
hypotheses to accelerate 
experimental advancement of 
catalysis to hasten the 
deployment of biomass 
conversion technologies. The 
goals include (1) reducing 
redundancy in catalysis 
research by providing data in 
a central, searchable location 
(i.e., the Catalyst Property 
Database, 
https://cpd.chemcatbio.org), 
(2) enabling computational catalyst screening for complex biomass conversion applications through development
of tools and incorporation into AI/ML workflows for descriptor discovery, and (3) incorporating economics into
predictive catalyst design through incorporation of the CatCostTM tool. The Catalyst Design Engine is an ambitious
vision to accelerate catalyst discovery, offering powerful insight to complement and inform traditional catalyst
material design. This concept is central to the ChemCatBio vision of decarbonizing of the domestic economy by
accelerating the catalyst development and deployment cycle by coupling advanced enabling capabilities (e.g.,
catalyst synthesis, characterization, and analysis) with emerging fuel production pathways from biomass derived
feedstocks.

Technical Progress 

Initial efforts in this project focused on developing a secure data repository for storage and sharing of data 
amongst project team members that was released publicly in 2018. With the data repository in place, the focus of 
the ChemCatBio Data Hub project shifted towards the development of transformational tools to enable predictive 
capabilities in catalyst R&D. In 2020 the Catalyst Property Database (CPD), a Computational Catalyst Database 
web application, was publicly released. This database consists of curated, previously-computed catalyst property 

Figure 1. Transforming catalyst design and deployment by integrating database 
technology from Data Hub, cost estimation from CatCost at the frontier of machine 
learning.  
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data mined from the published scientific literature alongside sophisticated search and filtering functions as well as 
basic data visualization that address the computational catalyst property data needs of catalysis researchers. 
Realizing the CDE vision requires that developed building blocks (Figure 1), namely CatCost and the Catalyst 
Property Database, are powerful, expert-vetted tools with substantial buy-in from the catalyst and process 
development community. Keeping the building blocks relevant and active is critical to ensuring that the overarching 
CDE offers accurate and up-to-date insight. Toward this goal, this project developed user resources including 
extensive documentation, opened the database to community uploads, and upgraded the UI to reflect user feedback. 
Additional novel datasets were generated and released focusing on contaminants relevant to catalyst deactivation, 
as well as a reference species interconversion (RSI) feature that differentiates this resource from other computational 
databases. 

Future Plans 

Future efforts within this project will focus on filling data gaps and developing an integration strategy for the 
developed tools and databases into an AI/ML workflow for accelerating catalyst discovery. The recently expanded 
database that includes experimental catalysis datasets and catalyst physical properties will be leveraged in this effort 
and enable the realization of the FY25 goals of demonstrating an integrated application of the Catalyst Design 
Engine vision. This will involve using targeted AI/ML methods with at least two distinct Catalyst Property Database 
data sets (e.g., theoretical adsorption energies, experimental conversion/selectivity) to make predictions within a 
Catalyst Design Engine paradigm to help experimentalist address current challenges (e.g., mitigate deactivation, 
reduce process cost). 

Broader Impacts and Workforce Development 

A critical element associated with the development of advanced scientific databases and analysis tools is 
overcoming barriers to adoption of these systems in the workflow of scientists across the catalysis community. 
Towards this end, considerable effort has been focused on the development of educational resources including live 
and pre-recorded webinars and tutorials as well as workshops at technical conferences. These resources are available 
at the ChemCatBio website (https://chemcatbio.org) Coupled with these efforts are user engagement and feedback 
seeking exercises to maintain proper alignment with current and potential use cases and reduce UX barriers for 
users across sectors (i.e., academia, industry, government). 

Data Management and Open Access 

Core to the development of the Energy Material Network Data Hubs is the belief that sound data management 
practice is critical to scientific discovery. This Data Hub project follows the FAIR guiding principles wherever 
possible and supports users in doing the same by hosting non-proprietary, unencrypted, uncompressed and largely 
human-readable data. In addition, this project provides support to users in the form of resources for applying data 
management practices, including documentation of metadata, user tutorials and workflow documentation, which 
are all available within the public domain.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The overarching objective of this project is to enable the ChemCatBio consortium and the bioenergy industry 
to accelerate the catalyst and process development cycle through development of publicly available advanced 
analytics tools and databases. Specifically, this project seeks to achieve this by (1) reducing redundancy 
(computational cost) in catalysis research by providing data in a central, searchable location, (2) enabling 
computational catalyst screening for complex biomass conversion applications through development of tools for 
incorporation with AI/ML workflows for descriptor discovery, and (3) incorporating economics into predictive 
catalyst design through incorporation of the CatCostä tool. 
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Project Scope 

This multidisciplinary project harnesses recent innovations in artificial intelligence (AI) to establish a novel 
design and discovery cycle for complex materials that will dramatically accelerate material innovations. A wide 
class of materials has complex microstructures, which play a dominant role in determining their properties. We are 
creating new methodologies through which human scientists and AI will collaborate to discover optimal 
microstructural designs of such materials for targeted properties and performance. A particular focus will be on 
energetic materials (EM), which are the archetype of materials with strong microstructure influence. 

Relevance to MGI 

Our long-term vision is to achieve disruptive 
innovation for material discovery, through convergence of 
computational design and AI. The scientific premise is that 
microstructure and geometry at meso-scale—as much as 
chemistry at a molecular/atomic level—play a critical role 
in the properties and performance of a material. Hence, 
advanced machine cognition can effectively discern the 
interplay of complex microstructural features to assimilate 
structure-property-performance linkages, and design novel 
microstructures with engineered characteristics. Our team 
has demonstrated that AI can assimilate surrogate models 
for multiscale simulations, generate synthetic 
microstructures with controlled morphologies, learn 
linkages between geometry and physics, and design 
material microstructures for targeted properties. This project promises rich scientific advances in data driven design 
of next-generation EMs. Albeit the focus on EMs, foundational techniques and tools developed in this project are 
applicable to a broad range of complex materials. 

Technical Progress 

Prior to this DMREF project, our work was focused on a specific type of energetic material known as ‘pressed 
Class V HMX.’ The primary objective of this project is to establish mathematical and computational foundations 
to extend our previous findings to other types of energetic materials, including CL-20, TATB, RDX, and more. 
Since the inception of this project, we have amassed a substantial amount of reactive dynamics simulation data for 
these previously unstudied materials (Thrust 1). The SCIMITAR3D reactive dynamics code was employed to 
generate physics-based simulations of the shock initiation process of various species of energetic materials. The 
newly generated data were indexed and stored in a shared data storage accessible to the research team. 

The new data has facilitated the development of meta-learning methods and raised new research questions 
(Thrust 2). One of the key research questions was how to utilize relatively inexpensive microscale (single pore 
collapse) simulation data to develop a new meso-/macro-scale (collapse of multiple pores) reactive dynamics model 
for an ‘unseen’ species of energetic material. To address this, we created a latent dynamics model named Latent-
PARC, which builds upon our previous physics-aware recurrent convolutional neural network (PARC) reactive 
dynamics prediction model. Given single pore collapse simulation data, Latent-PARC encodes temperature fields, 
pressure fields, and microstructure geometry into a field of low-dimensional latent variables. The time evolution of 
these latent fields are then learned and modeled using PARC. The learned latent fields and the corresponding 

Figure. AI-powered materials-by-design framework. 
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dynamics yield a latent dynamics model corresponding to an individual pore at the microscale level. Now, at the 
meso-/macro-scale, where multiple pores are present, the single-pore latent dynamics model serves as an elementary 
representation of individual pore collapse modes, which can be integrated to build larger scale dynamics. 
Consequently, learning meso-/macro-scale dynamics is simplified from learning the entire reactive dynamics from 
scratch to modeling the interactions among individual pores, facilitating the learning process at the meso-/macro-
scale where simulation data are significantly more expensive. In other words, with the Latent-PARC method, we 
are now capable of modeling the reactive dynamics of new energetic material species by using relatively 
inexpensive micro-scale simulation data together with a few meso-/macro-scale simulation samples. 

Additionally, we are also exploring ways to transfer a model directly from one species of material to another. 
We are experimenting with different transfer- and meta-learning techniques to train a PARC model pre-trained on 
Class V HMX to a broader type of HMX like Classes I and III, as well as other organic energetic material species. 

Meanwhile, we also made significant progress in developing the manufacturing capability for mock energetic 
materials using 3D printing. Now we are capable of fabricating materials with controlled microstructures. This will 
allow us to conduct physical experiments to measure the burn rate of mock materials as a function of different 
microstructures, and thereby the validation of computational and AI methods developed in this project. 

To date, this project has produced 5 journal articles, 5 conference presentations, and 1 PhD dissertation. 

Future Plans 

We will continue to generate simulation data and to develop mathematical and computational underpinnings of 
meta-learning. Near the end of Year 3 or the beginning of Year 4, we will prioritize the burn experiments with 3D 
printed mock energetic materials, to enable the validation of meta-learning models against physical experiment 
data. Thus far, the meta-learning models have only been validated against simulation data, which may not align 
precisely with the real-world phenomena. 

Broader Impacts and Workforce Development 

A number of postdoctoral scholars (Drs. Phong Nguyen and Shahab Azarfar) and graduate students (Joseph 
Choi, Ranabir Saha, Pradeep Seshadri, and Levi Kirvy) were supported and/or participated in this project. Air Force 
NRO student, Jack Beerman, also participated in the project without compensation. We are closely collaborating 
with AFRL Eglin R/W on producing research workforce in the field of scientific machine learning. 

We also are developing an interactive tutorial for PARC currently, for the engagement of broader communities. 
We anticipate the tutorial will be developed and ready near the end of Year 3. Building upon the tutorial, we will 
develop a half-day workshop for physics-informed machine learning. 

Data Management and Open Access 

Simulation data generated from this project are indexed and stored in a way that is findable and reusable. We 
are also building a Python data loader interface to make the data interoperable for different machine learning 
projects. Currently, the simulation data is not made accessible due to the sensitive nature of energetic materials. 
Other data generated from this project, such as software codes, are made available through our GitHub repository 
(https://github.com/stephenbaek/parc). Researchers can freely download the code and change/use it for their own 
needs. We are also in the process of developing easy-to-follow, interactive tutorial, walking through how to use 
PARC software codes for different material mechanics problems. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The new AI-powered materials-by-design loop will speed up material innovation significantly. Advanced 
machine cognition can effectively discern the interplay of complex microstructural features and design novel 
microstructures with engineered characteristics. For example, PARC can predict the evolution of temperature and 
pressure fields in shocked energetic materials with a comparable accuracy to direct numerical simulations (DNS), 
but multiple orders of magnitude faster computational speed—from days on a supercomputer for DNS to about a 
second on a personal workstation. This enables rapid evaluation of a wide variety of different microstructure designs 
without much computational overhead. Additionally, the development of an open-source library ‘MaterIQ’ will 
accelerate the AI integration in materials research by supplying advanced computational frameworks to discover, 
optimize, and design material systems multiple times faster and at a fraction of the cost. 
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Project Scope 
We will combine dynamic underwater adhesive chemistry with active adhesive geometry to determine how 
adhesion can be switched in dry and wet conditions (Figure 1). This will be accomplished by incorporating mussel-
inspired adhesive chemistry on an octopus-inspired adhesive structure to rapidly switch adhesion, which will allow 
us to simultaneously leverage the strengths of both organisms to develop new design principles to transform state-
of-the-art adhesives. We will establish for the first time a switchable adhesive framework for cooperative design 
that amplifies the benefits of chemistry and active geometry for rapidly switchable yet strong underwater adhesives. 

Relevance to MGI 
Strong adherence to underwater or wet surfaces is a significant challenge, especially when rapid attachment 

with high capacity and easy release is required. To overcome this, we will systematically determine the geometry 
of the adhesive structure through feedback between mechanistic modeling and machine learning (ML) algorithms 
to create a virtual prototyping environment. This will feed into digital fabrication techniques to create materials and 
active membrane geometries enabling addressable and rapidly programmable adhesion strength. We will first 
determine the mechanisms behind octopus-inspired active geometry and mussel-inspired chemistry and then how 
they synergize to control adhesion.  This provides unique opportunities to speed up the switching of adhesive 
chemistry by releasing the interface with active materials and enhancing the adhesion strength with engineered 
adhesive chemistry. Taken together, our approach will aim to simultaneously increase the switching ratio and 
strength of adhesion, and to reduce the switching time. By uniquely combining experiments, simulations, and ML, 
we will accelerate and build fundamental knowledge of how chemical, geometric, and material properties influence 
switchable adhesion to engineer rapidly switchable adhesives for wet and dry environments. We published a full 
team, joint review article on this proposed framework.1     

Technical Progress 
The team created a library of octopus-inspired adhesive with various geometries. We varied parameters such as 

the sample diameter, membrane thickness, outer stalk angle, wall thickness, and curvature of the adhesive surface 
to create 480 different unique sample configurations. This allows for a variety of experimental data points where 

Figure 1. Project overview showing the mussel and octopus inspired switchable underwater adhesive 
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quantitative adhesion force was measured. We also added several features to improve measurement quality to better 
understand the mechanism of adhesion. This includes improved alignment, customized LEDs for better 
visualization, and a pressure gauge to measure the interfacial pressure between the active membrane and the 
substrate. The surface chemistry of the contacting membrane was also modified to create membrane surfaces that 
were either modified with mussel-inspired adhesives, adhesive molecules that could form hydrogen bonds with the 
surface substrate, or coatings with different levels of hydrophilicity. We found that the surface hydrophilicity has a 
bigger impact on the suction-based adhesion of octopus-inspired adhesives. To create an adhesive coating that could 
be controlled by applied electricity, an array of interdigitated electrodes (IDE) coated with mussel-inspired adhesive 
polymers. Contact mechanical testing indicates that the adhesive property could be reversibly controlled through 
changing the polarity of the electrodes.  

The team has also developed finite element (FE) models to systematically investigate the effect of geometry on 
adhesion. We focused on developing a physics-based model for the suction effect of the octopus-inspired adhesive, 
while considering a thin layer of      water trapped on the contact interface between the membrane and substrate. FE 
simulation matched adhesion results obtained experimentally. In addition, we also developed a set of analytical 
solutions for the adhesive contact between an inflated neo-Hookean membrane and a curved substrate, which is 
relevant to the low-adhesion state of the adhesive. A machine learning (ML) model and optimization platform were  
developed to test the FE model and provide feedback on the design variables and output parameters. We created a 
fully connected neural network that was trained on simulated data points with random adhesive geometries, which 
was able to determine the importance of individual variables that contributed to the adhesion performance. A neural 
network predictive model was trained to predict performances with given geometric parameters with reasonable 
accuracy, suggesting that the neural network surrogate model is reasonably accurate in predicting FE simulation 
results at an accelerated pace. 

Future Plans 
Objective 1 will determine how materials and geometry of an underwater adhesive element affect its adhesion 

performance against objects with different stiffness and curvature. We will establish fabrication techniques and 
characterization approaches, create mechanistic models, and use ML design over large geometric and material 
space. In Objective 2 we will elucidate the effect of chemistry patterning on the active membrane on the 
performance of underwater adhesion. Chemistry patterning will offer a new dimension of control over the adhesion 
strength and switching ratio by guiding the membrane detachment process against highly curved or soft substrate. 
This will create a library of catechol-based adhesives and predictive modeling tools for interface design that will 
leverage ML inverse design to accelerate pattern exploration. In Objective 3, we will combine dynamic adhesive 
chemistry with active membrane geometry for rapid and effective switchable adhesion. This includes electricity-
controlled adhesion, using ML to determine coupling relationships between chemical patterns and geometry, and 
experimental implementation      to determine the combined effect of active chemistry and geometry on adhesion 
switching ratio, switching time, and adhesion strength.  

Broader Impacts and Workforce Development 
In addition to training strong Ph.D. candidates, we will develop K-12 outreach activities by creating hands-on 

bioinspired adhesive robotic gripping kits and collaborating with programs such as Girls in Engineering and Society 
of Women Engineers. The Co-PI's will also each give online guest lectures in courses taught by the other members 
of the team. Adhesive design that combines strategies utilized by the octopus and mussel will be of great interests 
to a diverse group of students. We will develop a workshop at the Adhesion Society Annual Meeting to disseminate 
the concepts of ML and underwater adhesion. We will further host a career development panel and invite Adhesion 
Society members from academia, industry, national labs, and start-up companies as panelists to inform and inspire 
future workforce leaders in adhesion science and engineering. 

Data Management and Open Access 
Code for computational modeling and ML design and procedures for chemical and experimental operations 

will be released for public access as the project develops. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
As the project develops partnerships for translation will be explored to deploy the rapidly switchable underwater 

adhesives. Several invention disclosures have been submitted as groundwork for future translational efforts. 
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DMREF: Complex Nanofeatures in Crystals: Theory and 
Experiment meet in the Cloud 

Lead Investigator: Simon J. L. Billinge, sb2896@columbia.edu 
Participating Institutions: Columbia University, University of Colorado 
Source of Support: NSF-DMREF 
Website: none 
Keywords: quantum materials, broken local symmetry, DFT, pair distribution function analysis 

Project Scope 

The project aims to combine theory experiment and synthesis in a continuous loop to search for materials that 
exhibit intrinsic quantum textures, or local broken symmetries.  These textures modify properties in non-trivial 
ways but are not detectable by traditional diffraction experiments or by traditional density functional theory (DFT) 
calculations. The hypothesis is that such materials are more common than previously thought, and can have 
valuable, sometimes enhanced, properties and by combining poly-DFT with synthesis and advanced atomic pair 
distribution function analysis (PDF) characterization measurements we can understand and discover new materials. 

Relevance to MGI 

Conventional DFT takes as input the crystal structure of a material and outputs the electronic structure, from 
which it is possible to infer properties such as whether a material is a metal, insulator, or magnetic.  Sometimes 
DFT predicts the properties of a material to be something that is not seen experimentally.  We recently showed that 
in many cases, if a model is used with a larger unit cell than seen crystallographically, broken local symmetries 
emerge which have lower energy than the average crystal structure.  We call this approach polymorphous-DFT or 
poly-DFT.  On the experimental side, PDF measurements, sensitive to local structure, also show a lower symmetry 
in the local structure than implied by the average crystal structure.  The question arises whether this is a rare 
phenomenon or more widespread.  Taking an MGI approach to predict polymorphous materials theoretically then 
to synthesize and characterize 
them with PDF then feed-back 
the information to guide new 
computational searches, we have 
sought to find new 
polymorphous materials. 

Technical Progress 

Progress has been rapid on the 
theory and experimental side. 
With theory we found 
previously unknown 
polymorphous behavior in a 
series of compounds [1, 2, 5, 6, 
11, 15, 18], primarily 
perovskites (LaTiO3, LaVO3, 
SrMnO3, LaMnO3, YNiO3, 
BaTiO3) but also other 
compounds (FeSe, VO2), a 
number of which were 
synthesized and measured using 
PDF where local structural 
distortions were observed 

Figure. The top row shows the “average motif” obtained crystallographically. (a) 
the structure is long-range ordered (no local broken symmetry) and the local and 
average motifs are the same. (c) local motifs have broken symmetry but 
orientational disorder.  The average motif is different from the local motif. (b) the 
naïve view if we assume long range order in the presence of the local broken 
symmetry.  The local motif is wrong. 
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experimentally [11, 15, 18]. Of particular note, we identified as separation that the broken local symmetries can 
be in either structural or magnetic channels.  (a) If the Local motifs are magnetic moments: an AFM long range 
order(LRO) can give band gap opening even though the average moment is zero leading naively to a metal; Also, 
even a PM phases can be an insulator if the moment distribution has some SRO. (b) If the local motifs are 
positional, such as bond disproportionation or Jahn-Teller distortions, the associated intrinsic symmetry breaking 
can change quantitatively the electronic structure. We made breakthroughs in the use of AI and machine 
learning in the difficult extraction of signals relating to local broken symmetry domains [7, 8, 9, 12, 14, 
19, 20]. We developed a novel modeling method for finding coherent local structural distortions in 
perovskites from PDF data [13]. Finally, we also wrote, or contributed to, a number of review and 
overview papers [10, 16, 17] and a book [4] as part of the dissemination of the work some of which have 
already had high impact. 

Future Plans 

The collaboration has been highly successful and we are seeking follow-up funding to continue the work. 
Moving forward, beyond understanding the origin of polymorphousness and finding new polymorpous materials, 
we seek to understand how to control the textures as a materials design parameter to result in novel materials with 
tuned properties. 

Broader Impacts and Workforce Development 

Members of the DMREF team meet regularly by zoom and discuss progress and planning. Members are trained 
to write high quality reusable software, including documentation, which is released as open source software and 
widely used.  As a result a number of former members have found jobs in the tech sector after leaving the project. 
The training and practice is done through the use of community open source coding practices including Use cases, 
unit testing and code review, handled through GitHub workflows. Mentorship of junior members in effective and 
ethical scientific practices is done by the senior members of the project. An outreach effort has been for PI Billinget 
to inject MGI principles and training into the JUAMI project that brings together US and East African students in 
two week schools [3]. 

Data Management and Open Access 

All software, including machine learning models, that we have developed are released with open source licenses 
(BSD and CC0) through GitHub repositories.  Trained models have also been deployed as cloud services at 
https://pdfitc.org. Much of the open source software we develop can be found through the Diffpy website at 
https://diffpy.org.  For the ML models, the models used for training as well as trained models can be found at 
GitHub repositories that are linked to the supplementary materials of the relevant papers listed in the publication 
list. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The acceleration takes place through the coupling of poly-DFT, which is relatively quick, with sample synthesis 
which is the slow bottleneck.  Poly-DFT can be run on many more materials than can be synthesized on the same 
timescale.  We have found that the feedback is also essential.  Whilst DFT can predict materials that might be 
interesting polymorphous targets, it does not predict synthesizability, and so a feedback loop where synthesizability 
issues coming from solid-state chemists guides the search domain of the DFT which then predicts 
polymorphousness in that materials domain. 
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DMREF Collaborative Research: Developing and Harnessing  
the Platform of Quasi-One-Dimensional Topological Materials 

for Novel Functionalities and Devices 
Principal Investigators: R. J. Birgeneau1, C. N. Lau2, Bing Lv3, Ming Yi4, Fan Zhang3   
Participating Institutions: 1. UC Berkeley, 2. Ohio State Univ., 3. UT Dallas, 4. Rice Univ. 
Website: https://dmref-q1dtm.wixsite.com/home/team     Twitter: q1dtm 
Keywords: topological insulator, quasi-one-dimensional material, device  

Project Scope 
Our research scope includes discovering new 

quasi-1D topological materials, creating their 
atomic layers and moirés, manipulating their 
topological phases transitions, realizing devices 
and functionalities for new technologies. This 
project advances the discovering and utilization of 
quasi-1D topological materials, building on our 
leadership position in this field, the established 
iterative feedback loop among theory, synthesis, 
characterization, and devices, and the significant 
new research directions and device concepts 
emergent from our prior DMREF project. The new 
knowledge and database to be established will 
prepare future scientists to discover, invent, and 
innovate. Our educational activities integrated into 
the research include increasing the participation of 
the underrepresented groups, performing public
outreach, mentoring undergraduate and REU students, and comprehensive training of students and postdocs.

Relevance to MGI 
To achieve the goal of efficient discovery and optimization of topological materials, our program operates on 

an iterative feedback loop from theoretical prediction of topological materials to crystal synthesis to electronic 
structure characterization to transport realization via device fabrication back to inputs for better theoretical modeling. 
One successful example is our identification of the monolayers of Bi4I4 and Bi4Br4 as 2D topological insulators (TI), 
serving as the building blocks for constructing various topological phases realized via different stacking orders of 
such layers in real materials Bi4I4-xBrx (0≤x≤4). From this design principle, we have theoretically predicted and 
experimentally verified a few rare topological phases in bismuth halides, including weak TI, higher-order TI, and 
large-gap 2D TI. The success of the feedback loop is especially evidenced by our recent realization of an ideal weak 
TI (x=2.8), where the complete set of topological surface state of a pair of Dirac cones and the helical saddle points 
connecting them are optimized to be exposed in a large global bulk gap at all temperatures. It is impossible to 
efficiently discover or optimize this weak TI without the iterative feedback loop. 

Technical Progress 
We established a complete structural and topological phase diagram for the Bi4I4-xBrx (0≤x≤4) family, with new 

structures and band topologies identified. In particular, the x=2.8 case represents an ideal weak TI, as shown by our 
ARPES experiment and first-principles calculation. In addition, we have successfully synthesized a dozen of other 
high-quality quasi-1D materials and carried out exploratory syntheses with new quasi-1D materials and structures 
identified. These include TaTe4, NbTe4, (TaSe4)2I, NbTe4I, TaTe4I, K2Mo3As3, Rb2Mo3As3, Cs2Mo3As3, Nb4FeTe4, 
BaFe2Se4, Ba2FeSe3, Ba9Fe4Se16, Ba5Fe9S18, K3Fe2Se4, BaPt4Se6, Zr6.5Pt6Se19, β-BaCu2As2, BaCu6Sn2As4-x, 
BaCu6Sn2P4-x, and Verbeekite-PdSe1.2Te0.8. 

We nanofabricated ultrathin Bi4I4 and Bi4Br4 devices and observed gate-tunable longitudinal/Hall resistances. 
We further achieved a Bi4I4 Josephson junction and observed a gate-tunable supercurrent. We predicted that 

α-Bi4I4 β-Bi4I4

α-Bi4I4 β-Bi4I4

ü Predict topological materials/phases
ü Model new properties/functionalities

Theory

ü Synthesize new materials/structures
ü Establish material phase diagrams

Synthesis

ü Manipulate topological phases
ü Engineer new functionalities

TransportSpectroscopy

ü Verify topological materials/phases
ü Visualize new surface/bulk features
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Bi4I4/Bi4Br4 atomic layers offer a unique platform toward achieving room-temperature quantum spin Hall (QSH) 
effect and topological many-body physics. Together with our collaborators, we showed that the atomic layers of 
Bi4I4 and Bi4Br4 could exhibit room-temperature QSH effect. In particular, a scanning tunneling microscopy (STM) 
study provided compelling evidence for such QSH step-edge states that persisted to 300 K.  

Additionally, our team made several other significant contributions to the field of quantum materials. The 
fabrication challenges and emergent physics of moiré materials were critically reviewed, and a quantum geometric 
mechanism for understanding and designing flat-band superconductors was distilled. New correlated phases driven 
by van Hove singularities were identified in Kagome metals and AB bilayer graphene. Intelligent optical sensing 
enabled by quantum geometry was co-invented and patented. New 2D magnetic materials with high Curie 
temperatures and topological excitations were discovered. 

Future Plans 
(i) We will continue to predict, synthesize, characterize, and optimize quasi-1D topological materials. (ii) We

will engineer, discover, and control possible topological phase transitions in these materials. (iii) We will create and 
explore quasi-1D topological materials in atomically thin limit and moiré superlattices. (iv) We will nanofabricate 
their devices toward realizing room-temperature quantum spin Hall insulators and intelligent photodetectors. (v) 
We will document all our new quasi-1D topological/correlated materials data to our DMREF website. (vi) Our team 
will produce short videos, made free in our YouTube channel, on formation of single crystals in a furnace, a day 
working at the national synchrotron facilities, methods of exfoliating and stacking 2D atomic layers, and learning 
to recognize crystalline symmetries. (vii) We will continue and strengthen our efforts in involving undergraduate 
and REU students to our DMREF project, particularly those from the under-represented groups. 

Broader Impacts and Workforce Development 
We have demonstrated Bi4I4-xBrx (0≤x≤4) as a unique tunable material platform for exploring the rich interplay 

of geometry, symmetry, topology, and interaction – a fundamental theme of physics. Significantly, they not only 
ideally realize multiple topological phases that are otherwise inaccessible but also manifest novel electronic 
properties and device concepts, thereby accelerating the discovery of a new generation of topological materials for 
novel functionalities and devices. In the January of 2023, we organized a two-day virtual workshop, Q1D 
Topological Quantum Materials, and all the talks were documented in our free Youtube channel.  

An integral effort of our program is the education and training of graduate and undergraduate students as well 
as career preparation for postdocs. For example, nine students obtained their physics Ph.D., including one female, 
one LGBT, and two recipients of the Steven Weinberg Research Awards from the Texas Section of American 
Physical Society. Additionally, one REU student was awarded an NSF Graduate Research Fellowship, and two 
students received internships from the Air Force Research Lab and Sandia National Lab. Our regular interactions 
between the five groups provide junior participants a broad training covering materials chemistry and synthesis, 
materials physics and characterizations, and materials modeling and predictions. In addition, PI Birgeneau has 
created a new endowed program and a new endowed fund for underrepresented students at UC Berkeley. 

Data Management and Open Access 
Our research results have been disseminated to the research communities through journal publications, Ph.D. 

dissertations, and conference presentations. In addition to free versions online, all these are available from us upon 
request. We are documenting all our quasi-1D topological materials data from both experiment and computation to 
our DMREF website and making them searchable and free. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
Operating on an iterative closed loop from theoretical prediction to crystal synthesis to material characterization 

to device functionality back to inputs for better theoretical modeling, we have efficiently discovered and optimized 
new topological materials in the Bi4I4-xBrx (0≤x≤4) family and other quasi-1D families. We have established the 
physics platform and materials database of these quasi-1D materials that sidestep the shortcomings of quasi-2D van 
der Waals materials, and further developed them along the Material Development Continuum for emergent 
materials, functionalities, and devices toward technology applications. Particularly, leveraging our success in the 
bismuth halides, we are creating their monolayers and moiré superlattices for engineering novel devices enabled by 
their large, tunable, topological band gaps and by our recently demonstrated intelligent infrared sensing. 
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DMREF: Discovery of unconventional 
superconductors by design 

Lead Investigator: Antia Botana, asanc157@asu.edu and Julia Mundy, mundy@fas.harvard.edu  
Co-PIs: Jenny Hoffman, jhoffman@g.harvard.edu and Jarad Mason, mason@chemistry.harvard.edu 
Participating Institutions: Arizona State University and Harvard University 
Source of Support: NSF-DMREF (DMR-2323970) 
Website: None yet 
Keywords: Superconductors, nickelates, molecular beam epitaxy, density functional theory 

Project Scope 

This DMREF project will accelerate the discovery of new superconducting materials through a multi-
disciplinary team that unites experience in materials synthesis, local probes, and computation.  We seek to: 1) 
Predict new materials candidates for unconventional or high-temperature superconductivity and validate materials 
descriptors; 2) Develop synthetic pathways to apply soft chemistry to thin films and construct mixed anion thin 
films predicted to display high-temperature superconductivity (HTS); 3) Probe local structural, electronic, and 
magnetic properties and take advantage of nanoscale heterogeneity to correlate local descriptors with the 
superconducting critical temperature (Tc) in novel superconductors; 4) Develop AI-ready experimental and 
computational datasets on candidate superconductors and 5) Train a diverse set of scholars on interdisciplinary 
materials-by-design. 

Relevance to MGI 

We will accelerate the discovery of new superconducting materials through a multi-disciplinary team that unites 
experience in materials synthesis, local probes, and computation.  This tight coupling between theory and 
experiment is possible only in the context of a DMREF and it follows the program laid out in the Materials Genome 
Initiative for Global Competitiveness (MGI). To design, simulate, and accelerate the discovery of new 
superconductors we will use computational tools including density functional theory (DFT) and dynamical mean 
field theory (DMFT) to predict both the crystal and electronic structures of candidate correlated electron materials 
and high temperature superconductors. The most promising predicted materials will then be synthesized by 
combining two traditionally disparate forms of materials synthesis for the first time -- advanced thin film deposition 
by reactive oxide MBE and low-temperature soft chemistry -- to make metastable materials that could not 
previously be realized.  The materials will then be interrogated by bulk and local probes to map resistivity, structure, 
orbital polarization/hybridization, phonons, and spin interactions. Our approach closes the loop between the 
prediction of materials with our descriptors and direct measurement of these properties. The resulting large datasets 
will be AI-ready and can be correlated to build structure-property relationships.   

Technical Progress 

During this year, we have made significant progress on Thrust 1 (‘Search for HTS in Nickelates and other d9 
materials’) by:  

1) Answering a key open question in the study of layered superconducting nickelate films: the role that
hydrogen incorporation into the lattice plays in the appearance of the superconducting state. Using
secondary ion mass spectrometry on superconducting films grown by co-PI Mundy, no evidence for
extensive hydrogen incorporation has been found. Theoretical calculations by co-PI Botana corroborated
that hydrogen incorporation is broadly energetically unfavorable in these systems. In this manner, our
combination of theory and experiment has shown that hydrogen incorporation is not required to achieve a
superconducting state in layered square-planar nickelates. This conclusion will greatly help our team
moving forward in the soft chemistry approaches required for part of our project.

2) Expanding the superconducting square planar nickelate family beyond the infinite-layer and quintuple layer
members of the Rn+1NinO2n+2 family (R= rare-earth, n= number of NiO2 layers). In work that is currently in
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preparation, our theory+experiment approach has shown that all members of the Nd-based layered nickelate 
family from n=4 to n=8 are superconducting with a dome-like dependence of Tc with n. 

Future Plans 

      The most immediate plans for the project are related to: i) anion substitution in nickelates of the layered 
Rn+1NinO2n+2 family and ii) expansion of superconducting d9-like systems beyond nickelates to palladates.  For the 
anion exchange reactions we will investigate the possibility of altering the electronic structure of low-n layered 
nickelate materials by incorporating fluorine. We hypothesize that the degree of orbital polarization can be increased 
due to the change in electronegativity and, if the desired doping level (corresponding to ~d8.8 filling) can be 
achieved, a higher Tc can then also be expected. We will focus on expanding the family of fluoro-nickelates 
performing similar theoretical studies to those performed in nickelates in our prior collaboration. For the palladates, 
we will study the whole palladate analog family to the Rn+1NinO2n+2 nickelates. We hypothesize that a hole-doped 
d9 electronic configuration on a square lattice with a dominant dx

2
-y

2 orbital at the Fermi level is a common thread 
of superconducting families in proximity to d9 filling for the corresponding transition metal ion. Our DFT 
computations of the crystal and electronic structures of the infinite-layer palladate LaPdO2 show that palladate 
compounds are somewhere in-between cuprates and nickelates – with a single-band dx

2
-y

2 Fermi surface topology. 
Experimentally, we will first study this compound and subsequently expand to other n values of the series, 
combining theory and experiment. In contrast to the nickelates, it may be possible to synthesize the palladates 
directly in the square-planar format due to the stability of Pd1+ in contrast to Ni1+. Initial films will be imaged using 
magnetic force microscopy (MFM) for patches of diamagnetism indicative of superconductivity; refined films with 
flatter surfaces will be imaged using scanning tunneling microscopy and spectroscopy to elucidate the electronic 
structure of novel superconductivity. 

Broader Impacts and Workforce Development 

This program will support 3 experimental graduate students at Harvard and 2 students performing electronic 
structure calculations at ASU. The students will grow into experimentalists who can synthesize and measure, but 
also understand the principles of materials design; or theorists who can predict new materials, but also interpret data 
from their experimental collaborators. This interdisciplinary training will promote the cultural change that is 
required to address the challenges posed by the rapid development and specialization of modern science and 
technology.  We are incorporating high school and undergraduate researchers in pedagogical and useful projects to 
code, test electronics, and to develop automated chemical etching procedures for atomically-sharp high-symmetry 
probe tips for microscopic imaging of synthesized materials. 

Data Management and Open Access 

Our materials discovery and design strategy complies with the MGI and DMREF recommendations to ensure 
both data storage and access. Our goals are to: i) Make materials data open, accessible, and useful. ii) Provide 
researchers with a platform to organize materials data. iii) Create a data-themed community of researchers. We will 
use the MongoDB and zenodo platforms as well as the project research website to make data open and accessible 
(the project website is currently under development).  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

This project will accelerate the development of new high-Tc superconductors and hence realize their potential 
for proposed applications ranging from energy storage/generation to quantum computing. Using our computational 
tools we will filter materials possibilities and propose the most promising candidates for efficient experimental 
realization, in an approach that has already worked in our team. In this manner, we will accelerate the arrival of 
technology-ready materials at a fraction of the time and cost that would have been necessary to explore the full 
space experimentally. The development of AI-ready experimental and computational datasets on candidate 
superconductors will also enable achieving this goal.  
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DMREF: GOALI: Tetrahedral Ferroelectrics 
Lead Investigator: Geoff Brennecka, geoff.brennecka@mines.edu 
Participating Institutions: Colorado School of Mines, Penn State University, Carnegie Mellon University, 
Broadcom, National Renewable Energy Lab (unfunded)  
Source of Support: NSF-DMREF 
Website: none 
Keywords: Ferroelectrics, Wurtzite, Domain Walls, Sputtering 

Project Scope 

The premise of this project is to better understand the nature of tetrahedrally-based ferroelectrics and to expand 
this family of materials beyond the original (Al,Sc)N and (Zn,Mg)O. We aim to answer the following 3 questions: 

1) How do switchable polarization, coercive field, stiffness, a paraelectric transition, and structure interrelate?
2) What are the switching mechanism(s)?
3) How do local structure, point defects, and synthesis affect switching and breakdown?

We have made substantial progress towards 2 and 3, and these are feeding gradual progress towards question 1. 

Relevance to MGI 

Our project integrates DFT-based calculations, reactive sputter growth, electrical measurements, and structural 
/ chemical characterization using x-ray and electron microscopy techniques. We have successful examples of 
experiment leading theory/modeling (e.g., defects in 
(Al,Sc)(O,N)), models guiding experiment (prediction and 
realization of new compounds and alloys such as 
(Al,Gd)N), and measurements driving a revision of earlier 
thinking and interpretation of both theory and experiments 
(e.g., extending a classic model of domain switching 
kinetics). Key to this success is the close collaboration and 
aligned intellectual contribution from all team members 
regardless of background or tool(s) of choice. 

Technical Progress 

The large coercive fields (Ec) and extremely square 
polarization-vs-field (PvsE) loops are consistent with 
polarization reversal being a high-energy process. We 
showed experimentally how the abruptness of this 
transition fails to follow the classic Kolmogorov-Avrami-
Ishibashi (KAI) switching kinetics model, but more 
importantly, that if one relaxes the assumptions of the 
original KAI model to allow simultaneous growth and 
increasing nucleation rate, we can capture both nucleation 
and growth dynamics across a broader range of scenarios 
than KAI while collapsing to the identical description under 
the originally-assumed boundary conditions. This insight 
and subsequent mathematical description has been used to 
explain the both the abrupt polarization reversal seen in 
wurtzite ferroelectrics and, combined with theory-guided 
experiments, the previously-baffling wake-up phenomena 
widely reported for these materials.  

Computation has guided both the identification 
(prioritization) of new compositional spaces for study and 

Fig. 1 (A) Solid state nudged elastic band (SS-NEB) 
calculations show that intermediate crystal structures 
along the minimum energy pathways for polarization 
inversion change from collective (e.g., x=0.22) to 
individual (e.g., x=0.36) tetrahedral inversion with 
increased structural disorder. (B) The associated 
energy barriers match well the observed trend in 
coercive field with Sc content.  
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the mechanistic understanding of the polarization inversion process itself. One example of this is the identification 
of a clear change polarization switching processes with increasing structural disorder. Using the prototypical 
(Al,Sc)N alloy as an example, in pure AlN and alloys with low Sc content, the cation-centered tetrahedra invert 
collectively, associated with a single large energy barrier. The disorder associated with increasing Sc content 
enables individual tetrahedra to invert sequentially, with each such inversion necessitating a smaller incremental 
energy input and leading to a lower overall coercive field for the alloy. This aligns well with experimental coercive 
field and remanent polarization data from our group as well as the extensive literature on (Al,Sc)N alloys (Fig. 1). 
We have extended this concept across promising candidate compounds and identified design rules for initiating 
such individual switching pathways, and have even demonstrated a direct application of this concept in predicting 
and then experimentally validating composition-dependence of coercive field in (Al,Gd)N. 

Future Plans 

In the remainder of our project, we are continuing to explore new compounds and alloys while extending our 
efforts related to defects and defect compensation in these wurtzites. We are starting with more detailed studies on 
the effects of ubiquitous oxygen contamination in (Al,Sc)N, particularly related to charge carrier concentration and 
domain walls, and then extending this work to other non-stoichiometric chemistries. Such studies are particularly 
important for quantitatively linking computational and experimental results, because real samples are never as 
perfect as models assume them to be. 

Broader Impacts and Workforce Development 

This project is serving as a nucleus around which other related efforts have connected such that the MGI mindset 
permeates the groups involved well beyond the students supported directly by this project. The MGI approach is 
integrated into both undergraduate and graduate courses across the three academic institutions, including the newly 
launched Ceramic Engineering BS program at Mines which bakes in a joint computational / experimental approach 
from the start. While there is only a single undergraduate course focused on computation itself, discussions and 
hands-on use of combined computational and experimental approaches permeate all courses and labs. The PIs and 
students on the project are all involved in educational outreach as well. One of several examples was a Crystals and 
Clinker Teacher Workshop hosted at Mines in Oct, 2023 that introduced 20 middle- and high-school teachers to 
materials science concepts and activities. We also write papers, present at conferences, etc.  

Data Management and Open Access 

All of the films grown at NREL and Mines and their associated data collected on our collection of high-
throughput instruments are (semi)automatically included in the HTEM (high throughput experimental materials) 
database (htem.nrel.gov), and we periodically add our low-throughput experimental data to the same. Data, 

metadata, and python scripts associated with our 
computational studies go on GitHub, then MDF. We 
also have a complementary tutorial on GitBook that is 
gradually being polished.  

Advancing Along the Materials Development 
Continuum and Partnerships to Translation 

Our industry partner on this GOALI project has 
been intimately involved from the start and hosted the 
entire team (and a few others) for an all-hands project 
meeting and tour in Feb, 2024 (Fig. 2). There is no 
direct pipeline from our discovery-focused project to 
a specific product line, but the concepts and findings 
of this project are of great interest to Broadcom and 
may help to inform future product enhancements. 

Fig. 2. The entire team and additional collaborators met at 
Broadcom in Feb, 2024 for an all-hands meeting and tour. 

44



Publications and References 

1. K. Yazawa, P. Gorai, J.S. Mangum, G.L. Brennecka, and A. Zakutayev, Local Chemical Origin of Ferroelectric Behavior
in Wurtzites, J. Mater. Chem. C 10, 17557 (2022). DOI: 10.1039/d2tc02682a

2. K. Yazawa, A. Zakutayev, and G. Brennecka, High-Speed and High-Power Ferroelectric Switching Current Measurement
Instrument for Materials with Large Coercive Voltage and Remanent Polarization, Sensors 22, 9659 (2022). DOI:
10.3390/s22249659

3. K. Yazawa, J. Hayden, J-P. Maria, W. Zhu, S. Trolier-McKinstry, A. Zakutayev and G.L. Brennecka, Anomalously Abrupt
Switching of Wurtzite-structured Ferroelectrics: Simultaneous Non-linear Nucleation and Growth Model Mater. Horiz. 10,
2936-44 (2023). DOI: 10.1039/D3MH00365E

4. S.R.J. Likith, G.L. Brennecka, and C.V. Ciobanu, Interlayer Registry Effects on the Electronic and Piezoelectric
Properties of Transition Metal Dichalcogenide Bilayers, J. Vac. Sci. Tech. A 42, 032201 (2024). DOI: 10.1116/6.0003264

5. K. Yazawa, D. Drury, J. Hayden, J.-P. Maria, S. Trolier-McKinstry, A. Zakutayev, and G.L. Brennecka, Polarity Effects
on Wakeup Behavior of Al0.94B0.06N Ferroelectrics, J. Am. Ceram. Soc. 107, 1523-32 (2024). DOI: 10.1111/jace.19382

6. C.-W. Lee, N. Ud Din, K. Yazawa, G.L. Brennecka, A. Zakutayev, and P. Gorai, Emerging Materials and Design
Principles for Wurtzite-type Ferroelectrics Matter 7, 1644-59 (2024). DOI: 10.1016/j.matt.2024.02.001

7. C.-W. Lee, K. Yazawa, A. Zakutayev, G.L. Brennecka, and P. Gorai, Switching it up: New Mechanisms Revealed in
Wurtzite-type Ferroelectrics Sci. Adv. 10, eadl0848 (2024). DOI: 10.1126/sciadv.adl0848

8. C.-W. Lee, N. Ud Din, G.L. Brennecka, and P. Gorai, Defects and Oxygen Impurities in Ferroelectric Wurtzite Al1-xScxN
Alloys, Appl. Phys. Lett. in press (2024).

9. K. Yazawa, C. Evans, E. Dickey, B. Tellekamp, G.L. Brennecka, and A. Zakutayev, Low Leakage Ferroelectric
Heteroepitaxial Al0.7Sc0.3N Films on GaN, in review (2024).

45



Grain Interface Functional Design to Create Damage Resistance 

in Polycrystalline Metallic Materials 

Lead Investigator: Curt A. Bronkhorst, cbronkhorst@wisc.edu. 

Participating Institutions: Univ. of Wisconsin – Madison, Iowa State Univ., Univ. of New Hampshire. 

Website: Under construction. 

Keywords: Grain boundary, ductile damage mitigation, polycrystalline metal, interface, internal stress. 

Project Scope 

In high-purity tantalum, pores form at grain boundaries which are hypothesized to have a critical combination 

of high tensile stress and low tensile strength depending upon grain boundary type. Advanced single crystal theory 

will be developed to compute polycrystal internal stress state by coupling to an advanced macroscale ductile damage 

model. Grain boundary strength will be quantified via nanomechanical experiments and classical MD bicrystal 

calculations. Information theory and uncertainty quantification tools will be developed to integrate experimental 

and computed data to prescribe probable metal forming pathways to reduce porosity by 30% in a high triaxiality 

sample. 

Relevance to MGI 

The workflow for our accelerated material design cycle to develop advanced damage resistant material is 

shown in Figure 1. Task 1 includes material processing and 

sample production for grain interface functional design 

encompassing advanced multi-level experiment with a focus 

on single/polycrystal characterization and grain 

boundary/interface interrogation. Task 1 will receive 

processing recipes from Task 3 and numerical simulations 

from Task 2. Task 2 includes multi-level physical theory and 

code development along with numerical simulations. Task 2 

will receive physical data from Task 1 and uncertainty 

quantification from Task 3. Task 3 provides the statistical 

and uncertainty framework to enable rapid integration of 

experimental and computational data sets and statistical 

model development. Task 3 will receive computational 

results from Task 2 and experimental results from Task 1. 

Throughout this iterative process, improvements to all 

aspects of each task will be pursued. Our measure of success 

is to design and produce grain interface functionally 

designed polycrystalline Ta demonstrating 30% reduction in 

porosity at equal deformation for the proposed multi-level, 

high-triaxiality sample in comparison to this projects reference rod and plate materials. Information integration of 

both advanced experimental and advanced physics-based computational origin will be critical to accelerated design. 

Technical Progress 

Our work directly follows the hypothesis that spatial distribution of stress state and material defect weak spots 

combine to determine where and when pores form. We have been working to quantify both physical attributes of 

high-purity tantalum. Due to elastic and plastic anisotropy of metallic single crystals, polycrystal metals display 

significant intergranular interaction during deformation. The result of this interaction during deformation is 

significant variation on stress conditions with position in the material. Locations where stress is high contributes to 

higher probability for pore formation. It is not possible to experimentally measure local stress conditions in 

deformed materials, so we are using a soft-scale multi-scale modeling approach where we use an elastic-plastic-

damage model to simulate specific experiments. An advanced crystal mechanics model for tantalum is being used 

to produce multi-scale simulation datasets. We have developed an information theory methodology which is able 

to use these physics computational datasets and attribute physical features and state of the material to high stress 

Figure 1. Flow of information between the four tasks 
to cyclically refine the design of damage resistant 
material. The proposed work combines both 
discovery and material design elements to achieve 
the project goal. 
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spots located adjacent to grain boundaries and attribute their location to characteristics of the grains on each side of 

the boundary and their relative deformation behavior. The failure strength of grain boundaries is also being 

quantified. This physics dataset is based upon classical molecular dynamics (MD) bi-crystal calculations of varying 

grain boundary types. This computed dataset contains values of stress at which grain boundaries fail as a function 

of grain boundary type. The computed dataset provides quantitative grain boundary strength information but also 

provides physical insight into the process of grain boundary failure. Nano-indentation experiments are being 

performed in the vicinity of a collection of grain boundaries spanning a range of characters to provide supporting 

insight to assist in validating the MD dataset. These experiments include quantifying the indentation behavior of 

single crystals for a range of crystallographic orientation. MD simulations for the specific grain boundaries probed 

in the experiments will be conducted to provide direct parallels between experimental and simulation results. 

Future Plans 

The computed and experimental grain boundary datasets will be examined with our information theory 

methodology to attribute the observations to physical features of the boundaries. Micro-tension experiments will 

also begin to probe the tensile strength of grain boundaries and validate physical trends observed via bicrystal MD 

simulations. MD simulations will continue for the life of the project to add computed results to this grain boundary 

tensile strength dataset. Statistical model development will continue with emphasis to efficiently represent the 

probability density function evolutions of internal stress state and grain boundary strength with deformation. This 

will continue by introducing grain boundary misorientation into the computed and experimental datasets as a 

potentially important variable for microstructure design. A macroscale porosity-based ductile damage model will 

be developed for low deformation rate loading and will be used to simulate macroscale experiments, including the 

targeted high-triaxiality tension sample. This model is being developed with a new statistically based pore 

nucleation model based upon work of this project. This model will also be used to provide evolving stress conditions 

for micromechanical study at locations in the samples where damage probability is high. Our single crystal theories 

being used to produce our computational datasets have been improved for physical accuracy. We will begin 

performing quasi-static tension experiments on our target high-triaxiality tension sample together with forward 

calculations using crystal mechanics and the developed porosity-based ductile damage model. 

Broader Impacts and Workforce Development 

The educational impact of this work will be integrated across the three associated institutions by organizing 

targeted student exchanges among the PIs. The PI and three co-PIs will sponsor guest lecturing rotations within the 

courses they teach, as a cross-disciplinary effort, the shared and complementary expertise will be brought to the 

classroom. Graduate students from each research group will spend time between the three different institutions as 

part of each of the Ph.D. programs as well as possible internships at AFRL. Additionally, the UG capstone senior 

design courses at each department would particularly benefit from this arrangement, where the students will be 

mentored by experts from modeling, mathematics and experiments. The PIs are eager to build a very strong long-

term collaborative relationship with AFRL and have existing collaborations with multiple U.S. National 

Laboratories to provide the students in the team with direct access to state-of-the-art user facilities, including their 

world class training on safety and research, and world-class staff. The PIs plan to provide a multitude of research 

opportunities for upper level undergraduate students (~8 students/year) via direct funding. 

Data Management and Open Access 

Once available, all results will be archived to a project identified repository on the UW Libraries MINDS@UW 

system which provides long-term preservation and open access to digital materials. This project will follow the best 

practice protocols established for the MINDS@UW system which adhere to FAIR data management and 

stewardship principles. The project website will direct the community to locations of all data and code. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The material production processes targeted in this project are generally available commercially and therefore 

the emphasis will be upon building the material design framework and methodology to enable more rapid 

manufacturing process design. The tools developed in this project are envisioned to be adapted in time to any 

material system or manufacturing process where both computational and experimental datasets are together used to 

determine high probability of success manufacturing procedures. 
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Architecting DNA Nanodevices into Metamaterials, Transducing 

Materials, and Assembling Materials 

Lead Investigator: Carlos Castro, castro.39@osu.edu 

Participating Institutions: The Ohio State University, Duke University 

Source of Support: NSF-DMREF 

Website: none 

Keywords: DNA nanotechnology, DNA origami, single molecule dynamics, biomolecular materials, self-assembly 

Project Scope 

This work is developing self-assembled materials constructed from DNA with adaptable structures and 

unique mechanical properties, signal processing capabilities, and variable material properties from a single 

reconfigurable building block. We will construct these materials from nanoscale DNA building blocks with 

precisely designed structure and tailored mechanical and dynamic properties guided by molecular modeling. These 

units will be constructed into assemblies consisting of many devices that interact with each other to coordinate 

functions including signal transduction, shape morphing, and polymorphic assembly. We will establish design 

principles for on-demand material properties using molecular simulation and machine learning approaches. 

Relevance to MGI 

This project integrates molecular modeling, DNA-based design, and single molecule characterization to develop 

self-assembling materials based on dynamic nanodevices, where properties and interactions of nanodevices drive 

emergent behaviors of the material (Figure 1). The design of DNA nanodevices is guided by integration of design, 

experiments, and molecular simulations used to predict properties such as motion or stiffness. These properties are 

characterized by single molecule methods, and experimental results are used to refine designs and modeling 

approaches, while models are then leveraged to guide design of assemblies. At the assembly scale, we closely couple 

experimental fabrication and characterization with a combination of coarse-grained molecular dynamics 

simulations, Brownian dynamics simulations, and theoretical modeling to achieve desired collective material 

behaviors (i.e. shape morphing and signal processing). We leverage opensource software tools for DNA origami 

(DO) design and have developed coarse grained models that advance the capabilities to predict behaviors of DNA 

based materials. Using these approaches, we are establishing assemblies with variable properties and signal 

transmission capabilities. 

Technical Progress 

To date we have made progress in four areas: 1) 

development of coarse-grained models for simulating 

assembly and dynamics of DO structures; 2) design and 

single molecule characterization of signal transmitting 

devices; 3) scalable and sustainable fabrication methods for 

DO devices; and 4) higher order self-assembly of 

reconfigurable DO building blocks.  

We developed a coarse-grained model designed to 

simulate events like assembly and reconfiguration, which 

occur at timescales beyond what could previously be 

captured by other DO simulation approaches. Where 

previous approaches coarse grain at the level of bases or 

base-pairs (bp), our approach coarsens the DNA structure 

at the level of 8 bp units, a typical unit of continuous base-

pairing in DO structures. We demonstrated this model can 

simulate self-assembly of a full size (~7,000 bp) DO, not 

possible with prior approaches. This work was recently 

published in Nature Communications [1].  

In addition, we made significant progress with 

simulation guided design and single molecule 

characterization of signal transducing devices. We 

Figure 1. This work integrates DNA-based design 
and assembly, multi-scale modeling, and single 
molecule characterization to achieve self-assembled 
architected materials with dynamic functions like 
mechanically responsive shape morphing, signal 
processing, and variable material properties. 
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designed a switch-like device that exhibits two states: latched to the left or latched to the right. We developed single 

molecule assays to measure the transitions between these states, which show the device switches rapidly between 

the right latched and left latched state in about 100 milliseconds. Moving forward we will assemble these switching 

devices into assemblies that can transmit, transduce, and process signals. 

We also developed approaches to improve efficiency of DO self-assembly by recycling the DNA components. 

Briefly, we developed two recycling methods. The first enables reprogramming of folded DO structures into brand 

new structures, allowing re-use of the template single-stranded DNA (ssDNA) scaffold. The second significantly 

improves sustainability and cost-effectiveness of DO fabrication, which is carried out with a large excess of ssDNA 

staple strands (~10 times excess) that fold the scaffold into the desired structure. Typically, the excess staples are 

wasted, but we established a method to recover these excess staple strands after folding and show these can be used 

to reliably fold new devices. This work is detailed in a preprint [2] and is currently under review for publication.  

Finally, we made progress in developing reconfigurable DO devices that can self-assemble into a variety of 

different higher order assemblies depending on their configuration. These reconfigurable units can bind together in 

multiple orientations, which leads to either more or less compact microstructure in higher order assemblies.   

Future Plans 

In addition to publishing key studies, we will build off our work on single signal transducing devices to develop 

filaments and networks of polymerized signal transducing devices for long range signal transduction. A key focus 

will be on determining the time scale and fidelity of the communication. We have demonstrated local plasmonic 

heating with gold nanoparticles, which we will integrate for triggering. Separately, we will investigate the time 

scale of self-assembly of DOs based on triggered reconfiguration of the DOs. Now that we have constructed single 

reconfigurable DOs that also self-assemble into networks, we will investigate the time scale for trigger 

reconfiguration of DO networks and how an external force influences the reconfigurations. We will also continue 

the development of Langevin coarse-grained models to understand the kinetics of single DO devices and network 

assemblies, which provide key mechanistic insight into DO performance and design optimization.  

Broader Impacts and Workforce Development 

We have continued to support design and simulation workshops with lab members and with undergraduate 

students to train users on our previously developed software tool MagicDNA. We manage a Slack channel where 

users can get support on design software (available on github). We also again ran a two-week Summer workshop 

where ~30 first year students at OSU learned to design DO and run simulations using online tools. Finally, building 

on prior work where we developed experiment modules that can be carried out in elementary, high school, or 

undergraduate classrooms [5], we are now developing a similar module focused on DO higher order assembly.  

Data Management and Open Access 

Use of our previously developed design software MagicDNA is supported with workshops and tutorials on 

youtube (https://www.youtube.com/channel/UCpI3shjsdy89Xg2iVt-ZYCw). We manage communication among 

our team and with users through Slack and share documents, data, and protocols over Teams. Several of our 

published DO designs are uploaded to the DNA nanostructure design repository (e.g., https://nanobase.org). And 

we have consistently shared work via preprints at the time of submission for peer-reviewed publication. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

We are developing materials well-suited for applications in biosensing, nanocomputing, nanomanufacturing, 

and nanorobotics. The PI is working towards translation of a biosensor device that is based on earlier NSF-supported 

developments. The work in progress through this grant can provide a number of key advancements in the areas of 

multiplexing, intelligent detection (i.e. signal processing), mechanical sensing, new detection readouts, and signal 

amplification.  
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Multi-material digital light processing of functional polymers 
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Project Scope 

     Digital light processing (DLP) is a powerful additive manufacturing method for soft materials. DLP exploits 

control over light irradiation to solidify a resin defining the shape of printed parts. Current DLP techniques are 

restricted in their ability to print multiple materials with different properties (e.g. to vary elasticity) in a single 

exposure step. Our project aims to: (1) Design multi-material DLP resins that orthogonally cure to yield materials 

with extreme contrast in mechanical properties, (2) Develop digital twins of multi-material DLP that leverage 

machine learning (ML) surrogate models for inverse design of DLP for multi-material structures, and (3) Design 

multi-material structures to direct cell behavior with varying stiffness that is topology optimized (Figure 1). 

Relevance to MGI 

The challenges associated with multi-material DLP cut across scientific disciplines and require the closed-loop 

approach of the MGI. While the physical behavior of polymer networks can be informed by existing theory, there 

is no efficient way to optimize the complex formulations used in multi-material resins. To address these challenges, 

we propose to use machine learning, which will accelerate the discovery of fundamental chemistries and help 

translate them into practice. The need to optimize the coupled and controllable interactions between light, chemistry, 

and mechanics serves as an ideal multi-physics testbed to build and deploy the next generation of scientific machine 

learning (SciML) approaches for multi-physics simulations. We will leverage our prior experience to create datasets 

and models from our high-throughput experimentation, simulations, and artificial intelligence to strengthen the ties 

between materials chemistry and data science. Exploiting this convergent approach spanning materials synthesis, 

characterization, scientific computing, and data science to workforce training for graduate students who 

communicate across the traditional research divide provides an important foundation for future industries. 

Technical Progress  

The development of multi-material resins with extreme contrast in mechanical properties requires definition of 

chemistries that achieve supersoft properties as well as conventional stiff networks. We have initially focused on 

the development of supersoft polymer networks using materials chemistries based on a slide ring architecture.  Slide 

ring networks offer unique opportunities for control of mechanical modulus and toughness based on their 

composition because of the dynamics of the network.   

Our initial work shows that networks formed using cyclodextrin-based rings and poly(ethylene glycol) threads 

to crosslink polyacrylamide chains lead to soft, tough gels with exceptionally low friction coefficients. The slide-

ring gels had low reduced moduli, E* < 20 kPa, relative to comparable conventional networks, E* ≈ 100 kPa while 

still maintaining good mechanical toughness. Analysis of the dependence of the friction coefficient upon loading 

Figure 1. Overview of the project to achieve multi-material structures that can direct the behavior of biological cells. 
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revealed that the slide ring gels provided 

thicker fluid lubrication layers at their 

surface leading to very low friction 

coefficients (µ < 0.01). These observations 

suggest that the slide ring architecture is 

suitable for forming multi-material 

structures with high contrast between 

mechanical properties. 

In parallel, we are developing 

computer-aided design (CAD) tools to 

create physically interlocked parts (Figure 

2). We modify the joint region between the 

hard and soft materials so that they do not 

separate during operation. We have 

developed an algorithm that will create tiles of interlocking 3D pegs at the intersecting region. These pegs physically 

interlock the hard and soft parts. Generating the CAD models for multi-material parts will be the first step in creating 
a multiscale digital twin of the 3D printing process. We have also been working on developing a computational 

framework to model the light transport inside the resins to as part of a digital twin will enable us to predict the 

material properties of parts with complex geometry based on the light exposure time. 

Future Plans  

Our near-term goal is to develop a workflow for optimization of the mechanical properties of slide ring gels based 

on the formulation of the multi-component resin.  We will leverage a robotic system for high throughput mixing of 

varying formulations along with a high throughput mechanical tester for cured resins to generate a training data set 

for AI/ML methods. We will make use of Reinforcement Learning (RL) to identify the most promising formulations 

for the next campaign of the gels based on the results of the mechanical tester. We will develop suitable reward 

functions that will provide control of the required mechanical properties. Once we have defined appropriate resin 

compositions to achieve desirable mechanical properties, we will further modify the resins for 3D printing 

conditions. A computational framework for a digital twin of the light-based 3D printing process that incorporates 

light exposure and chemical kinetics is under development. 

Broader Impacts and Workforce Development  

The PIs endeavor to involve a diverse cohort of graduate students in the project and they mentor a significant number 

of diverse undergraduate researchers. The PIs are developing new modules for teachers from 6th to 8th -grade levels 

that emphasize “Developing and Using Models” – a key concept in the Next Generation Science Standards for 

California Public Schools. We are leveraging the new Student Innovation Center (SICTR) and the Translational AI 

Center (TrAC) at ISU to enable tech transfer of the innovative technologies developed as part of this project. We 

have also been offering introductory AI courses as part of the new microcredentials initiative at ISU. 

Data Management and Open Access   

The variety of instrumentation used in the project along with the computational models will generate diverse data 

types, particularly for high throughput experiments. We will adhere to FAIR methods and properly link 

experimental data with metadata and use the DRYAD site for archiving data with DOIs. 

Advancing Along the Materials Development Continuum and Partnerships to Translation   

Our research to accelerate the design of materials and methods for 3D printing demonstrates a platform for a tight 

feedback loop between experiments and machine learning to develop new artificial intelligence and big data 

methods that provide insights into (i) novel structure--property relationships and (ii) optimal processing strategies 

that leverage enabling chemistry and inverse design. We anticipate that multi-material resins and the methodologies 

for optimization will be of interest to industries developing next generation soft materials for applications in 

biomedicine and soft robotics. 
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Figure 2. Creating interlocked multi-material parts. The black (gray) 
material is hard while the red material is soft. We algorithmically 
generate interlocking 3D pegs at the interface. (Left) CAD models of 
the 2 materials with interlocking pegs; (Middle) slice of the multi-
material part; (Right) picture of a slice of the actual part. 
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Project Scope 

The main objective of this research is to understand the light-
induced mesoscale phase transformations of polar structures 
by developing and using a phase-field model that explicitly 
incorporate both structural and electronic processes. 
Employing a PbTiO3/SrTiO3 ferroelectric superlattice as an 
example, we demonstrate that the light-excited carriers 
provide the charge compensation of polarization bound 
charges and the lattice thermal energy, both of which are key 
to the thermodynamic stabilization of a previously observed 
supercrystal, a three-dimensionally periodic nanostructure, 
within a window of substrate strains, while different 
mechanical and electrical boundary conditions can stabilize a 
number of other nanoscale polar structures by balancing the 
competing short-range exchange interactions responsible for 
the domain wall energy and long-range electrostatic and 
elastic interactions. The insights on the light-induced 
formation and richness of nanoscale structures from this work 
offer theoretical guidance for exploring and manipulating the 
thermodynamic stability of nanoscale polar structures 
employing a combination of thermal, mechanical, and 
electrical stimuli as well as light. 

Relevance to MGI 

This work involves close collaborations with several 
experimental groups including both the in-house experiments 
by co-PI Gopalan and extensive external collaborations. 
Specifically, we heavily leverage unique facilities through 
other DOE projects (DE-SC0012375, “Ultrafast Creation of 
Emergent Phenomena and Metastable Phases in Complex 
Oxides,” and the LCLS Campaign grant (LW00) titled “Fluctuations, Emergence, and Dynamics of Complex 
Topological Supertextures by Design.”  The two projects involve the extensive use of X-ray free electron lasers at 
Linac Coherent Light Source (LCLS, Stanford), Advanced Photon Source (Argonne, IL), and ultrafast and nonlinear 
optical characterization at Penn State and other places.  

Technical Progress 

We have developed a dynamical phase-field model (DPFM) for modeling the co-evolution of electronic carriers 
and ferroelectric domains and the accompanying mesoscale pattern evolution under static or ultrafast external 
stimuli [1]. As an illustrative example of application, we study the transient dynamic response of ferroelectric 
domain walls excited by an ultrafast above-bandgap light pulse. We discover a two-stage relaxational electronic 
carrier evolution and a structural evolution containing multiple oscillational and relaxational components across 

The PbTiO3/SrTiO3 superlattice transforms from a 
pristine state consisting of vortex tube and a1/a2 twin 
domain regions to a 3-dimensional ferroelectric 
supercrystal upon application of an above-bandgap 
light pulse.  
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picosecond to nanosecond timescales. The phase-field model offers a general theoretical framework which can be 
applied to a wide range of functional and quantum materials with interactive electronic and lattice orders and phase 
transitions to understand, predict, and manipulate their ultrafast dynamics and rich mesoscale evolution dynamics 
of domains, domain walls, and charges. 

Our phase-field simulations using the dynamic phase-field model reveal the existence of rich mesoscale structures 
that can transform from one to another under external biases and the key role of electronic charge carriers in the 
thermodynamic stability and phase transitions among different mesoscale polar phases induced by an above-
bandgap excitation [2]. In particular, we identify the key thermodynamic driving forces for the emergence of the 
ferroelectric supercrystal, including electrostatic charge compensation and supply of thermal energy by the light-
excited charger carriers as well as an appropriate range of substrate mechanical constraints. We further discover the 
thermodynamic stability of several additional nanoscale ferroelectric domain structures upon optical excitations 
under different substrate strains and electric field biases. The findings provide theoretical insights into the mesoscale 
thermodynamics of light-induced structural transitions in ferroelectric superlattices, which are expected to stimulate 
future experiments on the formation and properties of novel polar states. 

Our phase-field simulations provided guidance to understanding experimentally observed light-induced 
mesoscale polar structures by collaborators. For example, the dynamic phase-field simulations guided the 
understanding of the experimentally observed pathways by single-shot optical-pump, X-ray-probe measurements 
from an initially heterogenous mixture of polar phases going through a transient mixture of disordered ferroelectric 
and suppressed vortex orders, then, labyrinthine fluctuations accompanied by the reemergence of vortex order, and 
to the eventual emergence of a single vortex supercrystal phase [3]. Our phase-field simulations also elucidated the 
underlying mechanisms through the interplay between photocarriers and transient lattice temperature for the 
reconfiguration of the polar domain networks. The simulations help understand the evolution of nanodomain 
networks in (PbTiO3)n/(SrTiO3)n superlattices directly visualized in real space as the system adapts stage-by-stage 
to tailored ultrafast repetitive optical excitations [4]. 

Future Plans 

We plan to develop a GPU-accelerated finite-difference method-based 3D dynamical phase-field model that 
incorporates coupled dynamics of strain, polarization, charge, and electromagnetic waves in ferroelectrics-based 
multiphase system and the corresponding software module, Q-Pop-FerroDyn, to simulate the nonlinear interaction 
between strong transient THz/optical pulse and ferroelectric systems with inhomogeneous polarization patterns. We 
will demonstrate the possibility of performing basic quantum operation (Rabi oscillation and Ramsey interference) 
for quantum computing based on strongly coupled THz photons and optical phonons (polarization). We also plan 
to develop a new characterization tool (Q-POP-NLO) for the direct evaluation of second-harmonic generation 
(SHG) and other non-linear optical responses in ferroelectric crystals with arbitrary polarization distributions. 
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Project Scope 

The goal of COMMS is to develop mesoscale 
models, numerical algorithms, and software 
for quantum and functional materials. The 
specific efforts are to: (1) Further extend our 
dynamic phase-field model of coupled 
structural and electronic carrier dynamics to 
photon dynamics; (2) Construct a set of novel 
phase-field models of coupled electronic and 
structural phase transitions; (3) Develop and 
deploy the corresponding software modules; 
and (4) Experimentally validate and refine the 
theory and computational tools through 
extensive collaborations with experts outside 
the core team. An outcome is a software, Q-
POP, for understanding microstructures of 
quantum and functional materials. 

Relevance to MGI 

This DOE Computational Materials Science Project involves close collaborations with many experimental groups 
including both the in-house experiments by co-PI Gopalan and extensive external collaborations. Specifically, we 
heavily leverage unique facilities through other DOE projects (DE-SC0012375, “Ultrafast Creation of Emergent 
Phenomena and Metastable Phases in Complex Oxides,” and the LCLS Campaign grant (LW00) titled 
“Fluctuations, Emergence, and Dynamics of Complex Topological Supertextures by Design.”  The two projects 
involve the extensive use of X-ray free electron lasers at Linac Coherent Light Source (LCLS, Stanford), Advanced 
Photon Source (Argonne, IL), and ultrafast and nonlinear optical characterization at Penn State and other places. 
The team also leverages existing collaborations, through funded projects and beamline proposals, with about a 
dozen experimental groups such as D. G. Schlom (PARADIM, Cornell, MBE Growth), R. Engel-Herbert (Paul 
Drude Institute for Solid State Electronics (Berlin, Germany)), L. Martin (Rice, multiferroic oxide heterostructures), 
J. Chakhalian (Rutgers, laser MBE of nickelate thin films), Z. Mao (Penn State,  single crystal growth of ruthenates
and other oxide), A. Lindenberg (Stanford/SLAC, X-ray and electron scattering and spectroscopic techniques and
ultrafast optical techniques), J. Freeland and H. Wen (Advanced Photon Source at the Argonne National Labs, time-
resolved ultrafast X-ray diffraction and microscopy, magnetic scattering), X. Zhang (Northeastern, ferroic and
quantum devices).

Technical Progress 

Insulator-to-metal (IMT) Transitions in the Strongly Correlated VO2: Our team not only pioneered the phase-field 
model development of metal-insulator transitions but also using the example of VO2 to reveal a fascinating electro-
chemo-mechanical mechanism at play that includes coupled electronic-structural phase transitions in the presence 
of oxygen vacancies, the simultaneous evolution dynamics of electronic carriers, structural orders, as well as new 
non-equilibrium phases [1]. This teamwork has also led to the computational prediction of intrinsic self-oscillations 
[2] and the discovery that the vacancy redox reactions and the insulator-metal transitions mutually promote each
other, leading to faster voltage self-oscillations in VO2 [3].

Thrust 1: Coupled polarization, photon and elastodynamics with charge 
Thrust 2: Coupled insulator-metal and magnetic transitions with strain 
Thrust 3: Coupled superconducting and strain or quantum hall effect 
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Discovery of Sublattice-Dependent Antiferromagnetic Transition in Perovskite Nickelates [4]: We used the Landau 
theory to investigate the coupled insulator-metal, structural, and magnetic phase transitions in another fascinating 
correlated material, perovskite rare earth nickelates. We reproduced the experimentally measured temperature-
tolerance factor phase diagram and found that the antiferromagnetic transition is sublattice-dependent, which 
illustrates the existing but confusing experimental susceptibilities. Our results also proved the noncollinear nature 
of the magnetic structure of bulk nickelates, shedding new light on the relevant long-standing debate.  

Coupled Electron and Lattice Systems in Correlated Material Systems: We have established a novel dynamical 
phase-field model for coupled electron and lattice systems in strongly correlated materials under ultrafast excitation 
on the ps-ns timescales and model the electronic and lattice dynamic responses of the non-equilibrium states of the 
prototypical correlated material Ca3Ru2O7 on the ultrafast timescales [5]. We also formulated a comprehensive 
mesoscale thermodynamic model of coupled electronic phase transitions including metal-insulator transitions, 
magnetic phase transitions, charge density waves (CDW) formation, superconducting phase transitions [6].  

Mesoscale Modeling of Complex Topological Polar Structures: We have developed a dynamical phase-field model 
(DPFM) for modeling the co-evolution of electronic carriers and ferroelectric domains [7]. Our phase-field 
simulations reveal the existence of rich mesoscale structures that can transform from one to another under external 
biases and the key role of electronic charge carriers in the thermodynamic stability and phase transitions among 
different mesoscale polar phases induced by an above-bandgap excitation [8]. In particular, we demonstrate that the 
light-excited carriers provide the charge compensation of polarization bound charges and the lattice thermal energy, 
both of which are key to the thermodynamic stabilization of a previously observed supercrystal, a three 
dimensionally periodic nanostructure.  

Numerical Algorithm and Open-Source Software Package Developments: Our team has made substantial progress 
in enhancing solvers for phase-field equations, achieving significant improvements in speed and made significant 
progress on the Q-POP framework, an open-source suite designed for flexible phase-field simulations. The initial 
release offers a variety of capabilities, including modules for simulating insulator-metal transitions (Q-POP-IMT) 
with documentation. Furthermore, we have developed several pre- and post-simulation utility tools including a 
routine (Q-POP-Diffraction) to compute the X-ray diffraction patterns of phase-field predicted structures to allow 
a direct comparison between phase-field simulations and diffraction experiments [11]. We have developed a 
software tool to simulate the second harmonic generation (SHG) termed ♯SHAARP of crystals [12]. 

Future Plans 

Develop the macroscopic superconducting phase-field model in entire-temperature regime by extracting dynamics 
from microscopic superconducting theory; incorporate the coupling of the superconducting order parameter with 
other quantum orders and fluctuations and calculate the temperature-doping/density phase diagram of the 
fluctuating and high-Tc superconductivity; and develop the phase-field model of the superconducting phase 
coherence in Josephson junctions, and design/propose the scheme for experimental quantum devices. 

Develop a new characterization tool (Q-POP-NLO) for the direct evaluation of second-harmonic generation (SHG) 
and other non-linear optical responses in ferroelectric crystals with arbitrary polarization distributions and a GPU-
accelerated finite-difference method based 3D dynamical phase-field model that incorporates coupled dynamics of 
strain, polarization, charge, and electromagnetic waves in ferroelectrics-based multiphase system (Q-Pop-
FerroDyn) to simulate the nonlinear interaction between strong transient THz/optical pulse and ferroelectric systems 
with inhomogeneous polarization patterns; and demonstrate the possibility of performing basic quantum operation 
(Rabi oscillation and Ramsey interference) for quantum computing based on strongly coupled THz photons and 
optical phonons (polarization). 

Develop robust and efficient solvers for Maxwell's equations in mixed formulation, ensuring the parameter 
robustness and design advanced time discretization methods and corresponding fast solvers for the time-dependent 
Ginzburg-Landau model to significantly enhance simulation efficiency; Develop fast and robust solvers specifically 
for phase-field models that are coupled with Maxwell's equations in mixed formulation. 

Advance the implementation of highly-performant, portable, and scalable multigrid, finite-element solvers for 
phase-field equations governing insulator-metal transitions, electron carrier dynamics, polarization dynamics, spin 
dynamics, and superconducting phase transitions. To achieve this, exascale-capable libraries such as FEniCS-
DOLFINx (CPUs-only) and MFEM (supporting both CPU and GPU architectures) will be leveraged.  
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DMREF: GOALI: Designing Materials for Next-generation 
Spintronic Devices 

Lead Investigator: Zhihong Chen, zhchen@purdue.edu 
Participating Institutions: Purdue University, University of Nebraska-Lincoln, University of Arizona, University 
of California, Irvine. 
Source of Support: NSF-DMREF 
Website: none. 
Keywords: Heusler alloy, Low barrier magnet (LBM), probabilistic-bit (p-bit) 
Project Scope: The project aims to develop materials for designing p-bits for probabilistic computing at room 
temperature. It focuses on identifying novel soft magnetic Heusler alloys with ultra-low energy barriers and high-
speed fluctuation rates, controlled by spin-orbit torque (SOT) materials. The approach includes applying p-bit 
theory, high throughput materials screening, first-principles calculations, wafer-scale combinatorial material 
synthesis, fast turnaround material and device characterizations. Key materials and devices studied are low-barrier 
magnets (LBMs) and magnetic tunnel junctions (MTJs), with a focus on Heusler alloys. Stochastic Landau-Lifshitz-
Gilbert (s-LLG) models and p-bit device fabrication are being developed, aiming to demonstrate p-bits with 
fluctuation frequencies up to tens of GHz. 
Relevance to MGI: Our team works in a closed loop fashion to integrate p-bit theory, high throughput materials 
screening, first-principles calculations, wafer-scale combinatorial material synthesis, fast turnaround material and 
device characterizations, and atom to system modular simulations, in order to accelerate materials discovery and 
lay the foundation for a probabilistic computer. During the first year of the program, we formed smaller loops to 
accelerate materials and device exploration. One subloop is to apply p-bit theory and stochastic LLG simulations 
to study the dynamics of magnetic p-bits as a function of experimentally variable material parameters. The 
conclusions and metrics are being used in first-principles calculations to quickly identify the materials candidates 
with ultra-low energy barriers. Another subloop is to characterize p-bit devices via diamond nitrogen vacancy (NV) 
center based high-resolution magnetometry and spin torque FMR. This loop analyzes the performance and further 
validates the materials design and synthesis by correlating it with the material characterization. 
Technical Progress: Magnetic anisotropy induced by magnetoelastic coupling in randomly strained bits is the key 
obstacle for implementing low-barrier p-bit arrays. According to our estimates, for a typical p-bit volume (35 nm 
diameter, 3 nm thickness), the low-barrier condition 𝐾𝑉 ∼ 𝑘𝑇 (where 𝐾 is the magnetic anisotropy energy and 𝑉 
the volume of the bit) requires the magnetoelastic constants, 𝐵! ∼ 𝐵" ∼ 0.1 MPa for random strain of order 0.5%. 
Toward addressing this material challenge, Co-PI Belashchenko is performing a high-throughput computational 
study of magnetoelastic coupling in multiple cubic compounds. More than 200 cubic compounds among Heusler 
alloys (L21, C1b, and XA structures) and compounds with B2 and 
D03 structures are selected, and a high-throughput computational 
procedure to calculate 𝐵! and 𝐵" is developed and implemented for 
both LMTO (linear muffin-tin orbital method) and plane-wave-
based pseudopotential (VASP) calculations. The requirement of 
𝐵! ∼ 𝐵" ∼ 0.1 MPa is unlikely to be met by a choice of a single 
ordered compound. Among ~80 L21 compounds for which results 
are currently available, none have 𝐵!, 𝐵" < 2 MPa. 

Co-PI Wang’s lab has configured a new deposition tool for high 
throughput MTJ growth. The tool is capable of combinatorial 
growth of Heusler materials with up to five different elements. 
Different wedge layers can be also deposited to form 
heterostructures. However, each time the composition of the 
targeted layers in the MTJ heterostructures will vary continuously 
across the entire 4” wafer, limiting the number of distinct MTJ stack 
to be only one during each fabrication cycle. Wang’s lab has 
developed an in-situ mask index system that can be selectively 
applied during the growth of the targeted layers, exposing only 1/4 
(1/6) the wafer. In this way, four (six) distinct MTJ stacks can be 

Figure 1. (a) Circuit Schematic of a 3T-
1MTJ p-bit. (b) Comparison between 
perfect sigmoidal and that of an actual in-
house fabricated p-bit. (c) Non-ideal p-bit 
with TMR=400% (blue) vs. ideal p-bit with 
TMR=110% (black). (d) Histogram of states 
of non-ideal AND logic p-circuit.  
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grown in one fabrication cycle, greatly increasing the throughput of MTJ fabrication. In addition, Wang has 
explored MTJ with antiferromagnetic electrode (AF-MTJs). According to Co-PI Upadhyaya’s work, the fluctuation 
frequency in AF-MTJs can be substantially higher than that of MTJs based on ferromagnetic materials. Wang has 
fabricated full AF-MTJs with the core structure of PtMn3/MgO/PtMn3. Initial results have revealed that these AF-
MTJs can be reversibly switched by SOT effects, with a critical current density in the range of 107 A/cm2.  

PI Chen, Co-PI Upadhyaya and Appenzeller at Purdue have been focusing on 1) fabrication and characterization 
of fast fluctuating stochastic CoFeB magnets by means of quantum sensing techniques based on Nitrogen-Vacancy 
(NV) centers; and 2) studying the impact of experimental non-idealities in the sigmoidal response of p-bits on 
various types of p-circuits. Upadhyaya’s calculations show that the magnetic noise produced by the fluctuating 
probabilistic bits would dominate any intrinsic relaxation processes in the NV Center, even for sub-𝐾#𝑇 barriers 
[1]. Therefore, the 𝑇! time can be used as a nanoscale 𝐺𝐻𝑧 spectrometer for probing fluctuating magnets.  We have 
also started pursuing experimental characterization of p-bit materials via two complementary approaches for 
measurements. Appenzeller has built a compact implementation of a p-bit by integrating a stochastic MTJ with an 
access transistor and an inverter in a 3T-1MTJ configuration. It has been observed in our experiments that non-
idealities in the stochastic MTJs – such as telegraphic fluctuations and a bimodal resistance distribution, as well as 
an excessively large tunnel magnetoresistance ratio (TMR) – can interact with the inverter’s voltage transfer curve 
(VTC) to introduce plateaus to the output curve (whereby the tunability of the p-bit output in the intermediate 
stochastic region is diminished). To make it a non-ideal p-circuit, a TMR of 400% was introduced in SPICE 
simulations, and a comparison was made with an ideal circuit where MTJs had a TMR of 110%. Figure 1 shows: 
At an individual p-bit level, plateaus similar to experimental demonstrations can be seen; At a circuit level, the 
frequencies of incorrect solution states are high, effectively making the circuit unusable.   

Co-PI Krivorotov built and tested a setup of time-resolved magnetization dynamics in nanoscale MTJs that 
features an 80-ps time resolution. Time-resolved measurements of the auto-oscillations of magnetization driven by 
spin torque in a nanoscale MTJ in response to a 15-ns long current pulse have been demonstrated. And thermally-
activated random spiking neuron signal was generated by a nanoscale MTJ in response to a direct current bias. 
Krivorotov lab has also developed a setup for rapid measurements of the angular dependence of broadband 
ferromagnetic resonance (FMR). The setup is fully automated and features automatic rotation of the film via 360° 
while measuring the FMR resonance field. These FMR measurements give direct information on magnetic 
anisotropy of ferromagnetic and ferrimagnetic films. We will use this setup for quantifying magnetic anisotropy in 
the LBM material candidates. 
Future Plans: We will continue to accumulate the data for the chosen compounds. Once appropriate material 
systems are identified by the DFT calculations, Heusler alloy thin films and MTJ stacks will be fabricated. 
Optimization of AF-MTJs for p-bit application will be carried out. We will continue using confocal microscopy 
with NV center ensembles to provide quick feedback on LBM thin films. We have successfully won a user proposal 
from the CNMS at the OakRidge National Lab to access their AFM equipped with a diamond-based scanning NV 
tip. This project will allow us to measure the magnetic noise with a spatial resolution down to ~20𝑛𝑚. We will 
also extend our exploration of impact of non-idealities in the sigmoidal response of p-bits to higher level circuits 
while using a KL divergence metric for a thorough quantitative analysis. A major goal of this project is development 
of magnetic materials with low magnetostriction for integration into nanoscale p-bits. The new broadband FMR 
setup at UCI will allow us to rapidly characterize the angular dependence in FMR ferromagnetic films as a function 
of in-plane uniaxial strain and thereby identify materials with minimal strain-induced anisotropy. 
Broader Impacts and Workforce Development: Wang has led a physics outreach event with a series of physics 
demonstrations for high school students. Purdue PIs are training undergraduate students at the interface of quantum 
sensing and microelectronics via a project-based course, titled “quantum sensing for new era microelectronics”. 
Krivorotov has developed two new hands-on demonstration modules for a middle school outreach program at UCI: 
(i) a superconducting magnetically levitated vehicle and (ii) a miniature catapult.
Data Management and Open Access: We will create a publicly accessible database on spintronic properties of
Heusler alloys. The database will be available via a dedicated website hosted at Purdue University. The database
will contain both theoretically predicted (DFT) and experimentally observed properties, properly referenced to our
own results as well as to data from literature and other online databases.
Advancing Along the Materials Development Continuum and Partnerships to Translation: In October of
2023, Krivorotov gave a seminar on the novel self-generated anomalous Hall spin-orbit torque to industrial
researchers at the Western Digital Technologies Inc.
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Machine-Assisted Quantum Magnetism 
Lead Investigator: Sugata Chowdhury, sugata.chowdhury@howard.edu 
Participating Institutions: Howard University, Northeastern University, SLAC, Stanford University 
Website: https://physics.howard.edu/faculty-websites/sugata-chowdhury/ 
Keywords: Machine learning, quantum magnetism, quantum spin liquid, skyrmions, X-ray scattering.  

Research Scope: 

Strongly correlated electrons in quantum magnetism led to collective phenomena, such as 
emergent magnetic excitations and topological magnets. Efforts have been made to extend the 
limits of experimental tools for probing low-energy excitations in materials, as well as to integrate 
theoretical efforts aimed at comprehensive, material-specific modeling of experimental spectra. 
(1) Our systematic theoretical modeling effort implements first-principles, parameter-free, all-
electron DFT-based computations to obtain the minimal, material-specific, effective tight-binding
model Hamiltonian for effective spin interactions. (2) Experimentally measured spectral responses
have been modeled to provide a range of parameter values of the Hamiltonian that encode the
strength of electronic correlations, simulating the Hamiltonian using density-matrix
renormalization group (DMRG) to capture the correlated magnetic states. (3) Machine-learning
(ML) models have been developed to identify the parameters for the correct correlated model
Hamiltonian that can accurately describe the experimental spectra. (4) When the Hamiltonians
being considered are unable to describe the experimental spectra, we find an improved material-
specific model Hamiltonian with more orbitals and higher-order overlaps to introduce correlation
effects. (5) This cycle will be repeated until a satisfactory correlated Hamiltonian has been found
that accurately describes the experimental spectra for a given material.

With a material-specific, correlated model Hamiltonian for a given material in hand, we are 
uniquely positioned to combine experimental evidence with theoretical modeling/computation and 
ML tools within a robust new integrated framework. Moreover, we have demonstrated the 
possibility of modeling, interpreting, and analyzing experimental data in real time, allowing 
adjustments in the multimodal experimental workflows as well as in theoretical models to make 
much more efficient use of the very expensive resources of the LCLS and significantly reduce the 
time to discovery for achieving scientific breakthroughs. 

Our research scope is aligned with Topic 2: Collective phenomena in the current FOA [2], and 
addresses DOE's priority in data-driven approaches to prediction, discovery, and novel 
characterization of topological or magnetic quantum materials with phenomena dominated by 
electron correlations, entanglement, or interfaces. 

Recent Progress 

Van der Waals (vdW) magnetic materials are comprised of layers of atomically thin sheets, 
making them ideal platforms for studying magnetism at the two-dimensional (2D) limit. These 
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materials are at the center of a host of novel types of experiments, however, there are notably few 
pathways to directly probe their magnetic 
structure. We report the magnetic order 
within a single crystal of NiPS3 and show 
it can be accessed with resonant elastic X-
ray diffraction along the edge of the vdW 
planes in a carefully grown crystal by 
detecting structurally forbidden resonant 
magnetic X-ray scattering. We find the 
magnetic order parameter has a critical 
exponent of β ∼ 0.36, indicating that the 
magnetism of these vdW crystals is more 
adequately characterized by the three-
dimensional (3D) Heisenberg universality class. We verify these findings with first-principles 
density functional theory, Monte-Carlo simulations, and density matrix renormalization group 
calculations.  

This is a showcase of the point (1) and (2) out of all the five points listed in the scope section. 
Specifically, we perform two independent studies using first-principles DFT calculations, and 
these results are used to initiate additional theoretical calculations using DMRG and Monte Carlo 
simulations. Because there is a large discrepancy in the literature for the microscopic model of 
NiPS3, we used first-principles density Functional Theory (DFT) to extract the magnetic exchange 
parameters using two different methods. We use the spin-1 Heisenberg model with exchanges J1, 
J2, J3, and J4 on the honeycomb lattice with single-ion anisotropy. For the Monte Carlo simulation 
of the bulk spin dynamics, the small interlayer exchange J4 is included. The DMRG result confirms 
the stability of the magnetic structure in the single layer and that the magnetic exchange parameters 
yield a zig-zag order for the ground state measured here, with ferromagnetic chains along the a-
axis and antiferromagnetic modulation along the b-axis with modulation vector q = [010]. The 
spins are canted slightly above and below the ab-plane. Although these types of Transition Metal 
Chalchogenophosphate materials are primarily thought to exhibit 2D magnetism due to their vdW 
structure, the critical exponent measured here, and confirmed with theory, is surprisingly 
consistent with the universality class of the 3D Heisenberg model. We have demonstrated that our 
experimental findings suggested a 3D Heisenberg-like spin Hamiltonian and that this model 
predicts a static ground state that is consistent with our data. 

Future Plans 

Based on our findings, we further investigate the microscopic origins of anisotropic spin 
interactions in this family of compounds. Surprisingly, we discovered that even in 3d transition 
metals such as Ni, where spin-orbit coupling (SOC) is typically negligible, heavy ligands with 
strong SOC can induce bond-dependent Kitaev interactions in Mott insulators like NiPSe3. This 
generates Kitaev interactions analogous to those observed in other Kitaev candidate materials, 

Magnetic unit cell of NiPS3 viewed along the c-axis and X-
ray scattering setup schematic showing the orientation of the 
crystal and copper mount with respect to the beam (shown in 
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such as α-RuCl3. We explore the potential to manipulate these anisotropic spin interactions and 
reveal that intriguing Kitaev physics emerges in the 3d-transition-metal chalcogenophosphate 
NiPSe3. Through comparisons with similar systems exhibiting different levels of SOC, our insights 
offer a pathway to "engineer" Kitaev spin interactions in such materials. We could confirm these 
theoretical predictions through neutron scattering measurements. 

This is a showcase of the point (1) and (4) out of all the five points listed in the scope section. The 
spin model for NiPS3 may not validate NiPSe3, where pronounced SOC exists in ligand orbitals. 
Therefore, we investigated the origination of spin interactions and improved the material-specific 
model Hamiltonian with more orbitals and higher-order overlaps to introduce correlation effects. 
Interestingly, we found a method to tune the Kitaev interaction in the 3d transition metal van der 
Waals family of magnets. By comparing the two following systems: NiPS3, where bond-dependent 
anisotropic spin interactions are absent from its microscopic description, and NiPSe3, where a 
finite Kitaev spin interaction term can arise in its spin model, we determine how to create a sizable 
Kitaev interaction in the chalcogenophosphate materials based on nickel. Such an interaction term 
can arise if the Se p orbital, which mediates the superexchange between nearest-neighbor Ni sites, 
is subject to a pronounced SOC. The ground state in the spin model of NiPSe3 is primarily 
attributed to the competition of the ferromagnetic nearest-neighbor coupling parameter J1 and the 
antiferromagnetic third-neighbor Heisenberg coupling J3. However, the lattice distortions show 
off-diagonal coupling terms in our microscopic spin model. By comparing the coupling strengths 
versus the SOC strength, we can predict the potential for further substitution of atoms to enhance 
the Kitaev term in candidate materials. By integrating this approach with machine learning models 
for materials structure predictions, we have demonstrated the capability to significantly broaden 
the range of potential Kitaev material candidates. 

We are currently engaged in experimental efforts to validate the new model we proposed for 
NiPSe3. Additionally, to analyze neutron scattering data, we plan to utilize our proprietary machine 
learning (ML) methodology to fine-tune model parameters. This ML approach, developed 
specifically for addressing points (3) and (5), will facilitate the identification of collective 
phenomena, as Kitaev materials are part of the broader category of topological magnets. 
Consequently, we will dedicate more time refining methods for observing topological excitations 
in NiPSe3, such as magnon-phonon coupling. 

Broader Impacts and Workforce Development: The project trains undergraduate, graduate, and 
postdoctoral students to pursue theoretical and experimental research in quantum materials, 
quantum information sciences, and data-driven analysis. A special feature of this project due to its 
location at Howard University, which is a leading HBCU, is that it directly impacts the training of 
underserved communities for careers in the quantum workforce for the industries of tomorrow. 
The project is also helping to improve the quantum infrastructure at Howard University, which 
will continue to impact the ability of the university for the quantum training of minorities long 
after the project has ended. 
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Data Management and Open Access: Individuals involved in this project review and valivalidate 
collected data at all research stages to ensure that the analytical data is transcribed correctly to the 
correct reporting format. Data are summering into the appropriate digital format. Any 
computations performed in this project are explicitly written,n showing all steps and equations 
used in the calculations; brief explanations will accompany the calculations where necessary. 
These calculations, experimental results, and notes are attached to and always accompanied by the 
raw data. The collected data have been submitted for publication to peer-reviewed journals and 
appropriate conferences throughout and upon completion of the research. We have already 
developed a project webpage that will be maintained throughout the project's life.  

Advancing Along the Materials Development Continuum and Partnerships to Translation: 
The success of this research proposal will not only significantly accelerate the material discovery 
and exotic quantum states but also deepen our understanding of the interlay of nontrivial topology 
magnetism and electron correlations. Our team, with world-leading experts from material 
prediction and synthesis to measurements, can make the subject of quantum magnetism a well-
planned and integrated educational opportunity for the students and general public: (1) We are 
holding a bi-weekly virtual team meeting. Students present their recent progress in this meeting 
and discuss the literature turns with common interests. Through this, we work as a team, and 
students can learn from others outside their fields. (2) PI Chowdhury has been actively involved 
in designing new courses on quantum materials at Howard University in collaboration with IBM. 
As the COVID-19 restriction is easing out, the PI and Co-PIs plan to design summer workshops 
at Howard University for middle and high school students to bring awareness to this novel 
nanotechnology education.  
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14. Testing the data framework for an AI algorithm in preparation for high data rate X-ray facilities, Hongwei
Chen, Sathya R. Chitturi, Rajan Plumley, Lingjia Shen, Nathan C. Drucker, Nicolas Burdet, Cheng Peng,
Sougata Mardanya, Daniel Ratner, Aashwin Mishra, Chun Hong Yoon, Sanghoon Song, Matthieu Chollet,
Gilberto Fabbris, Mike Dunne, Silke Nelson, Mingda Li, Aaron Lindenberg, Chunjing Jia, Youssef Nashed,
Arun Bansil, Sugata Chowdhury, Adrian E. Feiguin, Joshua J. Turner, Jana B. Thayer, 2022 4th Annual
Workshop on Extreme-scale Experiment-in-the-Loop Computing (XLOOP), Dallas, TX, USA, 2022, pp. 1-
9, doi: 10.1109/XLOOP56614.2022.00006.
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DMREF: Discovery, Development, Design and Additive 
Manufacturing of Multi-Principal-Element Hexagonal-Close-Packed 

Structural Alloys 
Lead Investigator: Daryl C. Chrzan, dcchrzan@berkeley.edu 
Participating Institutions: University of California, Berkeley; Lawrence Livermore National Laboratory, 
Livermore; Laney College, Oakland 
Source of Support: NSF-DMREF 
Website: none 
Keywords: Multi-principal-element HCP structural alloys; additive manufacturing; cryogenic structural materials 
Project Scope  

This DMREF project pursues data-driven discovery, development, design and additive manufacturing of 
hexagonal-close-packed (HCP) multi-principal-element alloys (MPEAs) intended for use at room temperatures and 
below.  The program will couple high-throughput computation, high-throughput experiment, and data science 
methods, to rapidly identify ductile, high specific-strength structural MPEAs with the nominal HCP structure.  The 
synthesis work will be carried out using conventional casting/forging and additive manufacturing to ensure that the 
discovered alloys can be rapidly incorporate d into emerging technologies. 

Relevance to MGI 

A key challenge in alloy design is correlating accessible 
descriptors (both computed and observed) to alloy mechanical 
performance. Our approach involves a reliance on the methods of 
machine learning to quantify the correlations between composition, 
processing parameters, and structural properties. 

Specifically, we have identified descriptors, both computable and 
observable, that will be used to inform machine learning models that 
will, in turn, guide our exploration of composition space and 
processing parameters for optimizing alloy performance. The chosen 
computable descriptors have already been shown to correlate with 
differing mechanical responses (e.g. encouraging ⟨c+a⟩ slip vs. 
twinning), whereas the observable descriptors focus on observing the 
true mechanical response of the alloys.   

Technical Progress 

We are exploring the properties of HCP-MPEAs formed from Ti, 
Hf, Zr, Y, and Sc due to their crystallization in the HCP structure and 
their wide range of properties (e.g., c/a ratios) and interactions (mixing 
vs. segregating), which show significant potential for producing HCP 
alloys. For our initial compositional exploration, we focused on the Ti-
Zr-Hf equiatomic system. The CALPHAD predicted pseudo-binary 
phase diagram for this alloy system has a liquidus point around 2000K 
and is expected to form a BCC structure below this temperature. Upon 
further cooling to approximately 1300K, a stable HCP solid solution 
is predicted. Remarkably varying the Ti content maintains the overall phase composition. 

We synthesized an equiatomic ternary alloy using arc-melting, and the resultant microstructure is shown in Fig. 
1. As indicated in Fig. 1(a), the arc-melted Ti-Zr-Hf alloy exhibited a fully HCP structure. However, the SEM image
in the inset reveals that the HCP phase formed in a martensitic structure (lath type), likely due to the rapid
solidification process. An intriguing aspect of this alloy is its exceptional ductility despite having a fully martensitic
HCP phase. Fig. 1(b) shows a tensile test result of this alloy, which demonstrated an impressive strength exceeding
700 MPa and an elongation of over 27% at fracture. This level of strain is unusual for martensitic structures with

Figure 1. Microstructure of equiatomic Ti-Zr-
Hf alloy (a) XRD trace and SEM image (inset) 
(b) Tensile stress-strain curve.
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limited slip systems, highlighting the alloy’s significant research potential. Going forward, we will expand the 
experimental alloy system to a wider range of compositions and carefully characterize the microstructural changes 
and the underlying formation mechanisms associated with varying compositions at both room and cryogenic 
temperatures.   

In our computational efforts, we have developed the strategy that we will employ to create our machine learning 
empirical potential, and begun its implementation.  Briefly, we have discovered that the properties of 
multicomponent alloys can be predicted reasonably well based on computations of the properties of all the relevant 
binaries.  So, for our five component system, we can focus on computing the properties of 10 binary alloy systems 
using DFT, and construct our initial interatomic potential based on these results. 

Future Plans 

Plastic deformation in HCP alloys is often highly anisotropic resulting in reduced ductility.  However, there are 
several effects arising from the disorder in MPEAs that will allow us to tune the plastic anisotropy of the alloys, 
and thereby optimize their structural properties for specific applications.  Our immediate plan is to develop the 
connections between computable and observable descriptors using arc-melted samples and high-throughput 
computation.  Our initial investigations suggest that currently available universal machine learning interatomic 
potentials (MLIPs) do not provide sufficient accuracy for structural properties to enable the goals of the research. 
So we are pursuing the development a MLIP tuned specifically for the HCP metals Ti, Zr, Hf, and eventually also 
Y and Sc.  With this MLIP, we will compute all of the identified computable descriptors (e.g. c/a, elastic constants, 
twinning stress, stacking fault energies, etc.) as a function of alloy composition. 

Simultaneously, we will further the development of a samples for structural, phase-stability and mechanical 
property characterization, using x-ray diffraction, differential scanning calorimetry, scanning and transmission 
electron microscopy, nanoindentation and cyrogenic nanoindentation.  This data will be curated and used to improve 
the machine learning algorithm.  Together, the experimental and computable observables will narrow the 
compositions to be studied using additive manufacturing. In the latter stages of this work, we plan to focus 
extensively on transitioning the understanding we obtained from arc-melted samples into the additive manufacturing 
framework where we will expand our data set to include processing parameters.  This model, then, will be used to 
develop ductile HCP-MPEAs with high specific strength. 

Broader Impacts and Workforce Development 

Our program involves a number of scholars at varying stages in their academic careers.  First, we are hosting 
two undergraduates from the welding program at Laney College (a local community college).  These interns will 
support our arc melting efforts.  We have one UCB undergraduate student participating in an LLNL internship 
program focused on MPEAs.  Second, we have a number of graduate students that are involved in the research, 
including 3 funded by this program, and others with similar interests on fellowship, or funded by other research 
efforts. This group includes six students in UC Berkeley's Masters of Engineering program that worked on 
characterizing additively manufactured MPEAs obtained from paste printers.  These six students now work in 
industry using their learned skills.  

Data Management and Open Access 

The strategy for data management and open access will include making computed data available to the 
community using resources developed by our collaborators in the Materials Project.  At this stage there is not 
sufficient data to warrant dissemination, but this will be a key area of effort as the project matures. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Our project uses machine learning to identify the correlations that are necessary for the design of improved 
HCP-MPEAs for low-temperature applications.  While the models we are developing will initially be geared 
towards the additive manufacturing of HCP-MPEAs for low temperature applications, the approach should be 
readily extendable to other crystal structures. Our intent is to patent any intellectual property that arises from our 
research, and to seek pathways to bring the technology to market. 

Publications and References 

None yet. 
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MaterialsTube.org 
Lead Investigator: Vincent Crespi, vhc2@psu.edu  
Participating Institutions: The Pennsylvania State University 
Source of Support: NSF-MIP 
Website: www.2dccmip.org, www.materialstube.org 
Keywords: Knowledge sharing, video, software infrastructure, AI, large language models. 

Project Scope 
Workshops, seminars, and summer schools on materials research and development provide a major channel of 

education and training for the MGI workforce, yet these resources are currently fragmented with practical barriers 
to making them more systematically accessible and discoverable. MaterialsTube.org aims to ease the task of 
extracting, curating, hosting, and discovering video content and metadata for workshop/seminar/summer school 
presentation/discussion videos and also materials instrumentation training videos, in a community video database.  

Relevance to MGI 
A key component of the iterative feedback 

loop for MGI-inspired materials research and 
development is the deployment at the community 
level of knowledge sharing mechanisms that 
disseminate discoveries along the MGI continuum 
and more specifically to enhance the findability 
and discoverability of the component of the 
fundamental MGI knowledge base that takes the 
form of video content. Machine learning and AI 
tools have a natural place here in extracting video 
metadata such as speakers and topics (facilitated 
by audio transcript extraction tuned to a materials 
vocabulary) and also in providing discovery tools 
for content of interest to specific users. In this manner, MaterialsTube harnesses the power of data in the specific 
form of materials research presentation and discussion video content.  

Technical Progress 
A baseline implementation of 

MaterialsTube.org has been created, with 
drag-and-drop video upload with AI-
enabled transcript extraction and video 
chapterization. Filtering to remove 
personal identifying information and 
inappropriate content is in place. Video 
upload, search, and playback are 
functional. A chatbot interface is under 
development and optimization. User 
account management and real-time video 
stream ingestion are being scoped and 
refined. Note that the generative 
component of AI tools used by 
MaterialsTube is primarily in service of 
summarization and video discovery; the 
“ground truth” is the videos themselves, 
which acts to mitigate concerns on 
potential AI hallucinations of materials 

research content. 

Automated	generation	of	
“chapters”	within	videos	
based	on	content	analysis.

“Chat-MT”	interface	to	
interrogate	video	data/

metadata

Figure 1: Depiction of automatic video chapterization with an overlay
showing the chatbot search and summarization interface. 

Figure 2: Framework of interactions between components of MaterialsTube. 
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Software development for MaterialsTube.org has been performed by Frank Santaguida with management oversight 
by Kevin Dressler. 

Future Plans 
MaterialsTube will become publicly available in beta form when user account management is completed, with 

a set of seed video content. Contingent on resource availability, future plans may include (1) addressing feedback 
during early community use of the beta product, (2) enhancing  the functionality in terms of search, video 
subscriptions, commenting, video metadata curation and ingestion, single sign-on, and AI tools, (3) optimizing 
chatbot performance, (4) encouraging community uptake in terms of video upload and search use, which will require 
bootstrapping, (5) developing a plan towards the longer-term sustainability of the platform. The practicality of direct 
links from chatbot output to referenced videos is currently in an exploratory phase. 

Broader Impacts and Workforce Development 
A primary goal of MaterialsTube.org is to facilitate the education and training of the materials research and 

development workforce through an enhanced interface to video content related to materials research, including 
seminars, workshops, summer schools, and tutorials, i.e. a “one-stop shop” for the sharing, discovery, and viewing 
of materials-related video content. In addition to traditional discovery tools, large language models and other AI 
tools are being explored and adapted to knowledge discovery in this context. For example, the MaterialsTube upload 
system automatically chapterizes videos (recognizing changes in speaker and changes in topic within a given 
speaker’s presentation) and extracts audio transcripts (pre-trained on materials-related vocabulary). These value-
added features are intended to make MaterialsTube a compelling platform choice for materials-related user video 
content by both saving time, effort, and resources on behalf of workshop/summer school/seminar organizers and by 
providing a platform for enhanced discovery of materials-related video content. 

Data Management and Open Access 
By design, MaterialsTube is a delivery vehicle to support the application of FAIR principles to materials data 

in the form of seminar, workshop, and summer school videos. Videos uploaded to MaterialsTube.org will be 
publicly accessible to the entire community. Natural language processing is used to generate video transcripts that 
are searchable and interrogatable through both traditional keyword search or via a chatbot interface. Additional 
semantic elements of video content could be extracted by machine vision analysis of videos. Video content is 
thereby made findable and accessible. In terms of video upload, interoperability is currently implemented as a 
simple drag-and-drop interface; direct video streaming input using open protocols is currently under development. 
Videos are displayed using widespread open protocols. Due to issues of server load and anticipated patterns of user 
usage, the system does not currently have an automated/API means of video download.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
MaterialsTube aims to accelerate materials discovery, development and deployment by facilitating knowledge 

transfer amongst practitioners and by enhancing workforce education and training in MGI-related skills, practices, 
and knowledge. These impacts are agnostic across materials, devices, and research methodologies. For broad 
impact, community uptake of the platform is essential, for both video upload and search/use. MaterialsTube is 
hosted by the Two-Dimensional Crystal Consortium, which provides a much-needed framework for (1) sustained 
IT development, maintenance, and support, (2) initial video content and (3) access to an initial community of users. 
The platform is not yet at a stage of development where commercialization is appropriate to be explored. 
Partnerships with video content producers and user community organizations may be explored in the future; these 
would likely focus on growing the userbase and database. 

Publications and References 
As a software infrastructure project in active development, the project has not yet produced publications. As 

the userbase and database grows, there may be opportunities for publication in disciplinary journals and broader 
venues.   
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DMREF/Collaborative Research/GOALI/: High-Affinity 
Supramolecular Peptide Materials for Selective Capture and 

Recovery of Proteins 
Lead Investigator: Honggang Cui; Email: hcui6@jhu.edu  
Participating Institutions: The Johns Hopkins University, University of Chicago, Northwestern University, 
Bristol-Myers Squibb 
Website: none 
Other PIs: Matthew Tirrell, University of Chicago; Monica Olvera de la Cruz, Northwestern University; Xuankuo 
Xu, Bristol Meyers Squibb 
Keywords: supramolecular materials; high-affinity materials; protein purification; phase separation, protein 
binding. 

The separation and purification of therapeutic proteins from their biological resources pose a great limitation for 
industrial manufacturing of biologics in an efficient and cost-effective manner. Despite the high media cost and 
limited loading capacity, affinity chromatography remains the most widely used capture method for large-scale 
industrial protein purification. The rapid growth of upstream titers, due to advancements in mammalian cell culture 
and continuous process development, has further challenged the efficiency of downstream manufacturing. This 
DMREF/GOALI proposal aims to develop a peptide-based platform technology for non-chromatographic protein 
purification, with the ultimate goal of addressing the inherent production limit of affinity chromatography.  

Project Scope 
Our long-term goal is to develop a 
peptide-based platform technology for 
non-chromatographic purification of 
proteins and other biologics. The 
objective of this research is to lay out the 
foundation for this platform technology 
through the development of high-affinity 
supramolecular immunofibers (IF) for 
selective capture and recovery of 
monoclonal antibodies (mAbs). Three 
specific aims have been set, each 
covering a key step toward the successful 
development of a non-chromatographic 
protein purification technology: (1) 
selective capture, (2) phase separation, 
and (3) protein recovery (Fig. 1). We 
envision that upon further computational 
and experimental optimization of our 
molecular, supramolecular and materials 
designs, the supramolecular peptide 
materials developed under this support 
can indeed serve as an efficient and 
economical alternative to traditional 
chromatography methods for purification 
mAbs and other proteins. 

Relevance to MGI 
The project aims to design, synthesize, and develop a new class of self-assembling peptide materials that can 
specifically bind, selectively capture, and effectively separate proteins from their bio resources. To address the key 

Figure 1 Schematic illustration of the three key steps in the protein purification 
process using self-assembling Immunofibers (IFs) as reversible affinity 
precipitants. Key step 1 (selective capture of proteins on IF surface): Rationally 
designed Peptide Amphiphile self-assemble into filamentous nanostructures with 
ligands present on their surface for high-affinity binding with target proteins such 
as IgG. Key step 2 (macroscopic phase separation): Following selective capture, 
binding-triggered phase separation is expected to occur, leading to 
coacervation/precipitation of the IFs bound with IgG from the impurities-
containing supernatant. Key step 3 (protein recovery): Immunofiber-IgG 
complexes are then redissolved in elution buffer at lower pH, resulting in the 
dissociation of both IgG from the IFs and the IFs themselves. After dissociation, 
proteins are separated from the IAs and recovered in their purified state. 
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fundamental challenges in materials design and development, an interdisciplinary research team is assembled, 
including computational, theoretical, and experimental expertise. 

Technical Progress 
We have successfully designed and synthesized mAb-binding peptide amphiphiles that can self-assemble into 
filamentous nanostructures (immunofibers) capable of capturing mAbs with high-binding affinity. We also 
demonstrated the significant use of these immunofibers for mAb separation and recovery. For instance, we designed 
a series of new IF building blocks by incorporating various oligo(poly)ethylene glycol (OEG or PEG) linkers to 
improve the presentation of mAb-binding peptides on the immunofiber (IF) surface. Our results suggest that 
increasing the linker length can significantly impact mAb-IF interactions and subsequent mAb precipitation yield. 
However, excessively long linkers have an adverse effect on the function of the resultant supramolecular polymers. 
By optimizing several key parameters that impact mAb-IF complexation, we demonstrated that the desired IF 
system could precipitate mAbs at high titers under no-salt conditions with promising yields. Computational methods 
were used to validate and explain our experimental findings. This new type of immunofiber could potentially be 
applied to the purification of mAbs from clarified cell culture harvests. We believe these results shed light on the 
development of high-affinity supramolecular constructs for specific molecular recognition.  
Additionally, we performed important studies on the phase separation behavior and mechanisms promoted by the 
formation of immunofiber and mAb complexes. While phase separation driven by electrostatic interactions among 
polymers and polymer-protein complexes has been examined in various polyelectrolyte complexation systems, 
protein coacervate systems driven by high-affinity interactions in a low-salt environment have received less 
attention. Our studies suggest that the interactions between mAbs and supramolecular polymers (SPs) composed of 
filler and high-affinity ligand molecules can lead to coacervate formation followed by phase separation without the 
addition of salts. Theoretical and multiscale models have also been developed to provide important insights into the 
observed coacervation behavior. The scope of this work sheds new light on affinity-based coacervation systems in 
a minimal salt environment and improves our understanding of capturing mAbs for protein purification and 
therapeutic delivery applications. 
Future Plans 
We are in the process of preparing several important manuscripts based on our recent research findings. 
Simultaneously, we are evaluating the possibility of scaling up our system for industrial-level operations in 
collaboration with our industry partners.  
Broader Impacts and Workforce Development 
Through our unique tetrahedral collaboration between Johns Hopkins University, the University of Chicago, 
Northwestern University, and Bristol-Myers Squibb (BMS), we have created a diverse and inclusive working 
environment for graduate students, undergraduate students, high school students, and postdoctoral researchers. 
Undergraduate students are given the opportunity to work in different research institutions, experiencing a variety 
of laboratory settings and cultures. We have leveraged our research resources to offer meaningful research 
opportunities to individuals from underrepresented and historically marginalized backgrounds. Additionally, our 
collaborative efforts have facilitated interdisciplinary training and mentorship, fostering a generation of scientists 
equipped with a wide range of skills and perspectives. This initiative not only advances scientific knowledge but 
also promotes equity and inclusion in STEM fields, contributing to the development of a diverse and talented 
workforce. 
Data Management and Open Access 
We have established a OneDrive folder for seamless data sharing among the four research labs involved in this 
collaborative project. This centralized repository ensures that all team members have easy access to the latest data, 
fostering transparency and facilitating collaborative analysis. We are committed to publishing all meaningful results 
in reputable scientific journals. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
By collaborating among three research groups and an industrial partner, we are able to leverage our combined 
expertise to understand the capture mechanisms and phase separation behavior between proteins and engineered 
filamentous nanomaterials from both computational and experimental perspectives. This synergy fosters a dynamic 
learning environment that not only enhances our research capabilities but also streamlines the transition of our 
findings into industrial applications. Such a partnership ensures that our research efforts have a tangible real-world 
impact, bridging the gap between academic innovation and practical implementation. 

71



Publications and References 
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 Iterative Design and Fabrication of Hyperuniform-Inspired 
 Materials for Targeted Mechanical and Transport Properties 

 Lead Investigator:  Karen Daniels,  kdaniel@ncsu.edu 
 Participating Institutions:  NC State University, UNC  Chapel Hill, UCLA, Johns Hopkins University 
 Source of Support:  NSF-DMREF 
 Website:  https://dmref.org/projects/339 
 Keywords:  metamaterials, transport, disorder, network  science 

 Project  Scope:  Open  lattice  structures  are  an  exciting  class  of  materials  with  better  strength-to-weight  and 
 stiffness-to-weight  ratios  than  bulk  solids.  We  aim  to  develop  novel  approaches  to  design  a  new  class  of 
 disordered  metamaterials  that  are  inspired  by  the  predicted  special  transport  properties  (  e.g.  heat  transfer  and 
 diffusion)  of  hyperuniform  structures.  Hyperuniform  materials  have  slowly-growing  density  variations  relative  to 
 the  volume  when  the  volume  becomes  sufficiently  large.  We  will  create  additive-manufacturing  (AM)  techniques 
 to  produce  samples,  perform  experiments  to  transport  through  the  samples,  and  develop  new  modeling  approaches 
 (  e.g.  network  analysis  to  create  design  heuristics  and  higher-order  stochastic  spatial-averaging  techniques  to 
 account for microscale heterogeneity). 

 Relevance  to  MGI:  We  are  developing 
 structure–process–property  relations  to  optimize 
 the  mechanical  and  transport  properties  of 
 open-lattice  disordered  metamaterials  such  as  those 
 in  Fig  1.  We  are  integrating  theory,  computation, 
 and  experiment  by  reducing  the  problem  to 
 heuristics  based  on  network  measures,  which  will 
 provide  feedback  to  the  generation  of  optimized 
 configurations.  The  MGI  approach  is  necessary 
 due  to  the  large  parameter  space:  print  orientation 
 and  powder  structure  at  the  microscale,  network 
 configuration  at  the  mesoscale,  and  print  material 
 at  the  macroscale.  By  co-optimizing  mechanical 
 and  transport  properties,  our  team  will  use 
 structure–property  relationships  to  target 
 optimization  via  the  micro-,  meso-,  or 
 macro-scales. 

 Technical  Progress:  The  manufacturing  team  is  working  to  optimize  manufacturing  methods  of  the  2D  and  3D 
 samples,  experimentalists  are  using  these  for  method  development  and  to  deploy  new  characterization 
 capabilities,  and  theorists  are  exploring  different  algorithms  to  create  and  connect  point  clouds  into  printable 
 structures  and  examine  different  network  characterizations  to  explain  trends  in  effective  resistance.  To  tackle  the 
 challenge  of  printing  unconventional  complex  3D  network  designs,  we  have  utilized  polymer  prototyping  before 
 moving  to  metal  prints.  We  have  developed  techniques  to  measure  geometry  and  print  idealized  angles  and 
 connecting  rods  to  determine  support  requirements;  this  yielded  process  and  support  modifications.  We  have 
 performed  successful  optical  imaging,  laser  scanning,  and  X-ray  tomography  of  these  printed  3D  geometries  of 
 different  sizes,  and  converted  the  outputs  to  various  3D  image  formats  for  geometry  analysis.  We  are  using  both 
 images  of  as-built  prints  and  theoretical  network  structures  to  develop  finite-element  “digital  twins”  of  the 
 structures.  Ongoing  characterization  of  both  physical  and  numerical  samples  will  inform  the  theorists  of  physical 
 versus  theoretical  network  edge  quality.  High-resolution  X-ray  tomographic  imaging  to  characterize  print  quality 
 provides  feedback  to  the  manufacturing  team  about  overall  build  quality.  By  using  prototype  2D  networks  that 
 span  from  disordered  to  ordered  configurations,  we  have  achieved  a  key  validation:  an  equivalence  between 
 numerically-simulated  effective  resistance  and  experimentally-measured  resistance  without  any  fitting  parameters. 
 Our  numerical  computations  have  revealed  nontrivial  behavior  of  the  effective  resistance  as  a  function  of  the 
 amount  of  disorder,  including  a  dependence  on  the  directionality  of  the  measurement  that  we  are  actively 
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 analyzing.  We  have  also  explored  a  variety  of  algorithms  and  spatial-network  models  —  predominantly  in  2D  thus 
 far,  but  recently  with  extensions  to  3D  —  to  create  network  structures  from  point  clouds,  controllably  tune  and 
 measure the amount of disorder, and calculate network diagnostics to measure the properties of these structures. 

 Future  Plans  :  With  our  advances  in  manufacturing  and  development  of  a  database  of  numerical  techniques  to 
 create  hyperuniform  and  nearly-hyperuniform  configurations  (with  tunable  disorder),  we  are  ready  to  begin  the 
 next  iterative  design  phase  while  increasing  experimental  capabilities  and  simultaneously  developing  new 
 theoretical  methods  to  characterize  the  structures  and  predict  their  transport  properties.  This  database  includes 
 both  2D  configurations  (which  are  easier  to  characterize  in  experiments)  and  3D  configurations  (which  are  more 
 realistic  as  materials).  Focusing  on  three  approaches  —  using  Lloyd’s  algorithm,  perturbed  crystalline  lattices,  and 
 jammed  packings  —  we  will  print  a  subset  of  configurations  from  each  of  them  in  both  metal  and  polymer 
 feedstock.  Informed  by  the  results  from  the  high-resolution  X-ray  tomography,  the  manufacturing  team  will 
 improve  3D  manufacturing  geometry  and  microstructure  control  in  multiple  material  systems,  including  alloy 
 design, which will require the development of multiscale characterizations. 

 Our  next  characterization  phase  will  develop  techniques  to  measure  the  propagation  of  acoustic  signals  using  a 
 scanning-laser  Doppler  velocimeter.  Starting  with  polymer  samples,  we  will  measure  transmission  efficiency  as  a 
 function  of  frequency  and  amount  of  disorder  (approaching  hyperuniformity),  and  identify  the  role  of  both 
 localized  and  non-localized  modes.  Comparison  will  be  made  to  existing  thermal  and  electrical  measurements.  We 
 will  continue  developing  finite-element  digital  twins,  simulate  mechanical  and  transport  properties  to  validate 
 against  experiments,  and  then  feed  them  back  to  the  manufacturing  team  to  improve  the  understanding  of  as-built 
 versus theoretical properties and improve the print quality through print-parameter optimization. 

 We  will  analyze  topological  and  geometric  structures  of  2D  and  then  3D  configurations,  including  how  these 
 structures  differ  for  different  types  of  hyperuniform  and  related  structures  (near-hyperuniform  structures,  stealthy 
 hyperuniform  structures,  etc.),  how  they  depend  on  experimental  parameters,  and  how  they  are  affected  by 
 perturbations,  noise,  and  manufacturing  errors.  We  will  develop  new  methods  (  e.g.  network  curvature  and 
 topological  data  analysis)  which  will  give  insight  into  a  network-based  definition  of  hyperuniformity  and 
 structure–process–property relations. 

 Broader  Impacts  and  Workforce  Development  :  A  key  educational  need  is  to  develop  the  materials  R&D 
 workforce  through  cross-disciplinary  training.  Both  junior  and  senior  team  members  have  led  tutorials  on 
 concepts  such  as  3D  printing,  hyperuniformity,  GitHub,  and  topological  data  analysis.  We  will  submit  a  proposal 
 to  conduct  a  one-day  Short  Course  at  the  American  Physical  Society  (APS)  March  Meeting  2026,  for  which  we 
 will  further  develop  these  tutorials.  We  have  shared  our  scientific  progress  at  conferences  (Materials  Science  and 
 Technology,  SIAM  Materials  Science).  The  Center  for  Advanced  Manufacturing  and  Logistics  (CAMAL)  at 
 NCSU has engaged the public through open-house demonstrations and the Raleigh SciTech Expo. 

 Data  Management  and  Open  Access:  This  work  centers  around  a  configuration  library  containing  point-cloud 
 data  and  adjacency  matrices  (.csv  files)  that  describe  the  structures;  it  is  accessible  to  all  project  team  members 
 through  Globus.  The  unique  identifier  for  each  configuration  tracks  the  point  cloud  to  related  configurations,  STL 
 files,  physical  3D  prints,  and  experimental  data  via  a  .xlsx  database,  with  each  physical  sample  having  a  QR  code 
 connected  to  its  metadata  in  the  database.  The  team  has  created  a  GitHub  repository  at 
 https://github.com/DMREF-networks/  All  repositories  are  currency  private,  and  at  the  time  of  publications  that 
 reference  these  methods  and  data,  they  will  be  released  to  the  public  according  to  FAIR  practices.  We  will  make 
 them  Findable  via  hyperlinks  in  our  talks,  publications  with  DOIs,  and  websites;  Accessible  via  public 
 repositories  in  formats  accessible  to  other  researchers;  Interoperable  by  providing  necessary  metadata  and 
 documentation  to  understand  the  files  and  file  structures;  and  Reusable  by  establishing  standard  data  formats  with 
 computer code to interconnect the elements. 

 Advancing  Along  the  Materials  Development  Continuum  and  Partnerships  to  Translation:  CAMAL  is 
 working  with  Freemelt,  an  electron  beam  AM  manufacturer,  to  highlight  our  supportless  metal  printing.  They 
 provided a disordered metamaterials print demonstration at their booth during the RAPID 2024 conference. 

 Publications and References:  There are no submitted manuscripts at this time. 
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Design of Superionic Conductors by Tuning Lattice Dynamics 
Lead Investigator: Olivier Delaire (Duke University), olivier.delaire@duke.edu 
Participating Institutions: Harvard University, Michigan State University, North Carolina State University 
Source of Support: NSF-DMREF 
Website: none 
Keywords: ionic diffusion, lattice dynamics, thermodynamics, disorder, machine-learning 

Project Scope 
Superionic conductors (SICs) exhibit complex atomic 

dynamics, bridging extended time and length scales. Their 
thermodynamic and transport properties remain poorly 
understood, because of insufficient characterization of their 
atomic dynamics and the challenge to computationally access all 
relevant time/length scales. This project aims to achieve 
atomistic understanding of the interaction between mobile ion 
and framework dynamics, effects of entropy and frustration, as 
well as spatial and temporal correlations, to develop a predictive 
description for superionic behavior and accelerate the discovery 
of new SICs. Design hypotheses and model superionic 
compounds are shown in Figure 1. 

Relevance to MGI 
The primary goal of this project is the development of an 

integrated computational and experimental approach capable of predicting diffusive and thermal properties of SICs, 
and to ultimately discover new materials. Our interdisciplinary team explores three design hypotheses, as 
summarized in Figure 1, featuring iterative synergy between simulations, experiments, and identification of key 
physical phenomena. Many parameters have been correlated with superionicity: unit cell volume, size of the 
diffusion bottleneck, anion chemistry, topology of the anion sublattice, as well as microstructure. Yet, previously 
proposed descriptors mostly ignore the collective sublattice dynamics and flexibility of the framework, despite 
emerging evidence for their importance. The details of this connection remain largely unknown because of the 
scarcity of atomically resolved measurements to benchmark microscopic theories of superionicity, and because of 
computational challenges. The project addresses this gap through a comprehensive approach integrating novel 
computational infrastructure with synthesis and characterization at state-of-the-art facilities, which, combined, 
allow us to capture all the relevant atomic-scale processes underlying thermodynamic and transport phenomena. 
This will reveal and chart a path toward controlling the interplay of lattice flexibility and ionic correlations in fast 
ion diffusion. The new understanding will be encapsulated in chemical and structural rules and descriptors, 
applicable to the data-driven understanding and design of new superionic conductors. 

Technical Progress 
We use a multi-pronged approach fusing together state-of-the-art theoretical and experimental tools to build the 

fundamental knowledge base currently missing in SICs research. Our research approach utilizes several materials 
systems as platforms for testing the design hypotheses which includes mixed ion-electron conductors and systems 
whose composition is dynamic. We’ve made significant progress in understanding the atomic structure, dynamics, 
and superionic diffusion in layered chalcogenides ACrX2. We synthesized a library of ACrX2 (A = Ag, Cu; X = Se, 
S) and performed elastic, thermal and electronic transport measurements as well as quasi-elastic scattering, X-ray
diffraction, and first-principles calculations. This comprehensive evaluation reveals important findings on the role
of cation and anion substitution on the electrical, thermal, and ionic properties as a function of cation and anion
substitution and temperature. For example, we found a systematic trend of overdamped low-energy phonons upon
crossing into the superionic phase, giving rise to quasielastic response over a wide frequency range (several meV).
Across the superionic phase transition, depending on the phonon eigenvector contributions of the mobile ions, the
phonon modes selectively break down. We also probed the limited cation solubility regions within the Ag-Cu and
Ag-Li systems from experiments and theory. We performed extensive neutron/X-ray scattering measurements on

Figure 1. Design hypotheses and target 
superionic compounds.  
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other superionic compounds in the argyrodite family, such as Li6PS5Cl, Li6PS5Br, Ag8SnSe6, Ag8GeS6 (including 
single crystals of Ag8GeS6 and Ag8SnS6). These studies were extended into a computational investigation of the 
interface dynamics of Li-containing argyrodite compounds with Li metal. We further evaluated the lattice dynamics 
of transition metal oxide mixed ion conductors whose composition is tuned dynamically using electrochemical ion 
insertion, which is relevant for battery electrode materials. We characterized the lattice dynamics using operando 
atomic force microscopy and in situ X-ray diffraction. First-principles simulations were utilized to reveal the 
theoretical lattice expansions, energetic differences between different types of cation species, and MD simulations 
for their local mobilities. Finally, cross cutting computational work was used to develop ML methods for describing 
the potential energy surface computed with density functional theory to develop large and long-time MD 
simulations with ML models at near-quantum accuracy. This was applied to the study of superionic transport in 
solid-acid electrolytes. 

Future Plans 
Future work includes utilizing the combined experimental and computational tools to further expand the design 

criteria in the superionic conductors investigated thus far. For example, we are synthesizing mixed anion systems 
in the ACrX2 family. Preliminary results of the phase transition temperature as a function of composition in the 
CuCrSe2-xSx system show nonlinear behavior, suggesting that added configurational entropy helps to suppress the 
transition temperature. Importantly, the anion substitution appears to be possible over a broader composition range 
than cation substitution. In the case of the transition metal oxide mixed ion conductors, we’ve expanded the 
composition range beyond oxygen-deficient tungsten oxide to include multi-transition metal systems in the shear-
phase oxide families. With these compositions, we can probe the influence of configurational entropy (as well as 
structure) on the lattice dynamics. 

Broader Impacts and Workforce Development 
The project supports the training of graduate and undergraduate students and postdoctoral fellows in 

interdisciplinary research at the interface of experiment and theory. To capitalize on the team’s diverse expertise, 
we will hold annual 2-day hybrid workshops (in-person and virtual) organized by the PIs and their students. The 
workshops will be designed to introduce non-specialists to the expertise of each group.  Co-PI Augustyn is the 
founder and faculty advisor of the SciBridge project at NC State, which develop experiment kits on renewable 
energy for partner universities in east Africa to further global engineering education. Co-PI Zevalkink is involved 
in K-12 outreach in mid-Michigan, encouraging K-12 girls to choose STEM by working with the Women in 
Engineering program at MSU. She has co-developed hands-on activities involving identification of single crystals 
from nature and the lab, deployed annually in engineering camps to reach ~200 students/year. 

Data Management and Open Access 
To automate calculations, collect and organize databases of results, we use AiiDA, a workflow automation and 

provenance-centered data management platform designed by Co-PI Kozinsky. We create tools for developing 
accelerated ML models, performing dynamics simulation and data analysis, emphasizing the reproducibility of the 
computed data as well as learned models and descriptors. Specifically, we will integrate the AIMD reference 
calculations, ML model training protocols and ML-MD trajectory generation and data analysis into workflows and 
release the computed data in the Materials Cloud repository.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
Co-PI Kozinsky is a part-time principal scientist at BOSCH, coordinating the transfer of computational methods 

to industrial research efforts Plans are in place for BOSCH Research to adopt and apply computational methods 
that will be developed in this project. 

Publications and References 
1. M. Calderón-Cueva, E. Isotta, M. Rylko, B. Mukherjee, P. Scardi, A. Zevalkink, Influence of Ge Lone Pairs on the

Elasticity and Thermal Conductivity of GeSe–AgBiSe2 Alloys, Chem. Mater. 35, 8984-8994 (2023). DOI:
10.1021/acs.chemmater.3c01616.

2. E. Isotta, W. Peng, A. Balodhi, A. Zevalkink, Elastic moduli: a tool for understanding chemical bonding and thermal
transport in thermoelectric materials, Angew. Chem., 135, e202213649 (2023). DOI: 10.1002/anie.202213649.
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Synthetic machines from feedback-controlled active matter 

Lead Investigator: Zvonimir Dogic  

Participating Institutions: University of California at Santa Barbara and Brandeis University 

Source of Support: NSF-DMREF 

Website: none 

Keywords: active matter, control, turbulence, self-shaping matter, autonomous dynamics 

Project Scope 

Active fluids exhibit persistent autonomous motion, an alluring life-like feature. However, on their own, they 

exhibit chaotic flows. Thus, they cannot perform functions such as generating work or driving net material transport. 

Using a combination of theory, experiment, and machine learning methods, we harness the chaotic dynamics of 

active fluids to achieve functional behaviors. We measure the instantaneous configuration of a light-responsive 

active fluid and use model-dependent theory and/or model-independent machine-learning methods to forecast its 

evolving dynamics. Using this information, we impose theory-guided external signals to close the feedback loop 

and steer the chaotic system toward a targeted dynamical state that is able to perform useful functions such as 

autonomous material transport. 

Relevance to MGI 

The MGI strategic plan seeks rapid development of new material functions through an iterative feedback loop 

between materials synthesis, experimental characterization, and theory/simulation. Such efforts require repeating 

cycles, in which theory guides materials synthesis and experimental characterization, which in turn provide new 

information to improve theories. Our project is inspired by biology where the cell is able to sense its environment 

and adjust its mechanical response in real time. We are developing light-responsive microtubule-based active fluids, 

active interface, and active liquid-liquid phase separation. These newly developed systems will allow for the 

implementation of envisioned iterative 

theory/experiment feedback cycles during 

a single experiment on a time scale of 

minutes. The cycle consists of the 

following steps: (1) experimentally 

measuring the instantaneous state of the 

system and extracting local structure and 

velocity fields, (2) use these measurements 

as an input into a theoretical or theory-

independent machine learning framework 

to forecast the short-time system evolution, 

and (3) use the predictions from theory to 

adjust the external optical signal to change 

the local activity and steer the system 

toward a targeted functional state.  

Technical Progress 

We have completed several advances 

that are critical for implementing and developing the proposed closed-feedback loop for active matter samples. 

First, we have completed the development, purification, and characterization of light-responsive kinesin-molecular 

motors. These ATP-consuming nano-sized units are able to robustly power the chaotic dynamics of microtubule-

based active fluids over a period of several hours. Second, using a high-resolution digital mirror device we have 

developed an optical microscope that is capable of projecting diascopic spatiotemporal illumination onto the sample. 

Importantly, the system is able to continuously project the illumination pattern over the entire centimeter-sized 

sample while allowing one to visualize any portion of the illuminated sample with a high magnification objective 

and epi-fluorescence imaging. Our efforts to simultaneously control the microscope stage, camera acquisition, and 

projected light pattern intensities in real-time were very glitchy using a conventional micro-manager-based 

environment. To overcome these obstacles, we are developing a pycro-manager-based protocol for controlling the 

Figure: Feedback cycle between experiments and a model capable of 
forecasting active matter dynamics is being used to tame the inherently 
chaotic dynamics of microtubule-based active matter. 
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feedback cycle which should enable real-time operation. In a complementary direction, we are focusing our efforts 

on integrating our light-powered active fluids with active liquid-liquid phase separation created by a phase-

separating polymer mixture of dextran and poly(ethylene glycol). In particular, we have developed modified surface 

treatment protocols that simultaneously allow us to systematically control the passive dextran/poly(ethylene glycol) 

interface from complete wetting to complete de-wetting and suppress the non-specific adsorption of all protein-

based components of active fluids. 

Future Plans 

We have several near-term goals. First, our primary experimental focus is on integrating an optical microscope 

with a digital mirror device and real-time analysis code that would allow us to close the feedback loop. To test the 

performance of the system we will first perform classical proportional-integral-differential (PID) feedback to hold 

constant the average velocity of the active fluid. We will examine how various terms in the PID scheme affect the 

stability and variability of the chaotic systems. Second, we will explore how the system responds to patterns of 

activity that vary in both space and time. We will apply spatial patterns with different wavelengths and amplitudes. 

Third, with the recent arrival of the theory postdocs, we will focus on developing a comprehensive theoretical model 

that can quantitatively describe compressible isotropic active fluids and their response to applied spatiotemporal 
optical patterns. So far majority of models describe the behavior of active fluids in which the constituent density is 

spatially uniform. However, microtubule-based active fluids in the isotropic phase are highly compressible and as 

a result, we observed density buildup in the low-activity regions. This effect needs to be accounted for before we 

can predictably control active interface and active liquid-liquid phase separation. Once we accomplish the above-

described near-term goals, we will initiate our work on controlling active interfaces and active liquid-liquid phase 

separation by spatial and temporal patterning of activity.  

Broader Impacts and Workforce Development 

The proposed research seamlessly merges experiments with theory, computation, and machine learning. It is an 

ideal platform for the interdisciplinary training of undergraduate and graduate students and postdoctoral fellows. 

The PIs are establishing a close and collaborative team where experimental and theoretical students continually 

interact with and learn from each other. All students receive extensive group and one-on-one mentoring focused on 

various aspects of planning research projects, analyzing experimental data, comparing theory and experiments, and 

presenting results for publications and presentations. Furthermore, UCSB is a Hispanic-serving institution with the 

largest physics undergraduate program in the country. We are committed to supervising undergraduate students in 

the DMREF-related research areas and thus steering them towards materials-science careers. 

Data Management and Open Access 

We are committed to expanding our practice to make all published experimental data, experimental and 

theoretical analysis, and simulation codes widely available and sharable on publicly accessible databases such as 

Dryad. We are also developing unique biological materials that are fairly intricate and challenging to prepare and 

purify. To lower the entry barrier for working on these systems to other laboratories we routinely host their members 

training them in sample preparation. We are also continuing the practice of providing biological materials to other 

groups. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

We are focused on developing an entirely new category of dynamical, responsive, adaptive, and self-healing 

materials that can mimic the lifelike behaviors that have so far been mainly observed in living organisms. The key 

to these advances is controlling the inherently chaotic dynamics of microtubule-based active fluids. We are 

developing a unique experimental theoretical platform that allows a real-time intervention in controlling chaotic 

dynamics by applying patterns of active stresses that can vary in both space and time. The proposed research has 

the potential to elucidate universal principles for how to control chaotic dynamical systems thus turning their 

turbulent-like dynamics into materials that have well-defined functions.  

Publications and References 
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DMREF: Collaborative Research: Computationally Driven 

Design of Tissue-Inspired Multifunctional Materials 

PIs: Berkin Dortdivanlioglu, University of Texas at Austin, berkin@utexas.edu, Andy Sarles, University of 

Tennessee, Knoxville, ssarles@utk.edu, Robert Hickey, Pennsylvania State University, rjh64@psu.edu  

Co-PI: Manish Kumar, University of Texas at Austin, manish.kumar@utexas.edu  

Website: none. 

Keywords: artificial tissues, biomimetic membranes, block copolymers, interface mechanics, 3D printing 

Project Scope 

Our objectives involve the computation-guided design, synthesis, characterization, and assembly of tissue-inspired 

materials made from cell-like polar compartments joined by biomimetic membranes. Using an integrated 

computational and experimental framework, our research studies the integration of self-assembling block 

copolymer microgels (BCP), biomimetic membranes (BMs), and stimuli-responsive biomolecules to form 

compartmentalized, tissue-like materials. Physics-based simulation tools based on multi-field continuum models 

enriched with interface mechanics are used to understand the collective mechanics of compartmentalized assemblies 

and build a machine learning (ML) model for enabling design exploration. We hypothesize that coupling hydrogel 

compartments through both mechanical (i.e., BCP cytoskeletons) and transport (i.e., selective BMs) mechanisms 

will lead to hierarchical, multifunctional tissues that match or exceed the performance of biological tissues.   

Relevance to MGI 

This work aims to fill a technical and practical gap in designing 

materials that approximate the spatially and temporally varied 

functionalities of cellularized biological tissues. The building 

blocks for this material architecture are based on a multiphase 

assembly of lipid-coated aqueous compartments (~10-100µm 

sized) in oil (Figure A). To overcome scale-up, deployment speed, 

and durability challenges, we devised an iterative feedback loop 

to link predictive physics-based simulations to experimental 

design and characterization with validations at various length 

scales. Trained on high-fidelity computations and experimental 

data, surrogate ML models are set to explore rapid designs that 

inform G-code instructions for 3D tissue-like printing and 

assembly. Given the vast design space across length scales and 

molecular constituents, the knowledge base created through our 

computationally driven experimental program is critical to 

elucidating key structural, mechanical, and transport-driven 

parameters needed to make rational choices to engineer materials 

that mimic structure-property relationships of biological tissues. 

This project combines expertise in computational modeling, 

machine learning, polymer synthesis and physics, biomembranes, 

protein channels, and 3D printing to synergistically develop 

hierarchical tissue-like materials that leverage cell-like compartmentalization, intercompartment communication 

via selective BMs, stimuli-responsiveness, and tunable mechanical properties. 

Technical Progress 

In the past year, our team developed and studied a new approach for rapidly assembling lipid-stabilized hierarchical 

tissues, characterized polymeric BMs, and simulated through a dissipative particle dynamics framework, built on 

LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) that can handle very large systems of 

particles efficiently and allow mechanical and transport modeling of the interactions and behaviors at the mesoscale 

(See Figure). In parallel, we have also synthesized self-assembling BCP hydrogels and characterized their swelling 

and mechanical properties to demonstrate changing the relative fractions of the hydrophilic and hydrophobic 

moieties offers unique ways to tailor hydrogel properties, offering tunability of compartment stiffness.   

Figure. Emulsive tissue based on adhered lipid-coated 
polar compartments in oil. (A) Method to form emulsive 
tissue. (B) Brightfield image of tissue. (C) Membranes for 
electrically driven separation application. (D) 3D printed 
emulsive tissues in air (left) or aqueous buffer (right). (E) 
Folding droplet network simulation in LAMMPS. (F) 
Cohesive zone finite element method. 
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    Prior approaches (by us and others) to assemble lipid-stabilized tissues required the tedious and precise 

dispensing and positioning of discrete aqueous. As a milestone, we discovered that emulsifying the aqueous phase 

(e.g., vortexing) in a lipid-rich oil followed by centrifugation (Figure A) leads to a jammed assembly of lipid-coated 

aqueous compartments (Figure B) that can be used to build a functional tissue. This breakthrough has also been 

practically demonstrated in applications such as membranes for electrically driven separation (Figure C). The new 

approach is far easier, magnitudes of orders faster, and more scalable (mm-cm scale), features previously 

unattainable. To this end, the jammed assembly of membrane-stabilized compartments can be readily 3D printed in 

air or water to form intricate, multi-layer tissue geometries that are stable for hours to days (Figure D). Enriching 

the membranes with carriers or channels enables transport of species down a concentration gradient or along the 

path of an applied electric field. Our team used this capability to show that multi-layer emulsive tissues can 

effectively separate ions contained in adjacent reservoirs (Figure C). Rheological testing of the gels revealed an 

adhesive jammed network behavior with self-healing. Towards understanding these experiments, the adhesive 

failure and self-healing of bilayer interfaces are captured through a new cohesive zone finite element model (Figure 

F) adopting Lennard-Jones type pair-potential, revealing the role of geometric and material properties of

compartments and membranes.

Future Plans 

Through further improvement of our new 3D fabrication technique and targeted predictive models, future plans 

include developing actuating tissue-like materials to facilitate dynamic shape changes, incorporate stimuli-

responsive channels/proteins into the BMs and within the compartments to add specific functionalities, towards 

actuation, chemical energy conversion, and drug release, and tune the mechanical properties of the emulsions. To 

this end, we will explore solidification of tissue-like materials by incorporating hydrogels within the compartments 

and using cross-linked (or cross-linkable) BCPs to covalently attached neighboring compartments. The enabled 

fabrication of large-scale tissue assemblies quickly leads to the creation of complex droplet systems, expected to 

generate abundant data. Computer vision techniques and neural networks suitable for image analysis will be 

developed to digitize this data, making it ready for the simulations via developed computational models. 

Broader Impacts and Workforce Development 

The project fosters cross-disciplinary exchanges and offers unique educational opportunities in the fundamentals of 

materials science, biophysics, mechanics, and computational sciences, as well as in engineering new tissue-inspired 

multifunctional materials. This project is serving to train 6 PhD and 5 undergraduate students from different 

disciplines at the 3 institutions. In addition to our regular online team meetings, several team members traveled to 

other campuses for in-person meetings, fostering deeper engagement. 

Data Management and Open Access 

The project has generated 11 journal papers and 12 conference presentations, 2 GitHub repository with an open-

sourced software code. Works are in progress, committed to FAIR data practices, to share micromechanical 

characterization of hydrogel droplets and benchmark dataset for meta-models for folding droplet networks. 

Advancing Along the Materials Development Continuum and Partnerships to Translation  

Our materials platform, enhanced by our recent discovery of scalable fabrication, addresses the knowledge gaps 

along the Materials Development Continuum to design modular, large-scale macroscopic materials. We are also 

making progress towards 3D printing in air, scaffold material, and liquid environments. Our project has the potential 

to provide a new class of materials that are both scalable and quick to deploy. 

Selected Publications and References 
1. S. Koner, J. Tawfik, F. Mashali, K. B. Kennison, W. T. McClintic, F. A. Heberle, Y.-M. Tu, M. Kumar, S. A. Sarles,

Biochimica et Biophysica Acta-Biomembranes, 1864:183997, https://doi.org/10.1016/j.bbamem.2022.183997 (2022).

2. C. Lang, E. C. Lloyd, K. E. Matuszewski, Y. Xu, V. Ganesan, R. Huang, M. Kumar, and R. J. Hickey, Nature

Nanotechnology, 17:752–758, https://doi.org/10.1038/s41565-022-01133-0 (2022).

3. A. Javili and B. Dortdivanlioglu, European Journal of Mechanics-A / Solids, 100:104981, 

https://doi.org/10.1016/j.euromechsol.2023.104981 (2023).

4. P. Giolando, and S. Kakaletsis, and X. Zhang, and J. Weickenmeier, and E. Castillo, and B. Dortdivanlioglu, and M Rausch,
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Simulation-informed models for amorphous metal 
additive manufacturing 

Lead Investigators: Michael L. Falk mfalk@jhu.edu, Katharine M. Flores floresk@wustl.edu, 
Chris H. Rycroft rycroft@wisc.edu, Michael D. Shields michael.shields@jhu.edu, 
Paul M. Voyles voyles@engr.wisc.edu 

Participating Institutions: Johns Hopkins Univ.; Univ. of Wisconsin, Madison; Washington Univ., St. Louis 
Source of Support: NSF-DMREF 2323718/2323719/2323720 
Website: none 
Keywords: additive manufacturing, metallic glass, laser deposition, nano-diffraction, mechanical properties 

Project Scope 

This project aims to develop the underlying materials science and computational tools for the design of 
additively manufactured amorphous metals with desired mechanical properties. Amorphous metals, also termed 
metallic glasses have potential as a transformative material for additive manufacturing applications. Metallic glasses 
solidify without crystal structure promising 
superior structural homogeneity; laser 
processing can potentially overcome 
cooling-rate limitations for casting larger 
MG structures. Simulation-informed 
modeling is a first step toward a 
simultaneous design approach to achieve 
desired materials properties and 
performance. 

Relevance to MGI 

The research seeks to develop a virtual 
cycle between MG processing by direct 
laser deposition and high-fidelity physical 
models. Machine learning (ML) is used to 
quantify key order parameters from 
nanometer-resolution electron nano-
diffraction and atomistic simulation data, 
relating experimental and simulation data. 
Based upon these inputs continuum 
numerical tools predict how processing 
gives rise to the strength and toughness of 
the resulting materials. The underlying 
models are based on simulation-derived 
data from atomic-scale simulation. Validation will be achieved by direct comparison to ex situ and in situ 
mechanical testing. Uncertainty quantification will be included in these models a priori.  

The proposed research supports the Materials Genome Initiative by: (1) Identifying structural order parameters 
for mechanical properties of metallic glasses from experiments and simulations using machine learning. (2) 
Incorporating these order parameters and their evolution with thermal history and strain into predictive models of 
metallic glass mechanical properties including strength and toughness. (3) Developing simulation-informed models 
that combine additive manufacturing processing and mechanical property prediction. This work will lay the 
scientific groundwork for computational design tools for additive manufacturing of amorphous metals. 

Figure. Top images show coarse grained molecular dynamics 
simulation data of a Cu64Zr36 alloy’s (a) initial structure and the 
emergence of (b) a horizontal and (c) a vertical shear band in shear. 
Bottom figures represent (d) translation of the initial MD structure into 
a continuum representation, and the emergence of analogous (e) 
horizontal and (f) vertical shear bands in continuum models of shear. 
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Technical Progress 

We have completed the formulation of our initial simulation-data-informed models, which we term a Stochastic 
Evolution Elastoplastic Model (SEEM), into our continuum formulation. Our investigations this year revealed the 
importance of capturing nonlinear elastic effects in the SEEM. The preliminary results are shown in Figure 1. We 
have submitted a first publication regarding the SEEM framework that highlights its capacity to emulate the 
predictions of atomistic simulations with considerably less computational effort [1]. A follow-on publication 
regarding the continuum integration of the SEEM model is in preparation. Considerable work has been completed 
applying nano-diffraction analysis to simulated metallic glass structures. To build a machine learning framework 
capable of characterizing relevant structural order parameters from these nano-diffraction images, a variational 
auto-encoder is now being constructed to differentiate these images. Our initial effort focuses on distinguishing 
rapidly and more slowly quenched glasses from their nano-diffraction signatures. Initial laser deposition studies and 
have been undertaken with elemental powders that were immediately available. These have successfully produced 
samples, but characterization studies have revealed incorporated oxide in our final parts.  

Future Plans 

We are working to obtain pre-alloyed powder that will result in high purity laser deposits more suitable for 
comparison with the models. In the meantime, we are working toward characterizing as-cast materials. Nano-
diffraction studies from these samples will be compared with data derived from simulations. This will test our 
capacity to utilize machine learning tools derived from simulated to data to quantify real material. We are also 
initiating the development of process models that will provide spatially resolved predictions of variation in metallic 
glass structures in as-deposited parts. This effort will start with remelted dots and proceed to more complex 
structures. In future years mechanical property prediction from modeling tools based on these results will be tested 
experimentally to validate our simulation tools. 

Broader Impacts and Workforce Development 

We are engaging students, postdoctoral researchers, and faculty across three universities in a learning 
community within which we will create and pilot pedagogical materials that support graduate student professional 
development in online communication. This effort will build on the PIs' experiences developing online content for 
courses (All), public communication (Rycroft, Voyles), MOOCs (Shields), and to serve outreach programs for 
underserved communities (Falk, Flores). The pedagogical modules developed will teach how to effectively engage 
diverse audiences of various ages considering both students and the broader community. We have so far engaged 
the students and postdocs in the selection of projects to be undertaken over the next several months. These include: 

• short-form videos to explain aspects of the materials science of metallic glasses,
• pedagogical materials regarding materials simulation, mathematical modeling, and programming, and
• introductory videos regarding computer-aided-design for 3D printing.

Data Management and Open Access 

We have requested space within the Johns Hopkins Research Data Repository with a DOI for the dataset 
associated with our first publication. This data will be uploaded shortly and made publicly available. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Additive manufacturing of amorphous metals is a potentially transformative technology. It is currently limited 
to small scale and specialty parts. The proposed work will advance toward more general application. As a result, 
this project supports national priorities in advanced manufacturing technology at the intersection with mathematical 
methods and data science. 

Publications and References 
1. B. Xu, Z. Wu, J. Lu, M.D. Shields, C.H. Rycroft, F. Bamer, M.L. Falk, Stochastic evolution elasto-plastic modeling of a
metallic glass, 2024 (submitted).
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Systematic discovery of materials platforms for spin-light 
quantum interfaces 

Lead Investigator: Michael E. Flatté, michaelflatte@quantumsci.net 
Participating Institutions: U. Iowa (MEF), Brown U. (Rashid Zia), U. Pennsylvania (PI Lee C. Bassett) 
Source of Support: NSF-DMREF 1922278, 1921877, 1922025 
Website: none 
Keywords: spin-photon interfaces, crystal-field splitting, spin dynamics.  

Project Scope 

To accelerate the discovery of defects, dopants, and host materials optimized for quantum information science. 
The project is organized in three thrusts: (1) prediction of new defects, (2) systematic discovery and efficient 
characterization, and (3) refinement, generalization and in-depth study of new defects. The project’s research goals 
are coupled with a mission to educate students and the public about quantum information science, and to generate 
open-source resources for the scientific community.  

Relevance to MGI 

Quantum information science and engineering (QISE) 
merges multiple disciplines including physics, chemistry, 
materials science, optics and electrical engineering. The 
rapidly expanding QISE field is motivated by potential 
applications to important issues including secure 
communication, navigation, machine learning, 
optimization, and simulations of complex materials 
systems. Throughout the history of QISE research, the 
discovery and development of new material platforms has 
facilitated transformational advances in our understanding 
of fundamental principles of quantum coherence and 
control, and ultimately led to devices with superior 
performance for QISE applications.   

In this project we have combined experimental 
measurements of spinful defects with advances in the 
calculation of crystal field parameters for defects and fine 
structure splittings. Furthermore we have developed a 
powerful tool for simulating optically-detected magnetic 
resonance (ODMR) and used this to classify the defects 
emerging from measurements in several materials (SiC, 
hBN).  

Technical Progress 

Research has addressed all three scientific goals of the project, with an emphasis on prediction and efficient 
characterization of new defects. These include: 

Prediction: First principles calculations of transition-metal complexes in ZnS, estimated fine structure of 
transition-metal impurities, first principles calculations of lanthanides in Y2O3 and other hosts, and predicting fine 
structure for lanthanide impurities.  

Systematic discovery and efficient characterization: Efficient, automated characterization of quantum 
emitters, photoluminescence excitation spectroscopy and resonant excitation of defects, systematic characterization 
of implanted impurities, combinatorial search of defect-host structures, and identification and characterization of 
single emitters in PL microscopy. 

Figure. Difference between calculated values with 
refitted parameters and experimental data. Orange 
is from Carnall et al., J. Chem Phys. 49, 4412 (2003). 
Purple is this work.  
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Refinement, generalization and in-depth study: Calculations of Cu-V complexes in ZnS, synthesis and 
characterization of Cu-doped colloidal ZnS, single-particle spectroscopy of Cu-doped ZnS nanoparticles, optical 
dynamics of single defects in h-BN, and detailed fitting of the crystal field splittings in lanthanides using full free-
ion terms. 

Three highlights from this past year are: (1) prediction of fine structure cancellation in highly asymmetric 
quantum dots, (2) resolution of literature database errors and new simulations of crystal field splittings and emission 
intensities of lanthanides in hosts, and (3) identification of a room-temperature-stable spinful defect demonstrating 
ODMR in hBN. 

The fine structure calculations have been implemented for any spin-1 defect, but were applied to studies of 
InAs/InP quantum dots and showed that different contributions to the exchange interaction can cancel for 
asymmetric dots, indicating that it is not necessary to have a highly symmetric quantum dot for fine structure 
splitting cancellation (thus enabling biexciton cascade for entangled photon pair emission). 

For the past couple decades the tables of Carnall et al. J. Chem Phys. 49, 4412 (2003) have been used for 
understanding crystal field splittings of lanthanides in various hosts. The crystal field splitting parameters were 
obtained with various approximations that simplified the complex strongly-correlated physics of the 4f host. By 
going beyond these approximations, and correcting errors in the tables, we have sorted out this database for the 
community. 

The search for a room-temperature spinful defect in hBN has been motivated by interest in quantum sensing 
using materials less expensive and easier to obtain than diamond. We have characterized such a defect and described 
the transition dynamics using an efficient constrained search for parameters in the ODMR simulation. This builds 
on our work to be submitted soon on ODMR on the silicon vacancy in SiC hosts. 

In addition there have been activities in outreach and education, including teaching quantum engineering, 
outreach to K-12 students and the public, and engagement with the scientific community. 

Future Plans 

This project is concluding soon, and therefore our goals will be to package the materials (i.e. qlanth, which 
simulates crystal field splittings for rare-earth dopants; magres, our ODMR simulation tools) for the community. 

Broader Impacts and Workforce Development 

Our team’s scientific research has been coupled with a broad educational mission to educate students and the 
general public about materials science and the emerging field of QISE. This collaborative project engages both 
undergraduate and graduate students, with an emphasis on recruiting and supporting women and other historically 
underrepresented groups. Of the team who worked on the project this year, four are women and two are Latino. The 
junior researchers contributing to the figure presented on page 1 were both Latino. All team members benefitted 
from the opportunity to participate in a transdisciplinary, multi-institutional collaboration, where they gain access 
to computational and experimental resources as well as expertise that benefits their research.   

Data Management and Open Access 

Data is being made available online in a publicly accessible fashion. We are preparing qlanth 
(github.com/qlanth) for public release as we complete our testing and finalize our submitted paper. Data from our 
published papers is available in full in supplementary material and, where necessary in addition, public repositories. 
For example, for the PRX Quantum volume 4 article, (https://github.com/penn-qel/photon-emission-correlation-
spectroscopy).  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

QISE is an area of unprecedented growth as well as substantial applied funding. Although there are fundamental 
limits to the spin-photon interfaces currently explored there is still progress at a rate that VC’s find acceptable. 
Hence the tolerance for risk in the applied community is relatively low for new materials. We anticipate that as 
some current approaches plateau the interest from the applied community in these new materials will rapidly 
increase. 
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Designing Optical Materials  
with Small-Molecule Ionic Isolation Lattices (SMILES) 

Lead Investigator: Amar H Flood, aflood@indiana.edu 
Participating Institutions: Indiana University, Georgia Institute of Technology 
Source of Support: NSF-DMREF 
Website: https://smiles.iu.edu/  
Keywords: optical, upconversion, fluorescence, molecular materials, crystals 

Project Scope: We created the brightest optical materials called SMILES (small-
molecule, ionic isolation lattices, Figure 1).1 The team involves theory (Krishnan 
Raghavachari), data (Sudhakar Pamidighantam) and experiment (Amar Flood), 
and collaborators in the US and the globe, and in industry. 

We are developing data tools to create and mine databases to select dyes 
for making SMILES materials, developing efficient methods to simulate optical 
properties, learning crystal engineering and structure-property relationships to 
create functional materials spanning crystals, films, nanoparticles, and polymer 
systems imbued with specific optical properties. We will accelerate creation of 
materials with advanced optical properties for emission of white, chiral, and 
upconverted light with potential use in displays, solar energy and bioimaging.  

Relevance to MGI:  We achieve tight integration using a design loop involving 
all team members. We delineate the target optical property and develop the design 
rules for the properties needed in the building blocks to manipulate light and 
crystal packing. We use data mining, computation and retrosynthesis to identify 
dyes with desired properties. The dyes are synthesized, crystallized as SMILES, 
the crystal structure and optical materials characterized to establish structure-
property relationships. Use of data, theory and synthesis in the design accelerates 
materials creation and understanding. Our papers integrate theory, synthesis, and 
characterization. Thus, each component interacts to push advances in each other. 
E.g., new databases, electronic structure calculations, synthesis, growth and crystal engineering rules and methods
are being developed.

To accelerate discovery, we remove bottlenecks in the design loop by conducting fundamental research, e.g., 
we created a dye database by developing methods to mine the literature. We also conduct studies to test hypotheses 
underpinning performance of SMILES materials. E.g., exploration of crystal engineering led to the brightest 
fluorescent nanoparticles in 2 years;2 10x faster than current attempts.  

Technical Progress: To accelerate design, we established a series of simulations, data mining tools and schema.3 
We tested ∆-SCF methods to predict emission maxima of large dye molecules for use in SMILES.4 Using 12,318 
dye-solvent combinations, the initial maximum overlap method (IMOM) results are faster and as accurate as TD-
DFT at predicting the S1 excited state and emission maxima with a mean absolute error of 0.27 eV, further reducing 
to 0.17 eV using calibrations by dye class. We also extracted and analysed redox and optical data5 in the literature 
on dyes for creating SMILES using three design rules: The dye needs (1) a positive charge, (2) an aligned redox 
window, and (3) to be smaller than 2 nm. We analyzed a database of 20,000 entries augmented with the literature. 
We found 57 dyes to be compliant with the SMILES design rules (Figure 2). Due to problems with reported 
electrochemical data, we are instead using DFT to calculate electrochemistry for data mining and the design loop.  

We tested and found evidence for the design rule that the dye needs to be smaller than 2 nm to produce 
emissive materials. We also examined NIR emission at 700-900 nm. The NIR SMILES nanoparticles were used for 
in-vivo tumor imaging of mice bearing human xenograft tumors by exploiting the EPR effect and are promising for 
bioimaging applications.6 We conducted fundamental studies of energy transfer7 that contributes to the brightness 
and, by leveraging FRET, can be used for enhancing brightness and controlling the fluorescent lifetimes of 
materials8 and nanoparticles for FLIM imaging.9 

Figure 1. SMILES 
materials are made by 
mixing cyanostar (left) with 
dyes (right) to form crystals 
(middle) that can be 
processed into materials 
(top) for generating optical 
properties by design 
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Towards materials with advanced functions, we made ultra-bright materials and nanoparticles that display 
circularly polarized luminescence (CPL) using chiral dyes. 10  We used a multi-disciplinary effort combining 
synthesis, materials creation, theory and characterization. The SMILES concept allowed us to accelerate 
development of CPL materials. Towards solid-state upconversion, we used theory and characterization to determine 
the triplet energy of the cyanostar complex at 2.0 eV,11 needed in the design of sensitizer and annihilator dyes. 

We have undertaken multi-disciplinary research with 
physicists at CUNY showing use of SMILES as new polariton 
materials. 12  Using a 35-nm polymer-SMILES film inside 
optical cavities of devices that function as lasers, we also 
showed formation of Bose-Einstein-like condensates, 
enabling top-down fabrication of a room-temperature 
polariton condensate lattice. 13  In a new application with 
analytical chemist (Goda) at Tokyo University we used the 
SMILES concept to improve the limits of detection of Raman-
based probes with potential use in cancer detection.14 

  
Future Plans: We will implement the design workflow on our 
SMILES Gateway to allow mining, design and generative AI 
approaches to identifying dye candidates for making 
fluorescent SMILES materials of any color and lifetime, for 
use in blue emission, optimized CPL, and for use in 
upconversion materials. We are exploring the crystal 
engineering rules at a fundamental level, e.g., to make 
SMILES with dye dimers for upconversion. Ultimately, the 
goal is to provide the design framework to accelerate the 
creation of functional materials, and to demonstrate this 
capability with upconversion. 

 
Broader Impacts and Workforce Development: Project goals and MGI philosophy are being conveyed using 
talks (10), posters (5), one-on-one meetings (75), informal conversations, our website (SMILES.iu.edu) and access 
to the MRS-TV coverage on YouTube, reaching 600+ people. We provided outreach opportunities at Indiana 
University’s Science Fest in Spring 2024, impacting 300+ K-12 students. Our presentations emphasize the design 
loop of materials creation, use of data mining and quantum calculations, to direct synthesis and the role of feedback 
from characterization to refine fundamental rules of SMILES materials creation. We have hosted 4 high school 
students during summer of 2023 for hands-on experience making SMILES materials. 
 We collaborate with Bo Laursen and Junsheng Chen (Uni Copenhagen), Jerome Lacour (Uni Geneva), Bo 
Albinsson (Chalmers Uni), K. Goda (Uni Tokyo), Vinod Menon (CUNY) and Matt Sfeir (ASRC). 
 
Data Management and Open Access: The SMILES databases and database schema are being implemented on the 
SMILES gateway (https://gateway.smiles.iu.edu/) and will be in a searchable format and accessible to authorized 
users through the SMILES gateway. SMILES data will be periodically released. We plan to release an API for 
external users. We plan to release computational data into PubChemQC and the QC Archive for community access 
and X-ray crystal structure data in FAIR compliant format into the Cambridge Structure Database.  

Advancing Along the Materials Development Continuum and Partnerships to Translation: We are engaged 
in a collaboration with start-up, Halophore, Inc., to commercialize SMILES technology. We are also initiating a 
collaboration with Scifinder® on extracting electrochemistry data from the literature. The SMILES Gateway will 
be part of an open-source and open-access portal for SMILES materials design.  

The original SMILES patent15 is currently being examined in US, Japan, Korea and China. A new patent 
has been filed on the polariton lasers.16  

We are also exploring new commercialization opportunities with a regional ICORPS for nanoparticle 
bioimaging. Graduate student, Andrew Olsson, is the entrepreneurial lead, PI Flood is the technical lead, and 
Halophore CEO, Chris Benson, is the business lead. We are also planning to apply to the PFI program and are using 
the outcomes of the ICORPS to shape the business case.  

 

Figure 2 The 3 design rules used to generate a 
collection of 57 SMILES-compliant dyes from 20,000 
candidates, and to develop SMILES materials 
displaying CPL, and the basis for upconversion 
materials 

 

The 
Design 
Rules

−
+
−
+
−
+

−
+
−
+
−

+

Rule 1: 
Cationic Dyes

Rule 2: 
Redox

Window
O NN

O

O

ClO4–

Cationic
Dye

Anion Complex

Rule 3: 
Dye Size

O NN

O

O

ClO4–



List of Publications and Patent Activity 

1 Benson, C. R.; Kacenauskaite, L.; VanDenburgh, K. L.; Zhao, W.; Qiao, B.; Sadhukhan, T.; Pink, M.; Chen, J.; Borgi, 
S.; Chen, C.; Davis, B. J.; Simon, Y. C.; Raghavachari, K.; Laursen, B. W.; Flood, A. H., Plug-and-play Optical Materials 
from Fluorescent Dyes and Macrocycles, Chem 2020, 6, 1978-1997. (Primary work, published prior to current grant but 
supported from the DMREF program) https://doi.org/10.1016/j.chempr.2020.06.029  

2 Chen, J.; Ali Fateminia, S. M.; Kacenauskaite, L.; Bærentsen, N.; Stenspil, S. G.; Bredehoeft, J.; Martinez, K. L.; Flood, 
A. H.; Laursen, B. W., Ultra-Bright Fluorescent Organic Nanoparticles Based on Small-Molecule Ionic Isolation
Lattices, Angew. Chem. Int. Ed., 2021, 60, 9450. (Primary work, published prior to current grant)
https://doi.org/10.1002/anie.202100950

3 Sudhakar Pamidighantam, Lahiru Jayathilake, Yu Luo, Xingyi Zhou, Marcus Christie, Michaela Loveless, Amar H.
Flood, Data infrastructure for Small Molecule Ionic Isolation Lattice Materials. PEARC 24, under review

4 V. Tripathy, A. H. Flood, K. Raghavachari, Accelerated computer-aided screening of optical materials: Investigating
the potential of ∆-SCF Methods to predict emission maxima of large dye molecules, J. Phys. Chem. A. accepted

5 Loveless, M. K.; Che, M.; Sanchez, A. J.; Tripathy, V.; Laursen, B. W.; Pamidighantam, S.; Raghavachari, K.; Flood,
A. H., Extracting Recalcitrant Redox Data on Fluorophores to Pair with Optical Data for Predicting Small-Molecule,
Ionic Isolation Lattices, Digital Discovery, under review

6 NIR: Near-Infrared Emitting Organic Nanoparticles Based on Small-Molecule Ionic Isolation Lattices for in-vivo
Imaging of Human Brain Cancer, Junsheng Chen, Karina Juhl, Yanmei He, Amar H. Flood, Andreas Kjaer, Bo W.
Laursen ACS Materials Letters, under review

7 Chen, J.; Stenspil, S. G.; Kaziannis, S.; Kacenauskaite, L.; Lenngren, N.; Kloz, M.; Flood, A. H.; Laursen, B. W.,
Quantitative Energy Transfer in Organic Nanoparticles Based on Small-Molecule Ionic Isolation Lattices for UV Light
Harvesting, ACS Appl. Nano Mater. 2022, 5, 13887-13893. https://doi.org/10.1021/acsanm.2c018999

8 Kacenauskaite, L.; Olsson, A. H.; Flood, A. H.; Laursen, B. W., Universal Concept for Bright, Organic, Solid-State
Emitters-Doping of Small-Molecule Ionic Isolation Lattices with FRET, J. Am. Chem Soc. 2022, 144, 19981-19989.
https://doi.org/10.1021/jacs.2c08540

9 Stenspil, S. G.; Chen, J.; Liisberg, M. B.; Flood, A. H.; Laursen, B. W., Control of the fluorescence lifetime in dye based
nanoparticles, Chem. Sci. 2024, Advance article https://doi.org/10.1039/D3SC05496A

10 Stine G. Stenspil, Andrew H. Olsson, Rebecca Mucci, Maren Pink, Céline Besnard, Jérôme Lacour, Amar H. Flood and 
Bo W. Laursen, Supramolecular Control of Helicene CPL Emitters in Molecular Solids and Bright Nanoparticles, 
Angew. Chem. Int. Ed. submitted 

11 Edhborg, F.; Olesund, A.; Tripathy, V.; Wang, Y.; Sadhukhan, T.; Olsson, A. H.; Bisballe, N.; Raghavachari, K.; 
Laursen, B. W.; Albinsson, B.; Flood, A. H., Triplet States of Cyanostar and its Anion Complexes, J. Phys. Chem. A, 
2023, 127, 5841-5850. https://doi.org/10.1021/acs.jpca.3c02701  

12 Deshmukh, P.; Satapathy, S.; Michail, E.; Olsson, A. H.; Bushati, R.; Yadav, R. K.; Khatonair, M.; Chen, J.; John, G.; 
Laursen, B. W.; Flood, A. H.; Sfeir, M. Y.; Menon, V. M., Plug-and-play molecular approach for room temperature 
polariton condensation, ACS Photonics, 2024, 11, 348-355 https://doi.org/10.1021/acsphotonics.3c01547  

13 Yadav, R. K.; Satapathy, S.; Deshmukh, P.; Datta, B.; Sharma, A.; Olsson, A. H.; Chen, J.; Laursen, B. W.; Flood, A. 
H.; Sfeir, M. Y.; Menon V. M., Direct writing of room temperature polariton condensate lattice Nano Letters, 2024, 
online https://doi.org/10.1021/acs.nanolett.4c00586  

14 Nishiyama,R. Furuya, K.; McCann, P.; Kacenauskaite, L.; Laursen, B. W.; Flood, A. H.; Hiramatsu, K.; Goda, K. 
Boosting the Brightness of Raman Tags Using Cyanostar Macrocycles, Anal. Chem. 2023, online 
https://doi.org/10.1021/acs.analchem.3c01958  

15 US Patent Application: Flood, A. H., Laursen, B. W. Color matched and bright fluorescent materials composed of 
small-molecule ionic lattices (Filing Date: March 10, 2019; U.S. Provisional App. No. 62/641,281) 

16 US Patent Application and PCT: Flood, A. H., Yadav, R.; Satapathy, S.; Deshmukh, P.; Menon, V.; Laursen, B., Room 
temperature polariton condensation (Filing Date: Aug 7, 2023; PCT/US2023/029619) 

88



Machine Learning Quantum Monte Carlo Energies and Charge 
Densities using Graph Neural Networks 
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Project Scope 
To increase the impact of high accuracy Quantum Monte Carlo (QMC) data, we are developing workflows to 
perform systematic studies of molecules and materials and obtain more data than the traditional one at a time QMC 
approach. (i) In condensed matter systems, data from workflows for studies of bilayers of 2D materials (BN, MoS2, 
WTe2, etc.) provide insight into the van der Waals interactions and charge transfer in heterostructures that can result 
in novel behavior, as well as inform other theory approaches (Fig. 1). (ii) Because the electronic charge density can 
be readily computed, is data rich, and improvement in density functional theory (DFT) predictions have been slower 
than for energies, we are developing techniques to predict it using graph neural networks from QMC data. We first 
focus on molecular systems where computational costs are lower than for solids. Application of our newly 
developed neural networks to ~2300 molecules of the QM9 dataset demonstrates the viability of reaching accurate 
predictions and accommodating the statistical nature of the training data. Models and datasets will be made openly 
available, and we next plan to extend the methods to more complex systems.  

Relevance to MGI 
Agility as well as accuracy of predicting energetics 
and properties plays an important role when it 
comes to using theory to guide new experiments or 
accelerate the interpretation of new synthesis or 
characterization methods. We combine high-
throughput workflows aimed at property 
predictions made by highly accurate QMC 
methods for molecules and solids (See first 
CPSFM abstract) with state-of-the-art message-
passing graph neural networks (GNNs) [1] to 
realize machine-learning surrogate models that can 
predict properties at the level of accuracy of high-
fidelity yet costly electronic structure methods, 
such as QMC. This can accelerate rapid screening 
and discovery of new complex materials for a wide 
range of functional applications but requires us to 
identify key challenges in machine-learning noisy 
QMC datasets. We also make available reference 
QMC-quality datasets that can be used to benchmark or improve lower fidelity electronic-structure methods as well 
as high-throughput workflows that were used to produce those datasets, allowing reproducibility, and facilitating 
increased adoption of QMC.  

Technical Progress 
Currently, we have generated QMC energies and charge density data for over 2300 QM9 molecules and developed 
workflows to compute such energies for molecules as well as van der Waals bonded systems, assessing errors 
against a wide range of DFT functionals (Figs. 1&2). The workflows are implemented in our workflow software 
NEXUS [2], which can combine DFT, Quantum Chemical and QMC calculations. QMC calculations employed 
standard single-reference wave functions throughout; extension to multireference is left to future work.  

Figure 1. Binding curve of bilayer MoS2 computed with diffusion 
QMC compared with different density functional approximations. 
We have computed binding curves and charge densities for 
many common 2D materials including C, BN, MoS2, WTe2 
(unpublished). 
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We have implemented and trained a message-passing GNN on charge densities and quantified errors in the predicted 
quantities. We expect marginal improvements in predictions upon the final implementation of the GNN model. This 
model, where densities are sampled on a fixed grid, is uniformly applicable to molecules and solids. The same GNN 
representation will also be used to learn scalar quantities such as total and kinetic energies, allowing for a single 
representation to develop predictive machine learning (ML)-models for electronic properties of materials. The 
goodness-of-fit R2 is close to 1 using these models, demonstrating its versatility in learning these different types of 
quantities of interest. We plan to include similar optimizations for the spin densities in addition to charge densities. 
This is done by considering the triplet state molecules of QM9 in addition to closed-shell singlets.  
 
Future Plans 

Our plans include extending the tools and capabilities to solid 
state applications. In particular, learning and predicting the 
QMC energies and charges densities of functional materials 
in periodic boundary conditions is the next step in the project. 
Once developed and proven, the workflows for solids will 
enable us to be more responsive to requests for QMC 
materials data for use in ML training.   

 
Broader Impacts and Workforce Development 
We are collaborating with the JARVIS team at NIST and are 
making QMC benchmark datasets available using their 
platform for a selective set of inorganic systems that are 
traditionally problematic for lower fidelity methods (e.g. 
magnetic systems, van der Waals compounds etc.).  This has 
broader implications, for example researchers developing 
new functionals can now rapidly assess the DFT-errors over 
a standardized set of high-fidelity QMC benchmark data and 
compare/contrast with each existing functionals in a uniform 
manner.  The synergistic collaborations between electronic 
structure experts and AI/ML experts have resulted in training 
new students/postdocs from disparate disciplines to combine 
these otherwise different skillsets.        

 
Data Management and Open Access 
Following FAIR principles, the input and output files of this project will be published in “Materials Data Facility” 
(MDF, https://materialsdatafacility.org/). In addition, processed charge density and energy files that are suitable for 
machine learning will be provided. Code snippets, scripts, and any other auxiliary tools will be included in the MDF 
data set and on the QMCPACK GitHub organization.  

 
Advancing Along the Materials Development Continuum and Partnerships to Translation 
Our project establishes fundamental principles and methods for creating and sharing high-fidelity QMC datasets 
using automated workflows to encourage practitioners of electronic structure methods to use more readily QMC 
calculations.  The availability of agile machine ML surrogates with the QMC-level of accuracy is expected to allow 
experimental researchers to more readily assess and interpret their experiments using QMC-based ML models.  
Further, QMC datasets and our ML-models for energies and densities are expected to be a steppingstone for 
developing improved electronic structure methods that can describe complex materials with a similar accuracy.   

 
Publications and References 
1. Abdulgani Annaberdiyev, Fan Shu, Victor Fung, and Panchapakesan Ganesh, APS March Meeting 2024, 
https://meetings.aps.org/Meeting/MAR24/Session/Q60.9 

2. J. T. Krogel, “Nexus: A Modular Workflow Management System for Quantum Simulation Codes”. Computer 
Physics Communications 2016, 154. DOI: 10.1016/j.cpc.2015.08.012. 

 

Figure 2. A study of oxygen charge densities with 
respect to radial distance from the atom in a 
molecular environment. The heatmap plot shows the 
frequency of errors obtained by accumulating 
densities over the test dataset (64 random molecules 
in QM9). 
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Three-Body Tight-Binding for Materials Design 

Lead Investigator: Kevin F. Garrity, kevin.garrity@nist.gov 

Participating Institutions: NIST 

Source of Support: NIST 

Website: https://pages.nist.gov/ThreeBodyTB.jl/ 

Keywords: DFT, tight-binding, high-throughput 

Project Scope 

The goal of this project is to develop a code that calculate materials properties for a wide range of materials 

three orders of magnitude faster than density functional theory (DFT), using parameterized tight-binding. We fit a 

model including two-body and three-body interaction for most of the periodic table, and we are testing this method 

for bulk materials, defects, surfaces, and at finite temperatures.  

Relevance to MGI 

In this work, we take advantage of the large datasets 

available from high-throughput computation to fit a 

physics-based model that describes the fundamental 

properties of energy, crystal structure, and electronic 

structure that are relevant for materials design and 

discovery. Because this model is much faster than 

traditional electronic structure and contains more physics 

than pure machine learning-based approaches, we can use 

the model to predict new materials properties in a 

systematic manner. As an initial project, we have applied 

the model to the prediction of point defect properties. 

Technical Progress 

We have developed an updated parameter set including 

elemental, binary and ternary interactions that allows for 

calculating materials properties for most of the periodic 

table. Using this parameter set, we have performed tests of 

predicted energies, volumes, electronic structure, and 

defect energetics.  In addition, we have updated our code 

for better performance using sparse matrix techniques and added new features including magnetism. 

Future Plans 

We will further test and update the current parameter set for the project. In addition, we will implement new 

features such as spin-orbit, linear scaling, etc. 

Broader Impacts and Workforce Development 

We have presented this work as part of a tutorial session at the NIST-hosted AIMS conference of Artificial 

Intelligence for Materials Science, and we are working to develop additional web and in-person materials to 

disseminate the code and ideas in this work. 

Data Management and Open Access 

Figure. Logo of ThreeBodyTB.jl
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We disseminate the code for this work via https://github.com/usnistgov/ThreeBodyTB.jl with the 

documentation at https://pages.nist.gov/ThreeBodyTB.jl/ . The DFT database developed for this project is available 

at https://jarvis.nist.gov/jarvisqetb/ . In addition, there is a python interface to the code at 

https://github.com/usnistgov/tb3py and a notebook teaching the code basics at https://github.com/JARVIS-

Materials-Design/jarvis-tools-notebooks/blob/master/jarvis-tools-notebooks/ThreeBodyTB_julia.ipynb . Future 

goals include a web-interface to try the code directly. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

This project is being incorporated into our future semiconductor research funded by the CHIPS act. This work 

on multiscale modeling of semiconductor devices is in collaboration with other groups at NIST and industrial 

partners. This work is ongoing. 

Publications and References 

1. K. F. Garrity and K. Choudhary, Fast and accurate prediction of material properties with three-body tight-binding model

for the periodic table, Phys. Rev. Mater. 7 044603 (2023). DOI: 10.1103/PhysRevMaterials.7.044603
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DMREF: Design of surface functionality through surface 
composition and structure 

Lead Investigator: Andrew J. Gellman, gellman@cmu.edu 
Participating Institutions: Carnegie Mellon University, Columbia University 
Source of Support: NSF-DMREF 
Website: none 
Keywords: alloys, surface chemistry, catalysis, segregation, structure sensitivity 

Project Scope 

 The project objective is to accelerate the development of complex functional surfaces such as those of alloy 
catalysts.  We are accelerating computational prediction of surface properties while concurrently developing high 
throughput measurements for prediction verification.  These methods are spanning parameter spaces such as alloy 
composition and surface structure that are intractable to traditional methods of study.   

Relevance to MGI 

We focus on two parameter spaces: alloy composition, 
AxByC1-x-y, and surface structure, M(hkl).  Both influence 
surface chemistry relevant to catalysis.  Both are described 
by continuous variables; challenging to both experiment 
and computation.  We address both challenges.  For 
example, comprehensive measurement of surface 
segregation spanning composition space in CuxPdyAu1-x-y 
and CuxAgyAu1-x-y has been completed concurrently with 
computational simulations of segregation.  Ultimately, this 
cooperation will lead to accurate computational predictions 
of surface segregation in reactive environments where 
experiments have no reach.  Similarly, recent developments 
in strategies for relaxation of molecular structures on 
surfaces have accelerated the ability to study surfaces with 
complex structure.  This will aid efforts to understand a 
dataset measuring the kinetics of O2 adsorption on all 
Cu(hkl) surfaces lying within 12° of the Cu(111) plane.  

Technical Progress 

Surface Segregation.  High throughput methods have been 
used to both measure and simulate surface segregation in 
CuxPdyAu1-x-y and on CuxAgyAu1-x-y alloys across their 
entire composition spaces.1,2  These are far more 
comprehensive than any prior study.  Initial work (Fig. 1A) revealed a discrepancy in the order of Pd and Cu 
segregation along the CuPd binary. Measurement shows preferential Cu segregation while the simulation shows 
otherwise.   This has been traced to the modeling relying on simulation of an FCC(111) surface while the alloy 
films are polycrystalline. The predicted order of segregation of Pd versus Cu switches when the surface orientation 
is FCC(110). 

Structure sensitivity. Using a curved Cu(hkl) single crystal with the (111) orientation at the center (Fig. 1B), we 
have mapped the kinetics of O2 adsorption across surface orientation space with unparalleled fidelity and resolution.  
These reveal clearly that the rate of dissociative adsorption of O2 is lowest on the Cu(111) surface.  It increases 
monotonically as the step density increases towards the edges of the curved surface, however, it is also clear that 
(100) steps are much more active than (110) steps.  We are now starting to explore the origins of these structure
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sensitive differences in reactivity using simulations.  These simulations on complex high Miller index surfaces will 
benefit from some of the methods that we have developed for acceleration of geometry optimization.3  

Degree of rate control.  We have demonstrated the use of automated differentiation as an effective method for 
accurate calculation of derivatives such as those used in the definition of the degree of rate control.4  This has been 
used to analyze a 17-step mechanism for propylene epoxidation, one of the catalytic processes being probed 
experimentally.5,6  Our analysis has elucidated the three steps with dominant degrees of rate control.  These three 
steps are the primary dictators of the overall reaction rate.  The value of this approach lies in pointing modeling 
efforts towards those steps in a process whose acceleration will yield the greatest impact on overall reaction rate.   

Future Plans 

Our plans for the future include the application of accelerated simulation methods to the surface structure 
sensitivity of O2 adsorption on Cu(hkl) surfaces.  In addition, we will generate measurements of catalytic surface 
reaction kinetics spanning alloy composition space for reactions such as propylene and propyne hydrogenation. 

Broader Impacts and Workforce Development 

To date the program has graduated 4 students: Dr. Zhitao Guo (PhD, CMU), Dr. Yilin Yang (PhD, CMU), Mr. 
Matt Adams (MS, CMU) and Mr. Marcus Yu (BS, CMU joining Columbia ChE PhD program).  Four more PhD 
students are currently being trained via this project.  The subprojects studying ‘alloy segregation’ and developing 
the use of automated differentiation for determination of ‘degrees of rate control’ have been disseminated to the 
general public via YouTube videos (segregation - https://youtu.be/lbNANFj928k, degree of rate control 
- https://youtu.be/2PIEJp8CGNM).  Three students have been allotted instrument time at the Center for Functional
Nanomaterials at Brookhaven National Lab.

We developed a cloud-based computational environment using Jupyter HUB that allowed us to support several 
workforce development events. First, we ran a software workshop at the 2023 Fall ACS meeting on using the Open 
Catalyst Project for molecular simulation (https://github.com/Open-Catalyst-Project/tutorial). The computational 
environment allowed local and remote attendees to run simulations using GPUs on a range of problems including 
computing adsorption energies and screening catalysts. Second, we ran an introduction to Python and data science 
for a high school summer program. About 80 students were able to log in to the Jupyter HUB to practice solving 
engineering and science programs. Finally, we translated the success from these examples to supporting a 
computational course for a complete semester using Jupyter HUB. 

Data Management and Open Access 

Data and software are being made openly available at: https://github.com/ulissigroup, 
https://ulissigroup.cheme.cmu.edu/software-data/, https://github.com/yilinyang1/NN-ensemble-relaxer. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Impact on materials R&D will arise from transfer and application of the methods (both experimental and 
computational) developed in the course of this project.  The work so far has led to collaborations with researchers 
at Brookhaven NL and elsewhere. 

Publications and References 

1. C. Yin, Z. Guo, A.J. Gellman, “Surface Segregation Across Ternary Alloy Composition Space: CuxAuyPd1−x−y” Journal
of Physical Chemistry – C 124, 10605 – 10614  (2020) (10.1021/acs.jpcc.0c02058?ref=pdf)

2. Yilin Yang, Zhitao Guo, Andrew Gellman and John Kitchin, Simulating segregation in a ternary Cu-Pd-Au alloy with
density functional theory, machine learning and Monte Carlo simulations, J. Phys. Chem. C, (2022).
https://pubs.acs.org/doi/abs/10.1021/acs.jpcc.1c09647

3. Yang, Y., Omar A. Jiménez-Negrón, and Kitchin, J. R., Machine-learning accelerated geometry optimization in
molecular simulation, Journal of Chemical Physics, 154(23), 234704 (2021). http://dx.doi.org/10.1063/5.0049665
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Electron transport from first principles with EPW 

Lead Investigator: Feliciano Giustino, fgiustino@oden.utexas.edu 

Participating Institutions: The University of Texas at Austin (Feliciano Giustino), University of Michigan at Ann 

Arbor (Emmanouil Kioupakis), Binghamton University (Roxana Margine) 

Source of Support: DOE-BES 

Website: https://epw-code.org/ 

Keywords: Electron-phonon interactions, electron transport, electronic properties, open-source code development 

Project Scope 

The broad goal of the EPW project (DOE/BES CMS Award DE-SC0020129) is to develop and apply first-

principles tools to calculate electronic and optoelectronic properties related to electron-phonon interactions. This 

poster focuses on efforts within this project to characterize the electronic transport properties of metals and 

semiconductors. We solve the Boltzmann transport equation (BTE), which describes the response of the electron 

distribution to scattering processes and external fields, to calculate conductivity and mobility values. The parameters 

of the BTE are from first-principles calculations, enabling predictive accuracy that we validate through comparison 

against experimental data.  

Relevance to MGI 

This project is part of the Computational Materials 

Sciences (CMS) program, which was started in 2015 as part 

of the MGI. In alignment with the goals of the CMS 

program, we develop open-source software that leverages 

high-performance computing power to predictively model 

the properties of matter at the atomic scale. We are 

continuously expanding the capabilities of the code to 

capture more properties and at higher levels of accuracy. 

For example, a new module has been added to calculate 

polaronic states in insulators and the transport module has 

been augmented to include the effects of ionized-impurity 

scattering. In addition to expanding the capabilities of the 

code, we are refactoring the code to take advantage of the 

emerging exascale computing power by adding multi-level 

OpenMP/MPI parallelization. Code development is 

complemented by engagement with the user community 

through extensive documentation, online tutorials, 

YouTube lectures, a lively user forum, and the organization 

of multiple summer schools both virtual and in person. 

Through improvement of the code and increased 

involvement of the community, we will accelerate the 

characterization and design of new electronic materials. 

Technical Progress 

We have extended the existing electron transport 

module, which previously only calculated phonon-limited 

transport, to also include the effects of ionized-impurity 

scattering in semiconductors [2]. While the phonon-limited mobility represents the intrinsic upper limit of transport 

in a semiconductor, many semiconductors are doped and the ionized dopants will serve as an additional source of 

scattering that will impact the mobility. We include ionized-impurity scattering by calculating the partial ionized-

impurity scattering rate from a randomized distribution of point charges and incorporating this scattering rate in the 

solution of the BTE. Through selection of which partial scattering rates to include in the BTE, we can calculate 

phonon-limited, ionized-impurity-limited, and total mobility values. We applied this to silicon, silicon carbide, 

Figure 1: Electron (a) and hole (b) mobility in silicon 

as a function of temperature. The black disks and 

lines represent phonon scattering only, while the 

purple and green are phonon and ionized-impurity 

scattering, with the indicated ionized-impurity 

concentration N. Experimental data is shown in 

diamonds in the corresponding color [1]. 

b 
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gallium phosphide, and tin dioxide [2, 3]. With the inclusion of ionized-impurity scattering, we can compare our 

calculated mobility values to experimental measurements of doped samples, as seen in Figure 1. 

Future Plans 

Future plans for the transport module focus primarily on the development of a solution to the nonlinear 

BTE to model transport in the regime of high electric fields. Currently implemented is the linearized BTE which 

describes the first-order response to an external electric field, which is valid in the low-field regime. However, in 

the high-field regime the response of the electron distribution is no longer linear with respect to the electric field 

and the full nonlinear BTE must be used to correctly describe the system. We are currently exploring multiple 

avenues to solve the nonlinear BTE in order to study carrier transport under high electric fields. This development 

will allow us to compute velocity-field curves in a range of semiconductors. These approaches will be validated 

against experimental data for well-studied semiconductors and then used to explore promising wide band gap and 

ultra-wide band gap semiconductors that are well-suited to high-power applications. 

Additionally, at a broader scope, there is the planned improvement of parallel performance of all the EPW 

modules via multi-level OpenMP/MPI parallelization. 

Broader Impacts and Workforce Development 

During June 2023 we organized a 5-days (06/05 to 06/09/2023) virtual summer school that, for the first 

time, combined many-body physics with the BerkeleyGW code and electron-phonon physics with the EPW code. 

This school consisted of 5 days of morning lectures and afternoon hands-on tutorials, and hosted 152 participants 

from across the globe. All materials from this school have been made available through the EPW website: 

https://epw2023.oden.utexas.edu. During June 2024 we organized an in-person 7-days summer school (06/10 to 

06/16/2024) on electron-phonon interactions and many-body perturbation theory from first principles. The school 

consisted of morning lectures, afternoon hands-on tutorials covering codes including Quantum ESPRESSO, 

wannier90, EPW, and BerkeleyGW and the related theories. We welcomed 127 participants to UT Austin (103 in 

person attendees and 24 instructors.) and 577 virtual attendees on Zoom platform. All lectures, tutorials, videos 

have been made available through the school website: https://epw2024.oden.utexas.edu/index.php. 

Data Management and Open Access 

All software developments of this project are made fully available to the community via two channels: 1) 

periodic releases of new software versions. We currently have two annual releases, in the Spring and in the Fall. 

The latest version EPW 5.8 was released during December 2023 (https://docs.epw-code.org/doc/Releases.html), 

and EPW 5.9 is planned to be released in July 2024. Anyone can freely download and use the code without any 

registration or email requests. Users are encouraged to interact with developers via the user forum 

(https://forum.epw-code.org) which currently counts 3800+ posts and 650+ members. 2) The gitlab repository of 

the official version of the code is accessible to all without limitation: https://gitlab.com/QEF/q-e/-

/tree/develop/EPW. This version is updated in real time and can be used by more advanced users who are interested 

in the code structure. The code is released under GNU GPL license. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

This project enables predictive calculations of transport properties of promising materials for electronic devices, 

facilitating faster materials discovery and device design processes. Our software is available open-source and 

supported with thorough documentation, tutorials and examples, and a summer school to encourage the broader 

research community to make use of the tools we are developing. We expect that these new capabilities developed 

in this project will facilitate new partnerships for discovery of materials with superior transport properties and we 

are currently in the process of exploring these opportunities. 

Publications and References 

1. H. Lee, S. Poncé, K. Bushick, S. Hajinazar, J. Lafuente-Bartolome, J. Leveillee, C. Lian, J.-M. Lihm, F. Macheda, H. Mori,

H. Paudyal, W.H. Sio, S. Tiwari, M. Zacharias, X. Zhang, N. Bonini, E. Kioupakis, E.R. Margine, and F. Giustino, Electron–

phonon physics from first principles using the EPW code, Npj Comput Mater 9 (1), 1–26 (2023). DOI: 10.1038/s41524-023-

01107-3
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Ab initio phonon-mediated optical processes with EPW
Lead Investigator: Feliciano Giustino, fgiustino@oden.utexas.edu
Participating Institutions: The University of Texas at Austin (Feliciano Giustino), The University of Michigan
at Ann Arbor (Emmanouil Kioupakis), Binghamton University-SUNY (Elena Roxana Margine)
Source of Support: DOE-BES
Website: https://epw-code.org/
Keywords: Electron-phonon interactions, phonon-assisted optical processes, optoelectronic materials,
open-source code development

Project Scope
In this project, which is part of the collaborative project funded by DOE/BES CMS under Award

DE-SC0020129, we focus on understanding phonon-mediated optical processes using first-principles techniques
to improve rational design of optoelectronic devices. Traditional density-functional theory (DFT) and many-body
perturbation-theory (MBPT) approaches typically decouple electron and ion motions, treating ions as classical
particles, and thus missing indirect optical processes mediated
by electron-phonon interactions. We develop novel theories and
computational approaches based on time-dependent
perturbation theory, special displacements in supercells, and
quasi-degenerate perturbation theory to investigate complex
optical processes, including free-carrier absorption, optical
processes in quasi-direct materials, and effects of temperatures.
These approaches are implemented in our open-source code
EPW[4] (https://epw-code.org/), which is a collaborative effort
between multiple teams across the world aiming to understand
electron-phonon interactions from first principles.

Relevance to MGI
This project belongs to DOE’s Computational Materials

Sciences (CMS) program which started in 2015 as part of the
MGI. The overarching goal of the CMS program is to develop
validated community codes and databases to underpin the
predictive design of functional materials. Our team contributes
to the DOE CMS and the MGI along two complementary
directions: 1) Continuous expansion of the predictive
capabilities of the EPW software, for example by adding new
modules to perform predictive ab initio calculations of optical
spectra at finite temperature as well as conductive materials
such as doped semiconductors and metals. 2) To refactor EPW
in preparation of the exascale transition. These efforts are
complemented by a strong engagement with the user
community, via extensive documentation, online tutorials,
YouTube lectures, a lively user forum, and the organization of
multiple summer schools both virtual and in person. These
advances in methodology, software, and training will accelerate
the development of new materials in optoelectronics, energy
harvesting, and energy-efficient lighting.

Technical Progress
We have developed the indirect optics modules in the EPW code to study phonon-assisted absorption and

free-carrier absorption based on second-order perturbation theory. We studied indirect optical properties in 4H
Si[1] and SiC polytypes[3] [See Fig.1(a)], and we show that our tool enables predictions of the optical response of
new polytypes of known semiconductors for understanding their potential applications. Within the same

99



framework, we studied free-carrier absorption doped silicon and noble metals, and we demonstrated excellent
agreement compared to experimental measurements[2] [See Fig.1(b),(c)], and the necessity of the inclusion of
both single-particle contribution and resistive contribution in evaluating free-carrier absorption. The development
quantifies the optical loss as well as provides a contact-free way of characterizing carrier concentrations. We
developed several approaches to characterize indirect absorption in quasi-direct materials and to include
finite-temperature effects, including optical absorption via quasi-degenerate perturbation theory[5], and the
special displacement method.[7]

Future Plans
In the future, we will prioritize the following tasks: (1) Co-development between the teams to enable

free-carrier absorption via advanced theory such as the special displacement approach and the quasi-degenerate
perturbation theory. (2) Calculations of carrier-density dependent absorption for a wide range of oxide and III-V
semiconductor materials. (3) Development and validation of the functionality to study phonon-mediated
two-photon absorption. (4) Finalize and publish the result of optical responses of metallic materials. and (5)
Improvement of parallel performance of the modules via multi-level parallelization.

Broader Impacts and Workforce Development
During June 2023 we organized a 5-days (06/05 to 06/09/2023) virtual summer school that, for the first time,

combined many-body physics with the BerkeleyGW code and electron-phonon physics with the EPW code. This
school consisted of 5 days of morning lectures and afternoon hands-on tutorials, and hosted 152 participants from
across the globe. All materials from this school have been made available through the EPW website:
https://epw2023.oden.utexas.edu. During June 2024 we organized an in-person 7-days summer school (06/10 to
06/16/2024) on electron-phonon interactions and many-body perturbation theory from first principles. The school
consisted of morning lectures, afternoon hands-on tutorials covering codes including Quantum ESPRESSO,
wannier90, EPW, and BerkeleyGW and the related theories. We welcomed 127 participants to UT Austin (103 in
person attendees and 24 instructors.) and 577 virtual attendees on Zoom platform. All lectures, tutorials, videos
have been made available through the school website: https://epw2024.oden.utexas.edu/index.php.

Data Management and Open Access
All software developments of this project are made fully available to the community via two channels: 1) periodic
releases of new software versions. We currently have two annual releases, in the Spring and in the Fall. The latest
version EPW 5.8 was released during December 2023 (https://docs.epw-code.org/doc/Releases.html), and EPW
5.9 is planned to be released in July 2024. Anyone can freely download and use the code without any registration
or email requests. Users are encouraged to interact with developers via the user forum
(https://forum.epw-code.org) which currently counts 3800+ posts and 650+ members. 2) The gitlab repository of
the official version of the code is accessible to all without limitation:
https://gitlab.com/QEF/q-e/-/tree/develop/EPW. This version is updated in real time and can be used by more
advanced users who are interested in the code structure. The code is released under GNU GPL license.

Advancing Along the Materials Development Continuum and Partnerships to Translation
This project enables advanced calculations of temperature- and doping-dependent optical properties for direct,
indirect, and quasi-direct materials. We expect that these new capabilities developed in this project will facilitate
new partnerships for rational design of optoelectronics with a broad range of candidate materials, and we are
currently in the process of exploring these opportunities.

Publications and References
[Most relative publications in the past two years are included in order of relevance to this poster.]
1. X. Zhang, E. Kioupakis. Electronic, direct optical, and phonon-assisted optical properties of 4H Si from first principles.
AIP Adv. 14, 3: 035149 (2024). DOI: https://doi.org/10.1063/5.0179454
2. X. Zhang, G. Shi, J. A. Leveillee, F. Giustino and E. Kioupakis,“Ab initio theory of free-carrier absorption in
semiconductors”, Phys. Rev. B 106.20, 205203, (2022), DOI: https://doi.org/10.1103/PhysRevB.106.205203
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Machine Learning and Robotics for the Data-Driven Design of 
Protein-Polymer Hybrid Materials 

Lead Investigator: Adam Gormley, adam.gormley@rutgers.edu 
Participating Institutions: Rutgers University and Princeton University 
Source of Support: NSF-DMREF 2118860-1 
Website: https://dmref.org/projects/155  
Keywords: Polymers, proteins, excipients, formulation, automation, machine learning. 

Project Scope 

Proteins perform versatile functions with high 
efficiency and exquisite selectivity. Our ability to engineer 
proteins has resulted in a transformative array of products 
from life supporting medicines to fine chemicals from 
green industrial processes. However, the marginal stability 
of proteins is a major challenge toward their incorporation 
in robust materials that can withstand harsh, non-biological 
conditions, e.g., high temperature and/or organic co-
solvents. Therefore, there is a very large unmet need for 
producing tailor-made protein-polymer hybrids (PPH) 
whose interactions are highly specific, predictable, and 
optimizable. To address this unmet need, this project 
combines automation, machine learning, and molecular 
dynamics simulations to design novel PPH materials.  

Relevance to MGI 

This project closely integrates high throughput data 
generation via automation, machine learning, molecular 
dynamics simulations, and protein engineering. Each 
aspect of this project feeds the other with data to create a 
closed-loop discovery workflow with data curation and 
labeling at the center. This creates a project ecosystem with 
well labeled material data. As new data is collected, the 
team takes an informatics approach to analyze the results and publish them open access. This approach aligns with 
the MGI mission. 

Technical Progress 

We have established routine protocols and workflows that enable rapid experimental synthesis and assessment. 
Given experimental bandwidth for polymer synthesis in 96-well plates, we have tested four distinct enzymes: 
chondroitinase ABC (ChABC), horseradish peroxidase (HRP), glucose oxidase (GOx), and lipase (Lip). For each 
enzyme, approximately 600 unique copolymers were tested, with experimental data often collected in triplicate. 
These efforts are likely the most extensive ex nihilo dataset involving experimental copolymer synthesis and 
characterization to-date. 

We have successfully demonstrated our proof-of-principle and key hypothesis that our closed-loop discovery 
process, guided by machine learning, will yield tailored PPHs. For each of the four enzymes, our design goal was 
maximizing retained enzyme activity (REA) following thermal stressing; for reference, proteins without any 
polymers exhibit REA = 0% post thermal stress and REA < 100% indicates fractional activity compared to native 
enzyme function. Ultimately, our data-driven discovery process led to identification of tailored copolymers that led 
to significant REA for each enzyme. The performance of these designed PPHs was particularly notable compared 

Figure. The goal of this NSF DMREF project is to 
use automation driven by machine learning to design 
polymer-protein hybrid materials.  

102

https://dmref.org/projects/155


to more traditional brute-force, systematic chemical screens. The top performing PPHs exhibited remarkable REA 
values of 141% (ChABC), 93.1% (HRP), 67.4% (GOx), and 107.9% (Lip). Cross-evaluation studies confirmed that 
designed copolymers uniquely stabilized the target enzyme—proving our central hypothesis. 

Future Plans 

Subcutaneous delivery of monoclonal antibodies in pre-filled autoinjectors are enabling at-home self-
administration of crucial anti-inflammatory and oncological therapies. However, as the demand for subcutaneous 
dosing increases, so does the need for stable bioformulations which can enable ultrahigh concentrations, low 
viscosity, and drug stability; requirements for pre-filled autoinjectors. While rational design and design of 
experiment (DOE) approaches are utilized to screen for effective formulas, data science techniques such as artificial 
intelligence / machine learning (AI/ML) may be ideally suited to drive these formulation campaigns. To assess the 
capacity for ML guided mAb formulation, we aim to expand on our previous “Design-Build-Test-Learn” (DBTL) 
strategies for protein stabilization (Advanced Materials 2022 and Advanced Healthcare Materials 2022) to develop 
methods for on-demand mAb formulation. This work aims to both: i) employ ML to enable rapid high-performance 
formulations with generally recognized as safe (GRAS) excipients, and ii) design novel polymer excipients by ML 
to modulate poor formulation behaviors. 

Broader Impacts and Workforce Development 

DMREF program continues to host two students, Ms. Grace Palahnuk and Ms. Sachely Antuna from The 
College of New Jersey (TCNJ), our collaborating undergraduate institution. Grace worked in Gormley Lab on 
studying polymer-enzyme complex activity and polymer combinatorial synthesis. Over the next year, she will 
evaluate the effect of monomer composition and degree of polymerization on retained enzymatic activity of 
polymer-enzyme complexes during exposure to denaturing temperatures. Sachely worked in Murthy lab on the 
biophysical characterization of protein-enzyme complexes. She accompanied the team on two visits to NSLSII, 
collected SAXS data on PPHs and analyzed data on lipase-polymer complexes. She also carried out quartz crystal 
microbalance with dissipation (QCMD) on these complexes. This research of both the students was presented at the 
BMES 2023 Annual Meeting as a poster presentation. 

Data Management and Open Access 

The DMREF team is fully committed to making key research outputs publicly accessible and useful to the 
community. Therefore, datasets generated from supported research have been published to DataSpace with 
registered DOIs for long-term preservation and access (10.34770/h938-nn26, 10.34770/chzn-mj42,10.34770/a2db-
gy35). The data is also hosted with accompanying code demonstrating the training and implementation of machine 
learning models on GitHub (github.com/webbtheosim/PPH_public, github.com/webbtheosim/featurization). 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

This project has resulted in a startup company named Plexymer, Inc. The lead PI Gormley is a cofounder of 
this company. It aims to apply the methods developed in this project to formulate proteins for advanced applications. 
Plexymer has licensed the main intellectual property from Rutgers and is working with large companies for 
materials synthesis and protein formulation. 

Publications and References1-7 
1. Gormley, A. J.; Webb, M. A., Machine learning in combinatorial polymer chemistry. Nature Reviews Materials 2021, 6, 642-644.
PMC8356908.
2. Kosuri, S.;  Borca, C. H.;  Mugnier, H.;  Tamasi, M.;  Patel, R. L.;  Perez, I.;  Kumar, S.;  Finkel, Z.;  Schloss, R.;  Cai, L.;  Yarmush, M.
L.;  Webb, M. A.; Gormley, A. J., Machine-assisted discovery of chondroitinase ABC complexes towards sustained neural regeneration.
Advanced Healthcare Materials 2022, 11, 2102101. PMC9119153.
3. Meyer, T. A.;  Ramirez, C.;  Tamasi, M. J.; Gormley, A. J., A user’s guide to machine learning for polymeric biomaterials. ACS
Polymers Au 2022, 3 (2), 141-157.
4. Tamasi, M.;  Patel, R.;  Borca, C.;  Kosuri, S.;  Mugnier, H.;  Upadhya, R.;  Murthy, N. S.;  Webb, M.; Gormley, A. J., Machine 
learning on a robotic platform for the design of polymer-protein hybrids. Advanced Materials 2022, 34, 2201809. PMC9339531.
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Hybrid Materials for Superfluorescent Quantum Emitters 

Lead Investigator: Kenan Gundogdu, kgundog@ncsu.edu 
Participating Institutions: North Carolina State University, Duke University, University of North Carolina at 
Chapel Hill 
Source of Support: NSF-DMREF 
Website: https://hybrid3.duke.edu/ 
Keywords: Superfluorescence, hybrid metal halide perovskites 

Project Scope 
This project aims to accelerate the discovery of a new class of quantum materials exhibiting superfluorescence 

(SF) at room temperature and above. The research will focus on two main objectives: identifying material 
requirements for observing a macroscopically coherent superradiant state and producing experimental and 
computational data linking material properties such as chemical composition, morphological structure, and crystal 
dimensionality to their emission spectra and SF’s temporal and spatial coherence properties. The target materials 
will be hybrid metal halide perovskites (HMHP). A key outcome is to create a comprehensive, accessible, and 
reusable database to aid in designing quantum materials exhibiting high-temperature SF. 

Relevance to MGI
The research program relies on synergistic collaboration of four 

groups in material synthesis (So, NCSU), theory and computation 
(Blum, Duke, and Kanai, UNC-CH), and quantum properties 
characterization (Gundogdu, NCSU).  To excel in the project, the team 
will interact following the organizational structure including four work 
packages: Work package 1 (WP.1) involves the material synthesis 
activities led by So and characterizing HMHP of different 
dimensionalities and establishing a correlation with their SF 
characteristics. We will quantify the SF characteristics with experiments 
in WP.2 led by Gundogdu. They specifically use ultrafast optical 
measurements to investigate optical/electronic processes in HMHP and 
establish the structure property relationship in materials that exhibit 
superradiant phase transition. WP.3, led by Blum and Kanai, involves 
the first-principles calculations and associated semiempirical modeling 
(towards larger scales), revealing the dependence of SF characteristics' 
on fundamental electronic and lattice properties. WP.4 lays out the systematic data collection and dissemination 
strategy led by Blum with his HybriD3 database development. An important aspect of the project will be delivery 
of significant data about formation of quantum collective states. Computing many body states and predicting the 
material properties that enable collective quantum phenomena is a major challenge in condensed matter. The work 
packages are organized to contribute overcoming this challenge. 

Technical Progress 
To achieve our first milestone, we have studied the synthesis of high-performing perovskite quantum emitters 

with different inorganic cages BX6 with quasi-2D PEA:CsPbBr3 as our starting material1. In this study, the three 
quasi-2D perovskite samples with different halide compositions are PEA:CsPbBr2Cl1, PEA:CsPbBr3, and 
PEA:CSPbBr2I1. The substitutional halide group significantly influences the intralayer interaction of the bulky 
cations via hydrogen bonding. By incorporating bulky cation halides (RX or RX2) into the precursors, quasi-2D 
perovskite films can be prepared by one-step spin-coating. We were able to produce samples that exhibit SF. 
Initially we focused on 78K measurements because not all of these materials exhibit SF at room temperatures. We 
found significant differences in the time revolution of SF dynamics. For instance, the PEA:CsPbBr2Cl1 thin film 

Fig 1: HMMP material platform for 
discovering new superfluorescent materials. 
Schematic illustration of superfluorescence. 
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has the shortest delay time of 10 ps at the threshold. Whereas the iodine mixed sample has the longest delay at the 
threshold density. The detailed analysis of the SF dynamics in these materials give essential information for 
understanding the correlation between material characteristics and collective coherence. Furthermore, we have also 
studied the influence of composition and deposition parameters on the photostability of the PEA:CsPbBr3 samples. 
The preliminary results show that the composition of precursors affects the characteristics of perovskite samples. 
The parameters related to the deposition, such as the annealing time and temperature, the encapsulation, the 
substrate, and the ambient environment during the spin-coating, are important factors in the photostability of the 
samples. For future plans, we will study the finding of the optimum conditions for the most photostable of other 
mixed halide samples. Then, we will focus on changing the composition of HMHP with the A-site cation and the 
bulky cation (R-site). 

Future Plans 
We will continue the study of quasi-2D PEA:CsPbBr3  and its variations which are , A-site cation, and the bulky 

cation (R-site). The critical hypothesis behind this selection is that the structure, dynamical properties, and detailed 
morphology of HMHP are related to the observed high temperature SF. Therefore, manipulating components that 
influence structural confinement, rigidity, or phonon characteristics will allow one to extend and refine the 
underlying macroscopic quantum regime rationally. The study will focus on a systematic and iterative approach to 
designing superfluorescent materials with optimized SF emission characteristics. Starting with materials exhibiting 
room-temperature SF, we will gradually modify the materials using solution-processing and post-processing 
procedures.  

Broader Impacts and Workforce Development 
Our education goal is to foster a research environment where participants from diverse backgrounds collaborate 

on complex scientific and technological problems. We have designed an education and training program reflecting 
the team's diverse experience and cross-disciplinary interaction. Since 2017, we have organized training workshops 
as part of our previous DMREF program. These workshops reflect project-based learning achieved during research 
activities, helping participants develop intuition about scientific problems and integrate theory and experiment in 
data-driven research. The workshops include discussion sessions, short courses, and hands-on activities targeting 
early-career researchers such as graduate students, postdocs, and advanced undergraduates. We will continue these 
workshops. Our efforts will promote broad participation across gender, racial, ethnic, geographic, and economic 
lines. For data technologies and training, the data produced in this program will be made accessible through the 
HybriD3 database.  

Data Management and Open Access 
The team instigated the open database “HybriD3”2 which is a curated database of hybrid organic-inorganic 
semiconductors and their properties, with the flexibility to incorporate essentially any reproducible property of a 
material, including associated contexts such as synthesis and experimental and computational approaches. The team 
continues to develop the underlying open-source software stack called MatD3. As a resource, the HybriD3 database 
is intended to be an addition to, not a replacement of, other materials databases. For example, the HybridD3 data 
will also be incorporated into the industry-leading Springer Materials database, providing sustainability beyond 
the lifespan of a single PI or server hosted at a university. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
Superfluorescence is a quantum optical phenomenon that gained significant interest in the community with the 
recent demonstrations in the perovskite materials1,3-5. Its potential for emerging quantum applications depends on 
usability of the quantum coherent state and the resulting radiated photons as well as synthesizing new robust 
materials that exhibit this phenomenon at high temperatures. While the DMREF program focuses on this last aspect, 
the teams actively working on characterizing properties of superfluorescence and resulting material behavior 
emerging quantum applications. We will pursue new funding opportunities accordingly. 
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Collaborative Research: DMREF: Data-Driven Prediction of 
Hybrid Organic-Inorganic Structures 

Lead Investigator: Hendrik Heinz, hendrik.heinz@colorado.edu 
Participating Institutions: University of Colorado Boulder, Duke University, New Mexico Highlands University) 
Source of Support: NSF-DMREF 2323546, 2323547, and 2323548  
Website: https://bionanostructures.com/dmref-hois/ 
Keywords: AFRL, perovskite synthesis, crystal structure, molecular dynamics, machine learning 

Project Scope 
The goal of this project, in collaboration with AFRL, is to accelerate the structure prediction of hybrid organic 

inorganic structures (HOIS) of metal-halide perovskites from the starting materials through exploitation of recently 
curated X-ray structure databases with 1000+ HOIS (e.g., HybriD3), molecular dynamics (MD) simulation, machine 
learning (ML), synthetic and structural studies in an iterative feedback loop. We will employ high-throughput MD 
simulations with the INTERFACE force field (IFF) to elucidate composition-structure relationships, including 
preferred dimensionality, distortions in the inorganic lattice, and relative stabilities. The targeted structures of metal-
halide perovskites encode optical and electronic properties 
for applications in solar cells and LEDs. 

Relevance to MGI 
The team combines expertise in cutting-edge organic 

synthesis (Marder), perovskite synthesis and 
characterization (Mitzi), simulation and ML (Heinz), as 
well as inorganic material synthesis and characterization 
lead by minority researcher (Castañeda) and an MSI. 
Integration follows an iterative loop of developing and 
applying ML methods with physics-based input from 
materials science, chemistry, experimental and     
computational data, as well as workflows that provide 
mutual critique and suggestions for improvement. For 
example, full analysis of the HybriD3 and other available 
databases aids in identifying HOIS crystal structure types, 
structure predictions by MD simulation and ML pipelines 
will be tested by laboratory synthesis and crystallography, 
IFF parameters and ML algorithms will be improved upon 
feedback, and new data will be added into open-source 
databases. The integration of these activities is necessary to 
utilize data and experimental/computational knowledge 
effectively, with up to 100 times acceleration in discovery 
of new HOIS with desirable stable structures, relative to 
serial discovery without MGI-style integration. 

Technical Progress 
The Marder team synthesized new organic cations to explore the impact of systematically varying the structure 

and monitoring their impact on the crystal structure of the corresponding metal halide hybrid phases (HOIS). A key 
series includes alpha-methylbenzylammonium salts (XC6H4CHMeNH3

+) with varied halogens in various ring 
positions, including chiral hybrid phases with promising properties. Some organic cations have already been 
successfully incorporated into hybrid lead halide phases by the Mitzi group, and crystallization efforts are 
continuing. Several examples have also been sent to Castañeda to examine the impact of the cation structures on 
the crystal structures of the corresponding manganese(II) halides. The Heinz team has worked with Blum 
(collaborator, Duke U) and processed the entire HybriD3 database with ~1,700 entries into ML-compatible format 
and derived correlations between structures and dimensionality, guided by Mitzi and Marder. ML models such as 

Figure 1. Schematic of a 1D face-sharing perovskite 
structure, (2,3-dimethylbutan-2-ammonium) PbI3, 
prepared during this study. The PbI6 octahedra are 
shaded gray to visualize the connectivity (horizontal 
zig zag). The yellow area highlights the unit cell. 
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gradient boosted trees (GBTs) can predict the dimensionality from the chemical formula with over 95% accuracy 
within fraction of a second, which is quite remarkable (manuscript in preparation). All PIs have begun to identify 
all unique structural types of perovskite-type HOIS for more detailed structure predictions (approximately 80 
categories). Barriers towards usage for simulations and ML are being cleared, e.g., removing duplicates and 
processing incomplete entries in databases, correctly assigning elements and fractional occupancies into statistical 
distributions. Since <1000 unique structures in current databases are too small for predictive crystal structure 
assignments of new compositions into ~80 possible types, IFF MD simulations by Heinz and high-throughput 
experiments by Tod Grusenmeyer at AFRL will fill a critical gap in building a larger training dataset and model 
validation. Heinz has an extended visit to AFRL during summer to explore further collaborative synergies. Four 
publications from an earlier DMREF project on catalysis and other organic-inorganic structures have appeared.1-4  

Future Plans 
We will refine ~80 unique HOIS structure types using the complementary expertise of the team members, the 

Hybrid3 database, and newly synthesized structures. The structure types will serve as the target of prediction for 
new synthetic combinations of organic and inorganic halides using MD simulation, AI and ML. We will define all 
structures with complete coordinate files, atomic charges, and atom types, ready for IFF MD simulations to allow 
combinatorial exchanges of organic and inorganic halide components via scripting for high-throughput screening 
of 1000+ candidates. MD simulations for initial sets of several hundred recent (Mitzi) and hypothetical HOIS will 
be carried out, and measures to rank the stability of each in the 80 possible structure types. Encouraging ML results 
by Heinz for the prediction of perovskite dimensionality from the composition using random forests and GBTs 
(which is easier than full structure type prediction) will be analyzed to explain how the models are learning from 
data. Processing of large datasets from spectroscopy that are soon expected from high-throughput synthesis and 
characterization at AFRL will be integrated. Marder will continue with organic synthesis to explore the range of 
chiral alpha-methylbenzylamine derivatives with two halo substituents on the phenyl ring and different groups in 
the alpha position (e.g., Et instead of Me). The Mitzi group plans to continue structural studies including changes 
in branching and connectivity of aliphatic cations, as well as changing stoichiometries of organic cations to halide 
components and connect with the Heinz team to use the systems as test cases for computational structure prediction. 
Castañeda will analyze impacts of chirality on stability and organize student exchanges with the R1 institutions. 

Broader Impacts and Workforce Development 
Several new manuscripts are in progress and the PIs plan to present multiple talks on initial results at the 2024 

Fall ACS and MRS meetings. Our team includes minority serving institutions (MSIs), namely New Mexico 
Highlands University, links to Fort Lewis College (Marder) and the South Big Data Hub (Heinz) to expand 
broadening participation. Several undergraduates and REU students are involved and two graduate students 
currently intern at NREL and AFRL. The PIs organize multiple symposia and panel discussions on perovskites and 
AI/ML for materials discovery at upcoming ACS and MRS meetings. 

Data Management and Open Access 
Results, metadata, and code will be shared in Supporting Information of publications, including crystal structure 

databases and code repositories, e.g., Cambridge structural database, IFF website,5 GitHub, Zenodo, HuggingFace, 
HybriD3 database6 using public licenses such as Apache 2.0. The data will be checked for proper documentation, 
coding standards, and interoperability for ML. We also utilize PI’s websites to share further information. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
Without the MGI approach, serial synthesis and characterization takes several weeks for each new compound, 

and characterization of the available space of billions of possible perovskite-like HOIS for solar and LED 
technology would be a time-consuming effort. Once the machinery of highly reliable MD simulations and 
automated analysis of the stability of various structure types is established, lead compounds can be identified in less 
than a few days, or even less than a day using supercomputing. The AI/ML models based on databases, augmented 
by IFF MD and further robotic experiments at AFRL, after training, are expected to speed up crystal type discovery 
from weeks to minutes. Early adopters and users of these techniques include national laboratories, companies, and 
academic groups. Ties to NREL, BASF, Exxon, Amazon, and other potential stakeholders are already established, 
and will be further developed during this project. 
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Machine Learning Algorithm Prediction and Synthesis of Next 
Generation Superhard Functional Materials 

Lead Investigator: Russell J. Hemley, rhemley@uic.edu; Sara Kadkhodaei, sarakad@uic.edu; Ravhi 
Kumar, ravhi@uic.edu; Michael Trenary, mtrenary@uic.edu; Eva Zurek, ezurek@buffalo.edu; 
Gary Cook, gary.cook.9@us.af.mil 

Participating Institutions: University of Illinois Chicago, University at Buffalo, AFRL/RYDH, PARADIM 
Source of Support: NSF DMREF: DMR 2119065, DMR-2119308  
Website: https://dmref.org/projects/1580 
Keywords: High pressure, diamond-anvil cells, surface science, machine learning, density-functional theory 

Project Scope 
The goal of this project is to develop novel first-principles and machine-learning based computational tools 

and apply them towards the discovery of novel functional materials. These techniques are employed to guide both 
solid state high pressure and surface science methods to synthesize promising systems, whose properties are 
investigated. Students are being trained in an 
interdisciplinary collaborative team of theoreticians and 
experimentalists with expertise in chemistry, physics, 
materials science and engineering. 
Relevance to MGI 

Consistent with the MGI strategic plan, the project 
integrates experiment, computation, and theory in an 
iterative feedback loop among project tasks. The project is 
accelerating materials discovery and development of next 
generation functional superhard materials, as demonstrated 
by results from the past year, specifically in carbon- and 
boron-containing materials. 
Technical Progress 

We developed a novel 3D voxel representation of 
materials, using visual images to encode crystalline 
materials and deep CNNs to learn synthesis feasibility1 and 
predict formation energy accurately2. We are among the 
first to demonstrate that the underlying physicochemical 
information of materials can be learned solely from their 
visual representation. This finding opens new possibilities 
for fully leveraging the power of machine learning in 
materials research. Additionally, the effect of data bias 
(data heterogeneity) on machine learning performance has 
been studied3.  

Joint high-pressure experiments and DFT 
calculations were utilized to study the resiliency, 
morphology, and transformations of a novel one-
dimensional high-entropy oxide.4 Extending our previous work on WB2,5 x-ray diffraction and spectroscopy reveal 
significant bonding changes in BC3.3N and B4C on compression. A combined theoretical and experimental study 
with PARADIM MIP of B4C has uncovered the origin of its well-known pressure-induced amorphization. 

The ultrahigh thermal conductivity material BAs examined to megabar (183 GPa) was found to undergo 
pressure-induced amorphization in contrast to the previous transition report, with laser heating utilized to examine 
kinetically hindered phase transitions or decomposition leading to amorphization. A new study of FeV under 
pressure reveals the origin of its thermally frustrated phase transition under pressure.6 

These joint theory-experiment high-pressure studies were extended to include related topological and 
strongly correlated materials during the past year. The band gap and compressibility of the novel chiral 

Figure. Chemical pressure (CP) schemes of simple 
B − C clathrates in the bipartite sodalite 𝑃𝑃𝑃𝑃3�𝑛𝑛 
structure at ambient pressure: (a) MgB3C3, (b) 
CaB3C3, (c) SrB3C3, and (d) BaB3C3. The large 
pressures present in MgB3C3 explain why it is 
dynamically unstable. Metal atoms are denoted in 
purple, and B/C atoms emanate green/yellow stick 
bonds. JACS 145, 1696 (2023). 
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semiconductor Ag3AuTe2 was examined using a broad range of experimental techniques,7 a high-temperature 
concomitant metal-insulator and spin-reorientation transitions were discovered in the compressed nodal-line 
ferrimagnet Mn3Si2Te6,8 pressure tuning of competing interactions on a honeycomb lattice Ag3LiRh2O6 was 
elucidated,9 and a structural transition and uranium valence change in UTe2 at high pressure were revealed by x-ray 
diffraction and spectroscopy.10 

DFT calculations predicted C11 and C/B-based12 compounds that were metallic and stable at 1 atm. The 
superconducting critical temperature (Tc) of these materials was estimated using first-principles methods, and an 
ML model for sheer moduli was employed in conjunction with an analytical formula to estimate their Vickers 
hardness (Hv). The Tc of KPbB6C6 was predicted to be as high as 88 K, with an Hv of ~20 GPa.12 The XtalOpt 
evolutionary algorithm was extended so that it can be employed to predict metastable structures with multiple 
functionalities13 and interfaced with Kadkhodaei’s ML model for synthesizability (XIE-SPP).  

Fundamental surface science experiments were conducted to explore the chemistry associated with the 
growth of diboride thin films by chemical vapor deposition. Experimental results on the adsorption and 
decomposition of Zr(BH4)4 on a Pd(111) surface obtained by the Trenary group were interpreted with the aid of 
extensive computational work by the Zurek group.14 Similar experimental-theoretical collaborative work is 
continuing on the homoepitaxial growth of ZrB2 on a ZrB2(0001) single-crystal surface using Zr(BH4)4. These latter 
experimental studies including atomic-scale investigations with scanning tunneling microscopy (STM). To obtain 
clean well-ordered surfaces for STM studies of diborides requires heating them to temperatures as high as 2,000°C. 
To achieve this, a novel new sample heater was developed.15 
Future Plans 

Recent advances in large language models (e.g., GPT and Llama) present unprecedented opportunities to 
harness the vast amount of data that will be utilized to extract and tabulate chemical vapor deposition synthesis data 
for graphene and other 2D materials. This data will serve as the training set for our ML models, designed to guide 
synthesis recipes for 2D material growth. The multi-objective crystal structure search implemented within XtalOpt13 
will be applied to predict multi-functional metastable materials that have a high likelihood of synthesizability, as 
predicted with XIE-SPP. Theoretical calculations will be further performed to understand the significance of high 
pressure in phase transformation and amorphization in boron carbides. We will carry out high-P-T Raman 
spectroscopy to identify the phonons contributing to the ultrahigh thermal conductivity of BAs. 

Broader Impacts and Workforce Development 
Educational Outreach. In collaboration with Oakton Community College, Kadkhodaei and her team 

presented hands-on learning activities in the 2023 Futures Unlimited workshop, targeting 800+ middle-school girls 
and gender-expansive students and exposing them to materials science and engineering fields. Zurek gave a lecture 
and hands-on tutorial at the 8th Annual JHU Summer School “Data Driven Materials Discovery: From ML to Maker 
Space” organized by the PARADIM MIP.  Hemley has featured this work in public lectures at UIC and continues 
to work with PARADIM MIP. Workforce Development. Kadkhodaei’s lab has trained 3 PhD students and 2 
undergraduate students with the support of this project. One of the PhD students graduated in December 2023, with 
his dissertation being fully supported by this grant. Zurek has trained 2 PhD students and 2 postdocs supported by 
this grant. Trenary has graduated 2 PhD students and has 2 current PhD students supported by this grant. Hemley 
has supported 3 PhD students and 1 postdoc under this grant, and 3 undergraduates have worked on projects, 
leveraging DoD NDEP funding, 

Data Management and Open Access 
Machine learning codes and data are published as an accessible software toolkit with detailed instructions 

for installation, usage, and examples16 (https://github.com/kadkhodaei-research-group/XIE-SPP). The 
developments within XtalOpt have been made available in Release 13.0 (https://xtalopt.github.io) and will be 
deposited in the Computer Physics Communications library as part of our recently accepted publication13). The 
outputs of the computations are uploaded to repositories including NOMAD (https://nomad-lab.edu) 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
Patent disclosures on related superconducting materials have been filed through UIC. 
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Project Scope 
The project addresses the science of nonequilibrium processes by searching for and identifying the design rules for 
synthesis pathways of metastable materials. We combine computational methods, including AI, with experimental 
approaches utilizing pressure, temperature, and magnetic fields to transform amorphous precursor materials into 
desired phases that are kinetically stable at ambient conditions and persist indefinitely at ambient conditions. We 
will build the fundamental knowledge base to discover and design materials that exhibit unusual compositions and 
structures, are inaccessible to synthesis processes at ambient pressure and provide desirable properties and 
functionality for applications such as superconductivity, magnetism, and superhardness. 

Relevance to MGI 
Our design approach is based on a closed loop 
combining AI for structure prediction and ab-
initio methods for calculating properties with 
high pressure, magnetic field, and 
temperature synthesis and characterization. 
We develop computational methods that 
employ deep learning to predict materials 
structures with optimal properties and the 
ultra-fast force field machine learning of 
energy landscapes to model the finite 
temperature and pressure thermodynamics 
and kinetic stability of both crystalline and 
amorphous phases. The design process 
identifies experimental conditions that 
stabilize desired high-pressure and 
temperature phases at ambient conditions in metastable form. Experimental synthesis and characterization validate 
and guide the approach, leading to new synthesis pathways. Products will include new metastable synthesis 
methods, machine learning approaches for structure prediction and characterization of their thermodynamics and 
kinetics, and metastable materials with a wide variety of desirable properties such as superconductivity, magnetism, 
and superhardness. 

Technical Progress 
In the first three years of the project, we (i) developed the ultra-fast force field (UF3) method for energy landscapes 
and implemented it into the LAMMPS package to enable exascale simulations of materials, (ii) trained a 
bootstrapped ensemble of tempered equivariant graph neural networks on the electron-phonon spectral function of 
materials to predict new superconducting compounds, (iii) designed, built, and applied a tool for rapidly quenching 
liquids to synthesize metastable amorphous and crystalline materials, (iv) refined and tested the high-magnetic field 
furnace to anneal amorphous materials in high fields, and (v) applied our rapid quenching and high-pressure 
approaches to synthesize metastable superconducting borides and identified a new mechanism for creating 
superconductivity in materials through filamentary defects. 
AI methodology. Integrating deep learning with the search for new electron-phonon superconductors represents a 
burgeoning field of research, where the primary challenge lies in the computational intensity of calculating the 
electron-phonon spectral function, α2F(ω), the essential ingredient of Midgal-Eliashberg theory of 
superconductivity. To overcome this challenge, we adopted a two-step approach. First, we computed α2F(ω) for 
818 dynamically stable materials. We then trained a deep-learning model to predict α2F(ω), using an unconventional 

Figure 1. Schematic representation of the proposed flow of activities.
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training strategy to temper the model’s overfitting, enhancing predictions. Specifically, we trained a Bootstrapped 
Ensemble of Tempered Equivariant graph neural NETworks (BETE-NET). Further, we incorporate domain 
knowledge of the site-projected phonon density of states to impose inductive bias into the model’s node attributes 
and enhance predictions. This methodological innovation yields a mean absolute error of 2.1 K for Tc. We applied 
the model to a high-throughput screening for high-Tc materials. The model demonstrates an average precision nearly 
five times higher than random screening, highlighting the potential of ML in accelerating superconductor discovery. 
BETE-NET accelerates the search for high-Tc superconductors while setting a precedent for applying ML in 
materials discovery, particularly when data is limited. 
Ab-initio studies. Recently, the team’s attention was drawn to an exciting discovery of 80K superconductivity in 
the new La3Ni2O7 nickelate material. Since superconductivity in La3Ni2O7 takes place only above 20 GPa of applied 
pressure, we performed extensive simulations of the crystal and electronic structures of this material and a wide 
range of substitutions on the rare earth site, making predictions for promising new superconductors.  We also 
investigated optical properties to determine the level of electronic correlation. 
Experimental synthesis. We investigate a broad range of synthesis conditions (temperature, pressure, and magnetic 
fields) for the predicted materials. Utilizing the splat cooler developed in this project, we rapidly quench materials 
from the liquid phase to room temperature. Subsequent annealing in zero magnetic field and with our high-magnetic 
field furnace at fields of 9 T at temperatures up to 1500 K provides insight into the kinetic stability of amorphous 
and crystalline structures. Through the application of pressure in diamond anvil cells, we had previously 
demonstrated that the high-pressure synthesis of metastable planar defect phases during compression of WB2 
presents a novel mechanism for filamentary superconductivity. We extended our study to MoB2 and showed that 
alloying sufficiently increases the stability of the metastable, superconducting AlB2 phase at ambient pressure. We 
confirmed the formation of the planar defect phases using aberration-corrected scanning tunneling electron 
microscopy in collaboration with the group of Prof. Honggyu Kim at the University of Florida. 

Future Plans 
To further enhance our AI-driven prediction of new crystalline materials, we will combine BETE-Net and our UF3 
machine-learning potentials with other AI tools to build an optimized workflow for superconductors. First, to 
improve the prediction accuracy of BETE-Net about three-fold, we will increase the number of electron-phonon 
spectral functions for training from 818 to about 10,000. Second, to move beyond known crystal structures, we will 
develop a generative model and utilize the spectral functions as context to guide the model in predicting new 
crystalline materials with a high probability of superconductivity. 
To predict the stability of stable and metastable crystalline and amorphous phases and help identify optimal 
synthesis pathways, we will train UF3 models on density-functional relaxations and simulate various synthesis 
conditions as a function of temperature, composition, and pressure. In parallel, we will synthesize, quench, 
pressurize, and anneal amorphous and crystalline precursor phases in these systems to tune the experimental 
conditions and validate our predictions. The results will be used to identify further promising material systems, 
identify novel synthesis conditions, and help explain experimental observations. 

Broader Impacts and Workforce Development 
PI Hennig has developed and twice taught a new undergraduate and graduate course on AI for Materials. The next 
step is to integrate the course into the MSE undergraduate curriculum as a required course. In addition to the 
software tools for machine learning, PI Hennig this year developed Jupyter notebooks for teaching fundamental 
thermodynamics concepts. We freely provide our educational material and Jupyter notebooks to other teachers, 
students, and the interested general public through our GitHub organization for Materials Education 
at https://github.com/matscied. We plan to expand this effort and also provide additional teaching material. In the 
following years, we will also develop an experiment kit for K-12 use that demonstrates synthesis methods and make 
this kit available to teachers across the southeastern states, Puerto Rico, and the US Virgin Islands. Through our 
partnership with the education program of Prof. Ruzycki, we will train teachers in its use and refine the module 
based on feedback. 

Data Management and Open Access 
We freely provide all software and documentation on our Github page https://github.com/henniggroup. 
Furthermore, all datasets are made available on sites such as https://www.materialscloud.org, and synthesis recipes 
are published through peer-reviewed manuscripts. 
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Project Scope 

The ADEPT project aims to implement an accelerated discovery and codesign engine for efficient design and 

discovery of materials exhibiting insulator-metal transitions (IMTs) that display large changes in the electrical 

resistivity for selector devices and RF switches. Achieving this goal requires moving beyond conventional, linear 

approaches to materials discovery, transforming them into a cyclic and iterative process. The project formulates 

new computational approaches that fuse computational data with high-throughput materials synthesis and 

characterization data to overcome key challenges of (i) Materials Discovery from Sparse & Expensive Data, (ii) 

Efficient Decoding of High-Dimensional Data, and (iii) Property-Performance Mismatch upon Integration.   

Relevance to MGI 

This interdisciplinary DMREF will employ a synergistically “closed loop” framework integrating computation, 

experiment, and theory to formulate the processing-structure-property-performance relationships necessary to 

advance IMT materials and devices (selectors, RF switches, RF limiters). This includes developing adaptive 

learning and autonomous methods for simulation and high-throughput synthesis and characterization and generating 

and distributing data through novel cyber-physical systems. Manufacturability is prioritized by implementing a 

codesign approach to account for process-property relationships that affect the performance of designed materials 

in scaled device structures during operation. We leverage industrial partnerships and recent cyberinfrastructure 

developed by Chen and Rondinelli, including new open-source ML techniques using natural language processing, 

conditional variational autoencoders, active learning, and LVGP integrated with Bayesian optimization. 

Technical Progress 

The Rondinelli and Chen groups have advanced AI-virtual screening and adaptive discovery for new single and 

two-phase IMT materials. Using an ML classification model, we screened a high-throughput crystal structure 

database and performed chemical substitutions to identify a novel Ca2MoO4 compound with a potential thermally 

driven transition. This compound is isostructural to Ca2RuO4, where changes in effective correlation strength drive 

a structural phase transition that opens the electronic band gap. Our density functional theory studies indicate that 

this transition occurs due to the distortion of metal-oxygen octahedra, resulting in the splitting of the 3 t2g states to 

produce half-occupied states with the Mott transition opening a bandgap, thus creating an insulator. We have also 

created initial models of digital two-phase systems, focusing on the electronic structures of Ti2O3 and MnTiO3 

synthesized by Kumah and characterized by Hinkle, and their superlattice. After calibrating the DFT models with 

experimentally measured bandgaps of both compounds, we 

performed slab calculations to determine the band alignment at the 

interface and assess potential charge transfer. The system comprises 

Ti3+, Ti4+, and d5 Mn2+. We hypothesize that controlling the Ti redox 

reaction through interface density will allow tuning of the critical 

temperature, which will be tested in future studies. Kumah has 

identified relevant synthesis parameters to input into machine 

learning models to accelerate the identification of films with 

optimized metal-insulator transitions under ambient conditions in 

the TiOx family. A series of films have been synthesized by 

molecular beam epitaxy with varied growth rates, oxygen partial 

pressures, and substrate temperatures. Crystal structures have been 

Figure 1. Band alignment diagram for the 
MnTiO3- Ti2O3 superlattice system. EA: 
electron affinity; IP: ionization potential 
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characterized by X-ray diffraction, and a database has been 

constructed to serve as training data for the machine learning 

models. Hinkle has developed deep learning analysis of 

diffraction and XPS data to accelerate characterization of these 

films and provide data for Chen for adaptive learning 

experiment design. Datta has demonstrated a two-terminal bi-

directional selector for cross-point embedded non-volatile 

memory applications using the high-temperature spin-state 

driven IMT phase transition in LaCoO3 (LCO). The vertical 

selectors were fabricated using epitaxial heterostructures with 

LCO thin films grown on La0.5Sr0.5CoO3 (LSCO) bottom 

electrodes. Key findings include: (1) Electrically triggered 

abrupt IMT, (2) Operation across a wide temperature range 

(>85 °C), (3) Fast switching speeds (<20 ns), high on-current 

density (5×106 A/cm2), and substantial half-bias nonlinearity 

(135×), and (4) Excellent endurance, exceeding 1012 cycles. 

Future Plans 

Rondinelli and Chen will continue studying the IMT in 

Ca2MoO4, focusing on changes in the d orbital structure, 

building a regression model to predict its critical temperature, 

and working with Hinkle and Kumah to understand strain 

effects and synthesis conditions. For the Ti2O3/MnTiO3 superlattices, we will model epitaxially grown superlattices 

with larger periodicities and begin constructing surrogate models to predict IMT behavior using symbolic regression 

for Landau models and DFT energies. Initial synthesis has been completed on Ti2O3/MnTiO3 superlattices based 

on the calculations. The effect of doping and interface interactions will be explored. Datta’s future work involves 

enhancing the nonlinearity of selectors and evaluating the new IMTs made by the synthesis team.  

Broader Impacts and Workforce Development 

Rondinelli worked with the Physicists To-Go initiative of the American Physical Society through their Public 

Engagement office. The program goal aims to connect scientists and educators and bring the wonders of physics to 

K-12 and college classrooms worldwide as one way to increase student interest and prepare students for a future

advanced workforce. Rondinelli partnered with Ms. Cheryl Harper, who teaches at Greensburg Salem High School

that matriculates students with diverse ethnic and financial backgrounds. Rondinelli virtually visited with more than

25 junior and senior high school students to share his experience with materials physics, quantum science and

technology, how his interests began, what he was like at the student’s age, and other aspects of his journey to his

current position. Students asked questions on material science, machine learning, and dark matter for 90 minutes.

Hinkle participated as a speaker and panelist at an Inclusive Engineering Consortium Workshop on broadening

opportunities in microelectronics for students at HBCUs and other Minority Serving Institutions.

Data Management and Open Access 

A database summarizing the growth conditions and crystal properties is shared using Google Drive. The data 

generated during the synthesis and associated metadata (Reflection high energy electron diffraction image files, 

growth scripts) are stored in a sharable Google Drive location online. The code for the PRX Energy publication (see 

below) is available: https://github.com/Henrium/MolSets. The dataset from the paper is also provided there. 

Publications 
1. Y-C. Luo, A. Khanna, B. Grisafe, J. Sun, S. Dutta, L. E. Noskin, C. Adamo, A. B. Mei, R. Ghosh, M. Colletta, M. E. Holtz,

V. Gambin, L. F. Kourkoutis, S. Yu, D. G. Schlom, and S. Datta, Correlated Oxide Selector for Cross-Point Embedded Non-

Volatile Memory, IEEE Transactions on Electron Devices 71, 916 (2024). DOI: 10.1109/TED.2023.3338184.

2. H. Zhang, T. Lai, J. Chen, A. Manthiram, J.M. Rondinelli and W. Chen, Learning Molecular Mixture Property Using

Chemistry-Aware Graph Neural Network, PRX Energy 3, 023006 (2024). DOI: 10.1103/PRXEnergy.3.023006 (This includes

a press release: https://www.mccormick.northwestern.edu/news/articles/2024/06/ai-algorithm-identifies-high-performing-

electrolytes-for-batteries/

Figure 2. Schematic, images of epitaxial films, 
and switching characteristics of LCO-based IMT 
selectors. 
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Designing Covalent Organic Frameworks for membrane 
separations and functionalized graphene with exact pore sizes 

Lead Investigator: John Hoberg, hoberg@uwyo.edu 
Participating Institutions: University of Wyoming 
Source of Support: NSF-DMREF 
Website: none 
Keywords: Functionalized graphene, Two-dimensional covalent organic frameworks, membrane separations 

Project Scope 

New materials based on covalent organic frameworks (COFs) with defined and modifiable pores make them 
naturally suited for a host of applications given their 2D nature. By putting charged functional groups in the pores 
and changing the pore sizes, new properties and applications such as ion selective membranes can be obtained. Our 
team consists of materials synthetic chemist, computational scientist and engineers to design these new materials. 
We use computational modeling with machine learning to guide the synthesis of the new materials and optimize 
their performance for a particular application. 

Relevance to MGI 

The research aligns with the goals of the DMREF Materials Genome Initiative to accelerate materials discovery 
and development by building the fundamental knowledge base needed to advance the design and development of 
COF materials with desirable properties and functionality. The modularity and corresponding extensive phase space 
of COFs makes them prime candidates for computer-aided, high-throughput, materials discovery and design. We 
use a machine learning-based approach to identify quantitative structure-property relationships (QSPR) to predict 
COF behavior. Through an automated computational screening of candidate frameworks, we will not just discover 
novel functional COFs, but learn how to reverse engineer frameworks for desired applications, starting with 
desalination. Our interwoven experimental and computational approach will guide the research towards solving 
some of the world’s pressing issues related to clean water and energy. 

Technical Progress 

Functionalizing graphene with exact pore size, specific functional 
groups, and precision doping poses many significant challenges. 
Current methods lack precision and produces random pore sizes, site of 
attachments and amounts of dopant leading to compromised structural 
integrity and effecting graphene’s applications. We have recently 
accomplished the synthesis of functionalized graphitic materials with 
modifiable nanometer sized pores via a Pictet-Spengler polymerization 
reaction, figure 1. This one-pot, four step synthesis produces crystalline 
two-dimensional materials that were confirmed by pXRD, TEM 
measurements and DFT studies. These new COF materials are 
structurally analogous to doped graphene and graphene oxide (GO) but 
unlike GO maintain their semi-conductive properties when fully 
functionalized. Furthermore, exact placement and amounts of both the 
nitrogen and oxygen’s are achieved in the COF materials, whereas in 
graphene only random numbers and placement are possible. We have 
also constructed a highly ordered metal doped material from these 
COFs. The stacking motif of 2D-materials does effect membrane separation performance relative to rejection and 
solvent permeance. Thus to gain insight into the materials stacking details, density functional theory (DFT) was 
performed with the results of just two COFs depicted in Figure 2. The images show both top-down and side views 
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for the two different COF using three layers. The structures have been colored to 
show variations in height where red indicates higher positions and blue indicates 
lower positions. The layers of the smaller pore COF (top with pore size of 1.4 nm) 
are relatively planar while in the lower COF (pore size of 2.1 nm) they become 
wavy. The greater linker lengths and smaller pore functional group sizes (OH) 
lead to increased waviness in the 2D-COF geometries, as illustrated. This increase 
in pore size allows the PACs’ nodes over a pore to sink down closer to the node 
in the alternating layer creating the wavy layering. As seen in both, the materials 
predominantly adopt an AB stacking geometry and along with the planarity 
greatly impact membrane separation performance.  

We have also discovered two high impact defects that greatly affect 
separation performance. One is illustrated in figure 3 and is the first example of 
screw dislocation in a COF. A screw dislocation occurs when there is a linear 
defect within the atomic arrangement causing a growing layer to tilt vertically up 
or down such that as growth continues the lattice is distorted in a helical manner 
around a line axis, like a spiral staircase. The second defect we have discovered 
is a propensity for a 2D-COF to form hollow spheres during membrane formation. 
Both of these “defects” greatly impact membrane performance and are 
occurrences that have gone unreported in the COF/membrane literature. 

Future Plans 

Achieving the synthesis of the new graphitic COFs in figure 1 opens a door 
to new graphene type materials. As stated, these materials have precisely placed 
nitrogen and oxygen atoms in the carbon framework, have adjustable highly 
defined pore sizes that can be functionalized to fit a desired need. Thus, applications that have been developed and 
targeted by GO will be investigated in the future. These would include areas beyond separation such as semi-
conductor devices, batteries, heterogenous catalysis etc.  

Broader Impacts and Workforce Development 

We have hired two post-doc research associates and four graduate students all of whom are mentors for seven 
undergraduate STEM students. Combined group meetings involve discussions and presentations of theorist, 
synthetic chemists and membrane engineers, which help to train the next generation in all aspects of this materials 
research. In each of these activities the MGI philosophies are accentuated to highlight the overlap and impact of 
both the theory and testing on guiding synthetic designs. Students involved in the project have presented their 
research to the outside community at the National ACS meeting and annual MRI conferences. During the summers 
of 2023 and 24, REU students have also been engaged in this research. All these students are included in the 
publications listed below. 

Data Management and Open Access 

To date, we have performed calculations using COFs from the CoRE COF and CURATED COF databases, and 
modeled COFs synthesized by our team. The results from both calculations (e.g., band structures, charge 
distribution) and the geometries from the latter set of COF calculations, have been reported in the literature, and are 
included into existing databases, such as the CoRE COF database (for COF geometries) or the Novel Materials 
Discovery (NoMaD) database (for electronic structure properties). Automation scripts for the machine learning 
component of the project have been saved on GitHub  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Multiple patent applications have been filed and we have created a new materials center at the University after 
obtaining $900,000 seed grant. 
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DMREF: Data-driven Recursive AI-powered Generator of 

Optimized Nanostructured Superalloys (DRAGONS)
Lead Investigator: Andrea M. Hodge, ahodge@usc.edu 

Participating Institutions: University of Southern California, University of California Santa Barbara, Johns 

Hopkins University 

Source of Support: NSF-DMREF 

Website: none 

Keywords: processing genome, magnetron sputtering, heterogeneous designs, multiscale modeling, data-driven 

testbed 

Project Scope 

The objective of this DMREF project is to leverage machine learning and data science to elucidate the 

processing-microstructure relationships in novel materials production, supporting a new frontier for the Materials 

Genome Initiative. The project will develop DRAGONS, a data-driven platform, to interpret and predict 

microstructure attributes based on processing conditions and vice versa. Focused on Ni-based superalloys, the 

research integrates high-throughput magnetron sputtering and heat treatment techniques. Success will be measured 

by the accuracy of DRAGONS in predicting microstructures, validated through iterative synthesis, characterization, 

atomistic simulation, and phase field modeling. This initiative aims to revolutionize alloy development and foster 

impactful educational programs in materials engineering. 

Relevance to MGI 

The 2021 MGI strategic plan emphasizes the integration of experiment, computation, and theory through a 

closed, iterative feedback loop. This DMREF project achieves this by employing the DRAGONS platform to 

decipher processing-microstructure relationships in Ni-based superalloys. The project seamlessly integrates 

synthesis, characterization, and modeling tasks. Synthesis involves magnetron sputtering and heat treatment to 

produce complex microstructures. Characterization includes advanced diffraction and electron microscopy 

techniques to validate microstructural attributes. Atomistic simulations and mesoscale modeling provide predictive 

insights, guiding synthesis adjustments. Each cycle of synthesis, characterization, and modeling refines 

DRAGONS, enhancing its predictive accuracy and efficiency. This iterative approach accelerates materials 

discovery and development by building a comprehensive knowledge base, enabling the design of materials with 

specific properties. The collaborative framework ensures that experimental data inform computational models, 

which in turn guide further experiments, creating a synergistic loop. This integration leads to significant advances 

Figure. Schematic of the DRAGONS data-driven testbed model highlighting the complexity of processing descriptors and 
microstructure features, bridged by DRAGONS-Predict and DRAGONS-Prescribe platforms. 
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in the understanding and manipulation of processing-microstructure relationships, thereby aligning with MGI’s 

objectives. The project aims to expedite the discovery of processing-microstructure connections, enhancing the 

ability to design materials with desired functions. By generating detailed datasets and utilizing DRAGONS, this 

research provides a robust pathway for developing novel materials, thus significantly advancing MGI’s mission. 

Technical Progress 

Although the project is still in its initial stage, we have made significant progress on several fronts. We decided 

to start building the database for Ni-based superalloys, beginning with Ni-Fe-Cr alloys. PI Hodge’s team has 

successfully produced initial samples of binary and ternary alloys using high-throughput sputtering and PI Rupert’s 

team is characterizing their microstructures, particularly focusing on the formation of growth twins, which are 

ubiquitous in Ni-based superalloys. PI Branicio’s team has evaluated the stacking fault energy in binary and ternary 

Ni-Fe-Cr alloys using available embedded atom models (EAM) potentials and is currently assessing the formation 

of growth twins in thin films by performing molecular dynamics simulations of physical vapor deposition. PI 

Beyerlein’s team has developed a phase-field model to investigate the evolution of twin structures and is currently 

collaborating with PI Branicio’s team to fine-tune the model based on atomistic data on twin boundaries and 

stacking fault energies. 

Future Plans 

Building on our initial progress on Ni-Fe-Cr alloys, we will advance the DRAGONS platform through a multi-

cycle approach to deepen our understanding of processing-microstructure relationships in Ni-based superalloys. 

Cycle 1 will focus on essential microstructural features like the number of phases, phase composition, and twin 

formation using DRAGONS-Predict and DRAGONS-Prescribe, with validation through high-throughput sputtering 

of Ni-Fe-Cr alloys. In Cycle 2, we will expand the feature set to include phase fraction, grain size distribution, and 

precipitate sizes. Cycle 3 will incorporate higher-order features such as phase morphology and boundary 

composition. The accuracy and generalization of DRAGONS will be evaluated in each iteration, and if necessary, 

the training datasets will be complemented and augmented through computational methods to improve the overall 

performance of the ML framework. Collaborative interactions with NIST scientists at the Material Measurement 

Laboratory will ensure that NIST expertise in the “integration, curation, and provisioning of critically evaluated 

data and models,” is implemented as part of this project in regard to the MGI goals for accelerated materials 

development. Educational programs will include new courses and workshops on machine learning in materials 

science, and we will continue training undergraduate and graduate students. 

Broader Impacts and Workforce Development 

Since the start of this project in 2023 a new Master of Science in Materials Engineering – Machine Learning 

has been launched at USC. Two graduate students are being trained in magnetron sputtering and sample 

characterization, and two more in atomistic simulations and machine learning at USC. 

Data Management and Open Access 

To ensure open access to the digital data products generated by this project, data and metadata files associated 

with the results will be available in a GitHub repository created specifically for this project (https://github.com/tim-

rupert/DRAGONS), and each data set will be assigned a digital object identifier (DOI). The repository will host 

both numerical and experimental data for easy accessibility by other researchers and for future use by the PIs. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The aim of the DRAGONS platform is to accelerate materials discovery and development by leveraging 

machine learning to rapidly establish processing-microstructure relationships, significantly reducing the time and 

cost compared to traditional methods. Our vision includes the creation of open-source software and databases 

accessible to the scientific community, promoting broader adoption and integration into various technologies. Key 

hurdles include ensuring data quality and model generalization across different material systems, which will be 

addressed through rigorous validation and collaboration with NIST scientists. 

Publications and References 

No publications have been submitted at this early stage, but the lead PI has presented an invited talk at the 2024 

Structural Nanomaterials Conference GRC acknowledging this DMREF grant. 
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Designing Coherence and Entanglement in Perovskite 
Quantum Dot Assemblies 

Lead Investigator: Libai Huang, libai-huang@purdue.edu 
Participating Institutions: Purdue University, Massachusetts Institute of Technology, University of Southern 
California   
Source of Support: NSF-DMREF 
Website: none 
Keywords: Exciton delocalization, Superradiance, Quantum transport, Entangled states, Light-matter interactions 

Project Scope 

 This DMREF project aims to design a new 
quantum materials platform by harnessing the 
collective properties from coherent and entangled 
interactions between colloidal lead halide 
perovskite quantum dots (QDs). The research will 
build a foundation to control exciton dynamics at 
the individual QD level and design interactions 
between QDs for long-range collective coherence 
and entanglement. Specifically, the team will 
create, characterize, and model the quantum states 
from collective coupling between QDs and their 
coupling to photons in nanophotonic devices. The 
interdisciplinary nature of the project will also 
serve as an educational and outreach platform for 
nanotechnology and quantum science. 

Relevance to MGI 

This project integrates experiment, 
computation, and theory using a closed, iterative 
feedback loop among project tasks. The synthesis of perovskite quantum QDs and superlattices is guided by 
atomistic predictions to control exciton coupling and dephasing. These synthesized materials are then characterized 
using cutting-edge ultrafast microscopy and quantum optics techniques to provide real-time feedback on their 
properties. This characterization data informs multi-scale theoretical models, which predict and design robust 
quantum transport and coherence in superlattices. Finally, the project aims to manipulate multi-QD coherence and 
entanglement in optical cavities. The project leads to advances in quantum materials based on colloidal QDs by 
exploring the vast design space of perovskite structures and photonic structures. Additionally, the development of 
ultrafast quantum optics and quantum dynamics tools addresses key questions related to coherent interactions and 
entanglement in complex solid-state materials. 

Technical Progress 

Quantum exciton transport in superlattices. The team has demonstrated unambiguous signatures of quantum 
transport in CsPbBr3 nanocrystal superlattices by directly imaging exciton propagation with high spatial and 
temporal resolutions over a temperature range of 7-298 K. At 7 K, coherent propagation of excitons dominates, 
with transient ballistic motion extending up to 40 NC sites. The wave-like motion interference leads to Anderson 
Localization in the long-time limit. As temperature increases, a peak in the long-time diffusion constant is observed 
at a temperature where static disorder and dephasing are balanced, providing direct evidence for environment-
assisted quantum transport (ENAQT). Inspired by the transport measurements, the team explores the wave-packet 
motion on quantum lattices subject to stochastic noise. The analysis reveals the crucial role of spatial coherence and 

Figure. Exciton transport in a superlattice of CsPbBr3 
quantum dots. (a) illustration of a maximum of transport is 
expected when dephasing Γ  is balance by energetic 
disorder ∆. (b-c) Exciton mean square displacement (MSD) 
measured for two superlattices with ligand length of 1.5 nm 
(b) and 3 nm (c), respectively. We observed a maximum for
the steady-state diffusion at temperatures where static
disorder and thermal fluctuations balance each other (158 K
in b, and 55 K in c), providing evidence of ENAQT.
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predicts novel phenomena: (1) noise can enhance the transient diffusivity of spatially extended initial states; (2) the 
transient diffusivity has a universal dependence on initial width; (3) standing or traveling initial states, with large 
momentum, spread faster than a localized initial state and exhibit a noise-induced peak in the transient diffusivity. 
These predictions suggest the possibility of controlling the wave packet dynamics by spatial manipulations and thus 
extend quantum coherent control from the temporal domain to the spatial domain. 

Growth and structural characterization of superlattices with different dimensionality and packing. The 
team has demonstrated the ability to synthesize highly ordered CsPbBr₃ quantum dot (QD) superlattices with a 
narrow size distribution and tunable inter-QD distances using long-chain organic ligands. To examine the structural 
ordering and packing, high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 
images were collected. Additionally, the team has developed a method to characterize superlattice structural 
disorder using STEM imaging and FFT analysis.   

Exciton dephasing in single QD and dimers: Ab initio calculations have shown that CsPbBr3 QD dimers 
exhibit 50% longer quantum coherence than monomers, because excitons become delocalized between QDs. In 
monomer, exciton couples strongly to the CsPbBr3 highest frequency optical phonon at 130cm-1 and also to Pb-Br-
Pb bending at 80cm-1. The 130cm-1 signal is significantly reduced in the dimer, due to exciton delocalization, and 
the 80cm-1 signal is red-shifted due to interdot coupling. Very low frequency signal due to relative QD-QD motions 
appear as well. Calculations have also shown that judicious choice of ligands, including π-conjugated fragments, 
can enhance electronic coupling between QDs, providing practical recommendations for synthesis.  

Future Plans 

This project was funded less than a year ago. For the remaining project periods, temperature-dependent single-
particle spectroscopy and photon correlation measurements will be conducted to measure exciton linewidth, 
radiative lifetime, and coherent dynamics, confirming and refining theoretical predictions. Guided by theory, 
synthesis strategies will be developed to enhance coupling and minimize dephasing. Parameters obtained from 
single particle measurements will inform the model of exciton transport using stochastic wavefunction propagation 
in large macroscopic superlattices. The team will also manipulate both the radiative and dephasing processes in QD 
assemblies using optical cavities and photonic crystals, enabling robust coherence and entanglement over much 
longer length scales.  

Broader Impacts and Workforce Development 

We will train a diverse next-generation of scientists and engineers through a multidisciplinary, integrated 
experimental and computational approach for materials innovation, emphasizing course development and hands-on 
STEM outreach. (1) Graduate and Undergraduate Student Education and Recruiting: To encourage diverse student 
participation, we will leverage institutional diversity initiatives such as the Purdue Graduate Diversity Visitation 
Program, USC JumpStart Program, and MIT GradCatalyst Program. Additionally, we will actively recruit military 
veteran students through the Purdue Veterans Success Center and the Warrior-Scholar Project at USC and MIT. (2) 
Physical Chemistry Lab Module: We will develop Physical Chemistry lab module on colloidal QDs to illustrate the 
principle of particles confined in a 3D sphere, using absorption and PL spectroscopy to determine exciton energy. 
(3) Building Apps on nanoHUB: We will develop a summer undergraduate student program to build apps for
deployment on nanoHUB.

Data Management and Open Access 
nanoHUB supports the storage, security, and operational management of all data and software collected and 
produced by researchers of this research project. The team leverages nanoHUB for the dissemination of educational 
materials to a larger community.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The DMREF project accelerates materials discovery by integrating synthesis, characterization, and theoretical 
modeling in a closed feedback loop, reducing development time and cost. The project aims to make significant 
advances in quantum materials, with potential applications in quantum computing and photonics, ultimately 
contributing to the MGI objective of faster, cost-effective material development. 
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DMREF: Data-Driven Integration of Experiments and Multi-
Scale Modeling for Accelerated Development of Aluminum 

Alloys 
Lead Investigator: Todd Hufnagel, hufnagel@jhu.edu 
Participating Institutions: Johns Hopkins University
Source of Support: NSF-DMREF 1921959 (ensuing collaborations with DMREF 2119040, MIP 2039380, and 
Data CI Pilot 2129051) 
Website: https://github.com/openmsi https://openmsistream.readthedocs.io/, https://openmsi.org 
Keywords: data streaming, autonomy, openmsi, knowledge graph, event driven 

Project Scope 

The project has developed a new architectural concept to handle materials data as streams rather than discrete files 
to accelerate big data and complex workflows including experiments, compute, data analysis, and FAIR data 
curation. We’ve also advanced a processing-centric, knowledge-graph approach to semantic integration of materials 
data and workflows.  The project has created 
OpenMSIStream, a broadly applicable, open-source 
software package to provide seamless connection of 
scientific data stores with streaming infrastructure to 
democratize access to the power of decoupled, real-time 
data streaming. Success has been measured in acceleration 
of project data workflows and use of OpenMSI outputs in 
unrelated projects. 

Relevance to MGI 

OpenMSI creates integrated research workflows to expand 
MGI concepts by reversing the typical data integration 
paradigm built on RESTful APIs that are inherently 
stateless and built around polling for data. In contrast, the 
event-driven OpenMSI paradigm provides stateful and 
asynchronously linked research data, decisions, and 
automation information that underlies real materials 
research. OpenMSI creates a seamless, continuous link 
between stream-processing analysis and workflows with 
the continual, conceptual flow of research events from 
distributed components to close the MGI materials-by-
design loop. In the OpenMSI DMREF we instantiate the 
platform across high-throughput X-ray and laser shock 
experimental laboratories, FEM modeling compute, and 
data curation. The project streaming brokers run on a 
scalable Kubernetes cluster with automated metadata extraction and data curation in Petabyte-scale CEPH object 
storage.  The streaming backbone connects laboratory instruments, robots, and ML as well as high-performance 
stream processing compute resources. This is the first streaming, event-driven system for materials research 
designed for PI and collaborative research. OpenMSI is now in use in other projects including DMREF 2119040 
(MAAP); the PARADIM MIP at Cornell and Johns Hopkins; MaterialsDigital (BAM, Berlin); two DEVCOM 
HTMDEC high-throughput Centers; the IMQCAM NASA STRI Digital Twin in metal additive manufacturing; and 
the NSF VariMat Cyberinfrastructure Pilot linking PARADIM and Quantum Foundry data. 

Figure. OpenMSI architecture overview highlighting 
decoupling of laser shock lab experiment with high-
speed imaging and PDV interferometry data from 
automated metadata extraction, data storage, and 
automated, and real-time velocimetry data 
processing. Of note is that the data production, 
consumption, and processing is all automated and 
without human triggering of workflows. Note also that 
the same data is used by multiple, automated 
workflows simultaneously and not through serial or 
batch processing. 
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Technical Progress 

OpenMSI released and updated the OpenMSIStream package1 and continues to add functionality including data 
consumers for S3 storage and the Girder data framework. We delivered a short course to over 30 new users with 
open release of course materials (https://github.com/openmsi/openmsistream_short_course). Our project streaming 
broker cluster, based on Apache Kafka, was moved from the commercial Confluent Cloud to an on-prem, 
Kubernetes cluster providing significant reduction in cost and higher performance through high-speed networking. 
Our on-prem brokers provide dynamic scaling and allow us to provide free prototyping for interested, outside 
projects to trial OpenMSI in their own laboratories. We have migrated stream processing from ksqlDB to Apache 
Flink. Automated metadata extraction has been shared internationally at a MADICES hackathon and is moving to 
incorporate the PARADIM Project Chameleon file format interoperability API. Two papers highlighting 
instantiation of OpenMSI research for inverse design of alloys have been published2,3. 

Future Plans 

OpenMSIStream is now a mature product that will be enhanced through addition of broadly applicable data-
consumers as needed, bug corrections, and performance enhancement. The success of the OpenMSIStream Short 
Course provides a basis to deliver similar content to a broader audience and release a short series of tutorial videos 
to encourage adoption. We will support the growing base of adopters through direct assistance and GitHub pull 
requests. OpenMSIStream Documentation4 is mature but will include updates as features are added and new tutorial 
examples are created. OpenMSI capture of metadata from spall nucleation modeling will be developed and a stream 
processing system to automate the modeling workflows will be completed by the end of the project. The 
OpenMSIModel knowledge graph modeling package will move from beta to version 1.0 in the fall. A short course 
on knowledge graph modeling using OpenMSIModel will be planned. 

Broader Impacts and Workforce Development 

OpenMSI supported training of three graduate students, six undergraduates, and two research data engineers. The 
OpenMSIStream Short Course delivered hands-on experience with data streaming and project software to over 30 
students from multiple universities and the Army Research Laboratory. Development of an event-based approach 
to MGI science has already created new paradigm being used in NSF, NASA, DEVCOM, and international projects 
spanning diverse universities and facilities. OpenMSI has supported work of under-represented groups including 
women, students of color, and a student from an HBCU.  An important legacy of the project will be the broader 
impact on how MGI work conceptualizes data-linked workflows as a foundation for autonomous research. 

Data Management and Open Access 

OpenMSI provides primary support for FAIR data by providing automated metadata extraction and data curation. 
This significant community advance moves much of the burden of curation from investigator to infrastructure. By 
moving data curation to the front of the workflow pipeline, OpenMSI create a path for curation and release of dark 
data as part of routine data workflows.  OpenMSI code development and products are documented and released 
under open license in 14 public repositories5.  OpenMSI has embraced release of data in a modified version of the 
NSF DIBB WholeTale data curation platform and extended that platform in a number of collaborating projects 
(notable DEVCOM HTMDEC, NSF PARADIM, and NASA IMQCAM). A FAIR data compliant dataset for 
OpenMSI-project-specific publications is available with DOI6.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

OpenMSI provides a conceptual framework and open source tools to realize a new paradigm for MGI materials 
science. The decoupled nature of the framework allows research distributed in time and space to democratize access 
to the research enterprise. The knowledge graph approach to data semantics provides a powerful framework to 
enable data reuse from the earliest stages of materials discovery through technical readiness levels and product 
delivery. These concepts are being pursued in collaborating projects and form the basis for autonomous research 
which will translate rapidly to product manufacturing spaces. Follow-up funding will focus on advancing the tools 
to integrate these ideas with Materials Acceleration Platforms (MAPs) for autonomous laboratories.  
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Compatibilized polymer blends 
Lead Investigator: Robert Joseph Spence Ivancic, robert.ivancic@nist.gov 
Participating Institutions: NIST 
Source of Support: NIST 
Website: none 
Keywords: polymer blends, block-copolymers, mechanics, crystallization, molecular dynamic simulations 

Project Scope 

Polymer blends see extensive use from packaging and automobiles to tissue scaffolding and gas separation. 
While these blends are ubiquitous, their typically brittle behavior limits their application. This project aims to design 
compatibilizers to toughen these blends. Here, we use molecular dynamics simulations to study how these materials 
order at the interface and how their interfacial structure affects mechanical properties. We will test and create 
theories of compatibilization, reducing the cost and increasing the mechanical stability of compatibilized blends.  

Relevance to MGI 

Simulations and experiments provide complimentary 
ways to examine theories of polymer compatibilization. 
Molecular dynamics simulations provide access to 
compatibilizer configurational details that are not typically 
available in experiments. Experiments provide access to 
length and timescales that are not within reach of molecular 
dynamics simulations. As such, we ensure our theories 
align with existing experimental data. Moreover, we are 
collaborating with an experimental colleague (Dr. Aaron 
Burkey) who have synthesized deuterated compatibilizers. 
We plan to use these materials to understand how 
compatibilizers affect crystallization at polymer interfaces. 

Technical Progress 

We recently published our novel theory of how 
compatibilizers toughen amorphous polymer interfaces. 
This work uses molecular dynamics simulations to provide 
evidence for a microscopic, physics-based theory of the 
toughness of compatibilized glassy polymer blends. It then 
uses self-consistent field theory to parameterize the 
microscopic parameters in this model to make the model 
useful to our industrial partners. Finally, it tests this model 
on both simulated and experimental data. 

Our project is now considering how crystallization affects this work. This is important as semicrystalline 
polymers make up more than two-thirds of commodity plastics produced today. We have performed molecular 
dynamics simulations of a polymer blends with diblock block-copolymer compatibilizers using a coarse-grained 
model of a polymer that crystallizes in a realistic way. We have found increasing diblock length increases the size 
of the amorphous region near the interface. Moreover, high diblock areal density increases the amount of 
compatibilizer-compatibilizer crystallization near the interface. These observations will yield better theoretical 
models of semicrystalline polymer blend compatibilization. 

Figure. True toughness as measured by molecular 
dynamics simulations against scaled predicted 
toughness from our theory of compatibilized 
amorphous polymer blends. Simulations cover a 
wide range of compatibilizer areal densities (Σ ), 
Flory-Huggins parameters (𝜒𝑁), and entanglement 
lengths (𝑁!).  
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Future Plans 

In the future, this project will be split into two directions. First, we plan to continue our efforts to develop a 
comprehensive theory to describe the toughness of compatibilized semicrystalline polymer interfaces which are key 
to industry. Here, we will use molecular dynamics simulations combined with experiments done by our colleagues 
to test potential theoretical frameworks. Second, we plan to use the theory we developed for amorphous polymer 
blends and use generative machine learning to solve the inverse design problem, i.e., given two polymers and a 
budget of compatibilizer monomers, what is the optimal compatibilizer? 

Broader Impacts and Workforce Development 

This project contributes to workforce development by equipping students with advanced skills in molecular 
modeling, computational chemistry, and materials science. It has done this by taking on summer undergraduate 
students and training them to code, to perform molecular dynamics simulations, and to think using physical 
principles. Moreover, the project encourages interdisciplinary collaboration, enabling participants to work 
effectively across various scientific domains and promoting an integrated understanding of complex material 
systems. 

Data Management and Open Access 

A key objective in this project is to produce FAIR data that can be used to spur advances by future researchers. 
The data and code to reproduce our most recent work the DOI is available at: doi:10.18434/mds2-3057. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

This project leverages the MGI framework to accelerate the development and optimization of novel 
compatibilizers for polymer blends. The combination of using experiments and simulations to test theory drastically 
reduces compatibilizer development time as compared to traditional trial-and-error methods. The theories that are 
developed in this project will be integrated into industry to allow for smarter, faster compatibilizer design. 

Publications and References 

1. R. J. S. Ivancic and D. J. Audus, Predicting compatibilized polymer blend toughness, Science Advances 10, (2024).
doi:10.1126/sciadv.adk6165
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FLOSIC: Efficient Density Functional Calculations without Self-

interaction 
Lead Investigator: Koblar A Jackson 

Participating Institutions: Central Michigan University, University of Texas at El Paso, Tulane University, 

University of Pittsburgh, University of Florida at Gainesville 

Source of Support: DOE-BES 

Website: https://www.flosic.org 

Keywords: Self-Interaction Correction, Improved Density Functional Theory, Magnetic Molecules, Design Rare-

Earth Systems, Computing for Energy Efficiency 

Project Scope 

The FLOSIC Center is one of the Computational 

Chemical Sciences Centers funded by the U.S. 

Department of Energy. The goal of the Center is to 

produce open-source software for efficient 

computational modeling of materials for energy and 

information technologies, within a density-functional 

framework that is free of the unphysical effects of 

electron self-interaction, the major flaw present in 

existing density functional theory (DFT) methods. 

This entails improved and more efficient 

computational algorithms and improved density 

functional approximations. Target applications are to 

more accurately describe charge-transfer excitations in 

vacuum and solution and quantitative descriptions of 

f-electron devices.

Relevance to MGI 

Project integrates computation, experiment, and 

theory and iteratively improves both computation and 

theory through feedback between sub-projects. Huge 

databases of energies as a function of the Fermi-

Orbital Descriptors give opportunities to data-analysis 

and machine learning based advances. The Tulane 

group leads new theoretical approximations to DFT. Computational implementation and testing on small molecules 

are performed by UTEP and CMU. CMU and Pitt scale-up these molecules to develop models of systems that can 

be synthesized and characterized by the University of Florida.  Since 2021, the UTEP group shifted its emphasis 

from legacy parallelization and ease of use to new algorithms for f-electron systems and charged hydrated 

complexes  through new massively parallel sparse workflows. This reduces time to solution. Demonstrations of 

theory-to-computation feedback identified during the first phase of this project revealed that for gapped systems the 

FLOSIC theory was constrained to deliver real orbitals. This presented a conundrum since it is well known that 

inclusion of the spin-orbit interaction creates complex Kohn-Sham orbitals that would seemingly create prospects 

for enhanced energy lowering of the FLOSIC orbitals. As a result, a generalization to include complex Fermi-

Orbital Descriptors improved descriptions of magnetic systems with unquenched orbital moments such as in rare-

earth applications. 

Technical Progress 

Real Fermi–Löwdin orbitals (FLOs) were introduced to recast the self-interaction correction into an explicitly 

unitarily invariant form. The FLOs are generated from a set of N quasi-classical electron positions, referred to as 

Figure. Using FLOSIC and new algorithms we have 
shown that this new DFA correctly traps 3 extra 
electrons on a qubit embedded in water. New 
algorithms, based on machine learning and sparse 
strategies, increased the efficiency by a factor of 
125.] 
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Fermi-Orbital descriptors (FODs), and a set of N-orthonormal single-electron orbitals. FOD positions, when 

optimized, minimize the total energy. More recently, we introduced complex Fermi orbital descriptors (FODs) in 

the FLOSIC method. With complex FODs, the Fermi–Löwdin orbitals (FLOs) used to evaluate the SIC correction 

to the total energy become complex. Complex FLO-SIC (cFLOSIC) calculations based on the local spin density 

approximation produce total energies that are generally lower than the corresponding energies found with FLOSIC 

restricted to real orbitals (rFLOSIC). The energy lowering stems from the exchange–correlation part of the self-

interaction correction. The Hartree part of the correction is more negative in rFLOSIC. The energy difference 

between real and complex solutions is greater for more strongly hybridized FLOs in atoms and for FLOs 

corresponding to double and triple bonds in molecules. The case of N2 was examined in detail to show the 

differences between the real and complex FLOs. We show that the complex triple-bond orbitals are simple and 

physically appealing combinations of π and σg orbitals that have not been discussed before. Consideration of 

complex FODs, and resulting unitary transformations, underscores the fact that FLO centroids are not necessarily 

good guesses for FOD positions in a FLOSIC calculation. 

Creating initial sets of starting FODs that lead to a positive definite Fermi orbital overlap matrix proved to be a 

challenge for heavier atoms. We developed a proof that guarantees the existence of a FLOSIC solution and further 

guarantees that if a solution for N electrons is found, it can be used to generate a minimum of N−1 and a maximum 
of 2N − 2 initial starting points for systems with fewer electrons. To extend to applications for rare-earth systems, 

the new algorithm computationally mined quantum information from element 118 and demonstrated automated 

construction of initial Fermi–Löwdin-Orbital (FLO) starting points for all elements in the Periodic Table. It will 

enable a means for constructing a small library of scalable FLOs for universal use in molecular and solid-state 

calculations and can be systematically improved for greater efficiency and for applications to excited states such as 

x-ray excitations and optically silent excitations. Applications to heavy and super-heavy atoms are presented. All

starting solutions reported here were obtained from a solution for element 118, Oganesson.

We developed a data-intensive method that can be used to carry out self-consistent Fermi–Löwdin–Orbital-

Self-Interaction corrected calculations (FLOSIC) on a trianion in solution. The calculations give a physically correct 

description of the electronic structure of the trianion and water. In contrast, uncorrected local density approximation 

(LDA) calculations result in approximately half of the anion charge being transferred to the water bath due to self-

interaction error (see figure). Use of group-theory and the intrinsic sparsity of the theory decreased computer time 

by a factor of 125. Comparisons between low-rung quantum-chemical methods and FLOSIC were provided. 

Future Plans 

We plan to continue to increase the efficiency, with respect to computer time and electrical power usage, of the 

code until we make FLOSIC calculations, on a per-geometry basis, more efficient than DFT calculations. That such 

a goal can be achieved is expected due to the fact that the localization of the FLOSIC orbitals is greater than that of 

the equivalent DFT orbitals. 

Broader Impacts and Workforce Development 

Over 30 graduate students have been a part of this project. They have gone on to work as postdoctoral associates, 

and program directors at computing companies. Students are given chances to take follow-on specialized graduate-

level courses that are designed to more quickly export these capabilities to cloud computing.  

Data Management and Open Access 

The FLOSIC method is publically available at the website above. All papers are are also available there. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The method allows for design of materials for catalysis, batteries, photovoltaics, and quantum sensors and 
computing components by ensuring that charge transfer and shell structures are correct. The FLOSIC2023 

implementation is being adopted with follow-on-funding by a PNNL-led project that goes beyond github-based 

distributions of the codes and allows for cloud-based quantum learning, quantum computing and quantum design. 

Special courses, involving CMU, UTEP and PNNL are preparing the next generation workforce.  
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DNA-Nanocarbon Hybrid Materials for Perception-Based, 

Analyte-Agnostic Sensing 

Lead Investigator: Anand Jagota (Principal Investigator), anj6@lehigh.edu 

Participating Institutions: Lehigh University, Memorial Sloan Kettering Cancer Center, National Institute for 

Standards and Technology 

Source of Support: NSF-DMREF 

Website: none 

Keywords: Analyte-Agnostic Trainable Molecular Perceptron, Nanosensor Array, Materials for Perception, 

Machine Learning 

Project Scope 

Sensing of specific bio-

molecules is the basis of 

many diagnostic tools. We 

propose a novel approach to 

detecting analytes and 

physiological states using an 

artificial perception system 

we call an Analyte-Agnostic 

Trainable Molecular Percep-

tron (AATMP). The AATMP 

comprises an array of hybrid 

nanomaterials that can be 

interrogated with high-throughput spectroscopy. Training of machine learning algorithms on the nanosensor 

responses to various analytes or biofluids can allow for the array to recognize a variety of biomarkers and conditions. 

Our goal is to demonstrate the capability of this platform to act as a universal molecular sensing tool. 

Relevance to MGI 

This project applies machine learning to develop universal sensing tools with broad diagnostic applications. This 

represents a shift from traditional lock-and-key sensor mechanisms towards novel technologies that take advantage 

of advancements in the field of artificial intelligence and nanotechnology. The nanosensors used in this technology 

are constantly being evaluated and improved upon by assessing their performance as data generators for machine 

learning. This work requires a multidisciplinary team of engineers, chemists, computer scientists, and materials 

scientists. The outcome of this work, trainable sensor arrays capable of diagnosing many diseases, has important 

translational medical applications as well as an ability to further our understanding of the interactions between 

carbon nanotubes and biomolecules.  This will be informative for the broader field of materials science. The insights 

we gain as to nanosensor-biomolecule interactions will also guide the development of improved nanosensors for 

specific diagnostic applications. Overall, this work allows for critical diagnostic tool developments that will enable 

multidisciplinary research advancements.   

Technical Progress 

• Improvement to Production of Nanosensor Array Elements: To improve the production of our

nanosensor arrays, we have developed a novel method to generate quantum well defect/organic color center-

modified carbon nanotubes with diazonium salts, using hydrogen peroxide as a reducing agent. This efficient

reaction occurs under significantly more mild conditions than possible with previous functionalization strategies.

This new method enables functionalization with pristine, unwrapped SWCNTs, facilitating scale-up to higher yields

than previously possible. The reaction can also be conducted on polymer-wrapped carbon nanotubes, including

DNA-encapsulated SWCNTs, without destroying the wrapping and while preserving stability of the suspension,

facilitating the rapid synthesis of larger, more-diverse arrays of nanosensors. The new method also enables the

degree of nanotube functionalization to be continuously monitored via fluorescence spectroscopy, allowing for

more precise control of functionalization and greater consistency between different nanosensor batches.

(a) (b) 

Figure 1: (a) Sensing based on one-to-one recognition. Example: Lock-and-key 

mechanism in which the target analyte binds specifically and selectively to its receptor 

as in antibodies. (b) Sensing based on perception: Multiple sensing elements provide 

signals. A machine learning model connects inputs to an output, e.g., analyte presence.  

The sensor array and trained model together form the perceptive sensing model. 
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• Advances in Chirality-Sensing. Since the issuance of the

award, we have expanded the use of DNA in our DNA-SWCNT hybrids

to include both the naturally-occurring D-DNA and its mirror-image L-

DNA. As a result, we are now able to prepare enantiomeric pairs of DNA-

SWCNTs. We have shown that a pair of sensors made of such

enantiomeric pairs, which we call bilateral chiral gauge or BCG,  can pick

up chirality information of an analyte (Figure 2).  We speculate that a

molecular perceptron made of an array of BCG is better suited for probing

intrinsically chiral biofluids. Future work will be geared towards testing

this hypothesis.

• Progress in Optimization of Nanosensor Array Elements. A

central hypothesis of our program is that optimal collections of

nanosensor array elements can be discovered and trained for multiple 

sensing tasks. Development of this materials system comprises three parts: (A) Finding an optimal set of 

nanosensors, starting with a library of resolving DNA-SWCNT hybrids, (B) Training and further optimization of 

the AATMP for a particular target task, given a nanosensor array and labeled samples for machine learning, and 

(C) Optimized coarse-grained (CG) and all-atom molecular modelling to understand the structural and physical

basis of sensor/analyte interactions.  We have made progress in tasks (A and B) with choices based on retrospective

feature importance analysis and on unsupervised selection of a subset based on a mutual orthogonality score.

Future Plans 

The focus of this project going forward will be on the selection of a set of DNA-SWCNT hybrids to compose the 

nanosensor array, development of coarse grain (CG) and all-atom molecular simulations, and demonstration of 

detection of different physiological states starting with the same analyte-agnostic library of nanosensor elements. 

We will test the efficiency of the optimized AATMP process first by assessing sensitivity to specific protein and 

metabolite biomarkers. This will enable improved sensing and biomarker discovery for multiple disease indications. 

Broader Impacts and Workforce Development 

The multidisciplinary and collaborative nature of this research program provides excellent educational and training 

opportunities for graduate students. Davison and Jagota will co-train the Lehigh students working in different 

computational modeling and machine learning areas. Heller will mentor students from a range of PhD programs 

within Weill Cornell Medical College and MSKCC through the new Cancer Engineering PhD Program in the 

Gerstner Sloan Kettering Graduate School, of which Dr. Heller serves as Co-Director. Similarly, post-doctoral 

associates across all three labs are encouraged to actively share cross-disciplinary knowledge. A major outreach 

activity we have conducted is to run SWCNT sorting camps to train researchers in the field. Ming Zheng and 

his NIST colleague Dr. Jeffrey Fagan initiated the three-day SWCNT training camp in August 2023. By now 

we have successfully held 4 sessions and trained > 20 participants from around the world. 

Data Management and Open Access 

At the time of publication, all data sets will be available upon request. The source data for the machine learning will 

be published. Codes for the machine learning and data analysis will be available upon request for research purposes. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

With the MGI’s support, we have brought together individuals with expertise in chemistry, nanomaterials, 

engineering, and artificial intelligence to enable impactful, multidisciplinary research advancements. Through this 

collaborative project, improvements are being made in how nanosensors are designed, synthesized, and how the 

data obtained from them is evaluated and applied in machine learning models. We envision the AATMP platform 

being implemented as diagnostic tools to detect many diseases and conditions that lack specific, known biomarkers, 

and for early disease detection. This technology has broad commercialization applications for this purpose and to 

detect other analytes of interest, such as environmental toxins and drugs of abuse. Additional work to validate and 

further improve this technology is needed for our tools to become broadly and commercially available.  

Figure 2: Enantiomeric pairs of DNA-

SWCNTs provide new functionality in 

our nanosensors, potentially making 

better sensors for chiral molecules. 

D
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Rheostructurally-informed Neural Networks for geopolymer 
material design

Lead Investigator: Safa Jamali, s.jamali@northeastern.edu 
Participating Institutions: Northeastern University, University of Delaware, Georgetown University 
Source of Support: Enter NSF-DMREF 
Website: none 
Keywords: Geopolymers, Physics-informed machine learning, Soft matter, rheology. 

Project Scope 
 Geopolymers are inorganic and non-crystalline structural materials that can be obtained from natural soils via 

a chemical activation. They have great potential as additives to reduce cement consumption in construction and thus 
can help reducing green-house gas emissions of cement manufacturing. They also promote the adoption of local 
soil resources for traditional and 3D printing-based construction. Important for human space exploration, 
geopolymers can be also formed from lunar and Martian soils with limited water, and thus are excellent candidates 
for space infrastructure such as landing pads and shelters. 

Relevance to MGI 
Variety of geopolymers and the intertwining of 

different processes at play in forming them, makes their 
design cycle extremely long and difficult. By combining a 
range of advanced computational tools with experiments, 
we are developing neural networks that are informed by the 
micro-, meso-, and macro-scale. Employing the latest 
advances in physics-informed AI, we are developing the 
next generation of predictive meta-models and enable 
advanced approaches for sustainable manufacturing of 
structures from geopolymers. Our approach to 
understanding the true multi-scale multi-physics nature of 
these systems lies in the complementary application of 
experiments, computation, and data-driven methods across 
multiple scales. While no individual PI's capabilities and 
expertise span over all three scales, all PIs have access to 
the mesoscale gel properties either through simulations, 
modelling or experiments, providing a reliable checkpoint 
for flow of information from one scale to another as well 
as multiple opportunities for rigorous cross-validation, 
bench-marking, and iterative feedback between 
experimental and computational approaches. We have built 
cross-team collaborations on different fronts: (1) experimental efforts are designed based on the simulations 
performed in both Jamali and Del Gado groups, (2) data-driven tools and models are developed based on the 
experimental results from the Wagner group, (3) constitutive models to describe mechanics of geopolymeric gels 
are developed by integrating experiments and simulations, into the machine learning platforms. 

Technical Progress 
In order to best present advances made, we report on the technical progress with respect to each thrust of the 

project: 
(a) Experimental effort: The Wagner team at the UD has successfully applied stop-flow SAXS experimentations

on the gels to better understand the kinematics and real-time mechanical evolution of different geopolymeric
systems as they form. These are then paired with the rheo-kinetic measurements for a wide range of
aluminosilicate gels to better undetstand the role of material composition on its final rheology/mechanics. These
efforts have shown in great details how the individual particle size, particle cluster size, as well as the overall
particle network fractal dimension changes during gelation.

Figure. Schematic structure of a geopolymer 
network spanning the entire sample with complex 
elastoviscoplastic mechanics. 
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(b) Computational effort: The Del Gado group at Georgetown, and the Jamali group at Northeastern have both
made significant progress in terms of developing massively large-scale computational tools that can be directly
used to better study and understand geopolymeric systems. Building upon previous works of both groups, Del
Gado group has extensively studied the rheology of different geopolymeric systems under conditions relevant
to processing, as well as during formation of a space-spanning gel. The Jamali group on the other hand has used
a series of network science tools to understand the collective dynamics of these gels at the meso-scale. By doing
so, the two teams have for the first time developed models that span individual (nano meter) scale simulations,
to larger assemblies at the milimeter scale where mechanics of the system can be interrogated and studied
without compromising essential physics.

(c) Data-driven efforts: The Jamali group at Northeastern has made significant progress towards building physics-
informed machine learning tools: (1) developing machine learning algorithms that discover underlying
constitutive relations from experimental and computational data for a specific unknown material. This is done
in an unbiased manner, and has resulted in learning new physical insights for model systems such as Carbopol.
(2) machine learning models have been developed fully capable of solving fractional and integer order integro-
differential equations. This enables the team to study nonlocal rheological models, and build memory effects
into the constitutive equations that are either used or discovered from the experimental and computational
studies. (3) multi-fidelity data-driven platforms that provide extremely accurate predictions of an observed
quantity (rheology, mechanics, structural characteristics, etc.) by combining high fidelity experiments as well
as low fidelity model or simulation predictions. The team has established these multi-fidelity platforms to be
extremely effective digital rheometers.

Future Plans 
The team plans to combine efforts in the final year of the project to test, model, and design realistic 

geopolymeric materials as viable reactive binders with promising mechanical properties. These efforts will allow 
the team to identify a number of candidate material systems that can be then studied with regards to their 
manufacturabilities. This will involve a much deeper study of rheological features in flows that are relevant to 
additive and conventional manufacturing processes, as well as extending the system to mixtures of cementitious 
materials as well as geopolymeric systems. The size disparity in constituents of such mixtures will pose another 
level of complexity that may warrant follow up research. 

Broader Impacts and Workforce Development 
During the period of this project, 3 Postdocts, 6 PhD students, as well as several masters and undergraduate 

students have been trained. Two graduate students have also collaborated closely with the scientists at the Wright-
Patterson Air-Force Lab personnel during their summer residency/internship programs, and a postdoctoral associate 
is involved with the researchers at NIST for their activities in this project. From an environmental perspective, 
geopolymers present a great promise for replacing at least partially cement and other carbon emitting structural 
materials. The methods developed under the overarching efforts in this project are directly applicable to not only 
other material systems, but to many disciplines far beyond its immediately intended community.  

Data Management and Open Access 
All codes and algorithms developed by the team are made freely available on GitHub (https://github.com/procf) 

with tutorials provided on how to use each of the algorithms. The results have also been disseminated through 
conference and journal papers over the past two years and continue to be published on a timely fashion. PIs also 
plan to develop a unified data-center for the current work to be shared with the community upon completion of the 
project next year, with potential collaborative efforts. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
The efforts in this project have been limited to foundational scientific explorations, with long ranging goals of 

additively manufacturing geopolymeric systems as structural components. Considering the complexity of 
geopolymeric materials, design cycle for them is extremely long, and as such the combined 
AI/Experiment/Computation approach taken here in compliance with MGI’s mission will be effectively 
accelerating this design cycle far beyond just two-fold. The team is planning on proposing a follow on research and 
potential collaborative work with the Future Manufacturing team to see some aspects of the long range goals come 
to fruition. 

140



Publications and References 

1. D. Mangal, M. Nabizadeh, and S. Jamali, Predicting yielding in attractive colloidal gels, PRE, 109 (1), 014602 (2024)

2. D. Mangal, and S. Jamali, Role of interaction range on the microstructure and dynamics of attractive colloidal systems,
Soft Matter, 20, 4466-4473 (2024)

3. D. Mangal, R. Sanchez, S. Aime, and S. Jamali Small variations in particle-level interactions lead to large structural
heterogeneities in colloidal gels, Soft Matter, 20, 4692-4698 (2024)

4. M. Mahmoudabad, K. Kamani, S. Rogers, and S. Jamali, Unbiased construction of constitutive relations for soft materials
from experiments via RhINNs, PNAS, 121 (2), e2313658121 (2024)

5. M. Saadat, D. Mangal, and S. Jamali, A rheologist’s guideline to data-driven recovery of complex fluids’ parameters, RSC
Digital Discovery, 2, 915 (2023)

6. M. Saadat, D. Mangal, and S. Jamali, UniFIDES: Universal Fractional Integro-Differential Equation Solvers, Eng. Appl.
Artif. Intell., Under Review

7. M. Saadat, W. Hart, N. J. Wagner, and S. Jamali, Developing multi-fidelity platforms for data-driven constitutive meta-
modeling of complex fluids, J. Rheology, in press

8. Smith, G. Donley, E. Del Gado & Zavala, Topological Data Analysis for Particulate Gels, , preprint 2024

9. Vinutha H. A. et al., Memory of flow in soft solids, , preprint 2024

141



NSF Network of Networks: Research and Education Accelerated 

by Connections in Clean Hydrogen (REACH2) 

Lead Investigator: Jasna Jankovic, jasna.jankovic@uconn.edu 

Participating Institutions: University of Connecticut, Fraunhofer ISE (Germany), LEPMI (France), 

Forschungszentrum Jülich (Germany)  

Source of Support: NSF-OISE/AcellNet  

Website: None 

Keywords: Hydrogen, research, education, collaboration, international  

This AccelNet Design Track project aims to form a global clean hydrogen Network of Networks (NoN) titled: 

Research and Education Accelerated by Connections in Clean Hydrogen (REACH2). The network will be 

composed of researchers from academia, national labs and industry, across the globe, with the goal to 

collaboratively address unmet fundamental research gaps and accelerate science in clean hydrogen technologies, 

such as water elecrolyzers and fuel cells, as well as to facilitate networking, education and training of next 

generation diverse talent.  

Project Scope 

REACH2 Network will focus on the following 

scientific objectives by facilitating coordinated and 

synergetic collaboration: (1) Study, develop, and 

implement process automation, advanced data science, 

ML and AI approaches in fabrication, testing, 

characterization, and data correlations for fuel cell and 

electrolyzer systems; (2) Accelerate  scale-up fabrication 

science for these systems; (3) Enable rational design, 

synthesis and understanding of next generation highly-

performing and stable catalysts and electrolytes for these 

systems; (4) The most important focus of REACH2 is to 

enable effective and systematic scientific exchange, 

sharing of ideas and knowledge, and synergistic 

training/education of next generation leaders in clean 

energy.  

Relevance to MGI 

The proposed activities in REACH2 project are 

directly relevant to MGI strategic mission, by collaboratively providing, integrating, processing and delivering 

materials data in the domain of hydrogen fuel cells and electrolyzers. This scientific area is highly challenging and 

requires a huge amount of data, advanced facilities, diverse expertise, and excessive resources. To draw correlations, 

statistical data are needed, requiring hundreds of samples, thousands of characterization and testing data, and 

endless processing and correlations. No network has enough data, samples, time or expertise to satisfy those 

requirements. REACH2 will enable exactly that, rapidly advancing the science by combining our expertise, 

knowledge, facilities, data, materials and resources. We will combine fabrication, testing and characterization data, 

ML and AI approaches, and automation methods from the network members, and integrate them to accelerate 

discovery and advance common knowledge. In that way we will accelerate progress that is otherwise slow when a 

singular research center or network tries to address it.  

Technical Progress 

Our Planning Project has just been awarded (July 2024). We have already conducted the Kickoff meeting, 

formed the international Network Planning Committee and Network Advisory Board, as well as planned our first 

workshop in Sept 2024.  

Figure 1. Global clean hydrogen Network of Networks 

(NoN): Research and Education Accelerated by 
Connections in Clean Hydrogen (REACH2).  
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Future Plans 

To achieve the Network Planning Goals during the Design phase of our network, we are planning to conduct 

the following synergistic activities:  

(i) Preliminary planning activities will be conducted to recruit all NoN members, select the NoN Planning

Committee and Advisory Board, set up needed logistics and organize the main networking activities (ii) and (iii). 

(ii) Conduct three in-person networking and planning workshops:

1) Workshop REACH2 (Sept ‘24, US) with the objective to focus on the network Planning Goal 1: design

network roadmap, logistics, plans and actions (Sept 2024 at the University of Connecticut, US). 

2) Workshop REACH2 (March ’25, German) with the objective to focus on the network Planning Goal 2:

plan and design a suite of shared and publicly accessible tools and platforms for data sharing, storage and processing. 

3) Workshop REACH2 (Set ’25, Canada) with the objective to focus on the network Planning Goal 3: plan

and design training programs for development of future workforce and next generation of experts and leaders. 

(iii) Action periods after the workshops will be organized to allow for the international network teams to

collaboratively work on the tasks defined during the workshops and materialize the plans. 

Broader Impacts and Workforce Development 

Our proposed global H2 network, REACH2, will have consequential impact on attaining net-zero goals. It will 

create a coordinated and organized global synergistic collaboration of experts in the field of clean H2 technologies, 

through networking activities, sharing of knowledge, facilities, and scientific data. This will accelerate scientific 

progress and support both industry and governments in the effort of achieving mass production of clean H2 at low 

cost, and its use for energy generation, transportation, manufacturing and chemical/industrial processes. Moreover, 

the network will focus on the development of next generation diverse leaders in clean energy, by facilitating 

scientific exchange, networking and coordinated training of students and early-career researchers, enabling 

extensive broadening of the network’s impact. Special emphasis will be placed on underrepresented minorities and 

broadening participation, diversifying and growing our future workforce, urgently needed for the expanding field 

of clean energy. Creating our international REACH2 network will allow us to achieve both our scientific and 

workforce goals on a global level that will have great impact on the planet and will benefit society by achieving a 

clean energy future and mitigate climate change. 

Data Management and Open Access 

One of REACH2 main goals is to establish a suite of shared and publicly accessible collaborative and 

networking tools and platforms (e.g., expert database and platform for (meta) data sharing, storage, and 

processing/modeling) aided by ML and AI. These platforms will be based on existing or in-development approaches 

within the network members. The goal is to generate creative ways to collect, store, share and process a huge amount 

of research data that each network member has been generating (e.g. synthesis and fabrication parameters, 

microscopy images, testing data, modeling data), but has been unable to effectively share. This will accelerate 

science, which has been hindered by evaluating limited amount of data within an isolated team or a smaller network. 

Such a platform would facilitate sharing, correlating and converging of the (existing and future) data, enabling 

discovery of new transformative interpretations and acceleration of the science.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Through our collaborative efforts is materials discovery and understanding, through synthesis, characterization, 

testing, as well as AI and ML approaches, we envision generating thousands and thousands of data and information. 

We will then utilize a comprehensive and integrated platform for managing and analyzing this rapidly expanding 

datasets derived, with the aim to derive correlations, accelerate understanding and enable effective knowledge 

generation using advanced tools. We will leverage AI to identify key descriptors for structure-function relationships 

in energy materials. The platform’s models are characterized by their generality and agnosticism, making them 

applicable to a variety of materials disciplines. This comprehensive approach is envisioned to ensure not only 

advances in the field of materials science, but also to sets a new standard for the analysis and application of data in 

energy materials research. 

Publications and References 

None yet. 
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Computational Discovery of Polymeric Membranes for Polar 
Solvent Dehydration 

Lead Investigator: G. Kane Jennings, kane.g.jennings@vanderbilt.edu 
Participating Institutions: Vanderbilt University and Heriot-Watt University 
Source of Support: NSF-DMREF 
Website: https://osf.io/eyt3j/ 
Keywords: polymer membranes, screening, molecular simulation, machine learning, data mining 

Project Scope 

The rational design of next 
generation membranes for solvent-
solvent separations is a significant 
challenge, given the vast chemical 
design space. Through an integrated 
experimental and computational 
approach combined with machine 
learning, we are performing an 
Materials Genome Initiative (MGI)-
inspired screening to transform the 
membrane development paradigm. 
This project is developing 
functionality- and performance-
driven screening with close coupling 
between simulations and experiment 
to fabricate high-performance 
polymer membranes for targeted 
separations. Our work focuses on the 
dehydration of polar solvents by 
pervaporation where effective new 

materials can eliminate the need for costly, high-energy separations, while enabling effective solvent reuse for 
sustainable manufacturing.   

Relevance to MGI 
Figure 1 shows the integration between molecular simulations and materials synthesis for the discovery of new 
polymer membranes.  We can rapidly make a vast array of polymers with general structures as shown in the top of 
Figure 1 via spin coating ring-opening metathesis polymerization (scROMP).  Using molecular simulations, we can 
screen fXQcWiRQal Vide chaiQV (R aQd/RU R¶) fURP WhiV geQeral structure to characterize properties such as density and 
fractional free volume (FFV), as well as dynamic aspects such as polymer chain mobility, H2O/ethanol uptake, and 
swelling. Polymers with a high calculated product of water selectivity and overall flux from the simulations are 
recommended as candidate compositions for polymer thin film synthesis via scROMP in this first screening loop. 

Technical Progress 
Our technical progress includes important advances in the following areas: 
(i) The scROMP process combines polymer synthesis and deposition to enable the fabrication of polymer selective

layers on thin film composite membranes as large as 36 cm2 in under 2 min with less than 0.5 mL of solvent.
The polymers are well defined with molecular weights exceeding 200 kDa and PDI < 1.2.1 Through modeling
the scROMP process, we have determined the kinetic rate constants for the polymerization process.  Through
computational screening in combination with scROMP, we have identified many polymers that successfully
dehydrate ethanol, as a model polar solvent of industrial importance.

(ii) We have shown that random copolymer films can be prepared by scROMP.1 To minimize the use of
perfluoroalkyl substances (PFAS), a random copolymer, poly(norbornene-(perfluorooctyl)norbornene) at only
2% fluorinated monomer, exhibits wettabilities that match the 100% semi-fluorinated homopolymer, due to a
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dense, surface-segregated fluorocarbon layer at the outermost nm of the copolymer film.  These surface-
segregated copolymers enable us to separate sorption from diffusion in calculating membrane selectivity. 

(iii) Semi-fluorinated selective layers made from poly(n-perfluoroalkylnorbornenes) (pNBFn) exhibit high
selectivities for water over ethanol while minimally swelling in many solvents (manuscript to be submitted in
July, 2024). A critical chain length of 8 leads to superior performance in water selectivity, correlating with the
most hydrophobic and oleophobic surface, while exhibiting higher swelling in water than in ethanol.

(iv) For the first time, we have shown the ability to decouple sorption from diffusion to quantify and explain the
high water selectivities in poly(vinyl alcohol) membranes.

(v) We have developed a systematic approach for modeling, testing, and characterizing diverse polymer
membranes using molecular simulation. Coupled with experimental testing, this method has provided deep
insights into polar solvent separation and led to the discovery of new membrane materials. By using
computationally efficient surrogate models, we have highlighted the importance of structural properties and
polymer chain mobility in determining membrane performance. Our preliminary findings suggest that polymer
structure may be more significant than its solvent affinity in the separation process.

(vi) Several molecular models have been developed to probe different properties of the polymers/membranes that
might affect the pervaporation efficacy, specifically their adsorption-selectivity and diffusion selectivity. The
models were utilized to simulate a series of pNBFn membranes. The simulation results helped explain
selectivity improvement when pNB is functionalized with perfluoroalkyl side chains, by providing insights into
polymer-solvent affinity, solvent diffusion inside the membrane, and the membrane film-solvent interface.
These models have been implemented as scalable workflows and are currently being implemented in a
screening of the larger pool of pNBDAC membranes.

Future Plans 
(i) Through combined computational screening, simulations, and experiments, determine the most effective amide-

linked aromatic side chains for polar solvent dehydration.
(ii) Create a preliminary ML model that will use the data generated from molecular simulations of single polymer

chains to reduce the computational-screening time, enabling faster discovery of new membrane materials.
(iii) Use scROMP to fabricate block copolymer films and films with distributed charge that can enhance the sorption

of water over ethanol while enabling rapid diffusion of water.
(iv) Gain fundamental insight on membrane mechanism and performance by comparing a thick membrane to

multiple thinner membranes.
(v) Develop a workflow to model the pervaporation process for screening potential membrane films identified from

prior experimental-simulation screening loops.
(vi) Examine interdiffusion and diffusion of solvents in polymer membranes using molecular simulations to gain

insight into the transport mechanism.

Broader Impacts and Workforce Development 
The project is training five Ph.D., one M.S., and two B.E. students on the discovery of new membranes for liquid-
liquid separations.  One Ph.D. and one M.S. student who spent effort on this project have graduated in 2024.  A 
high school student is currently serving a 5-week internship on this project.  We are once again providing a short 
course on membranes for a class of 15 gifted high school students through the Vanderbilt Summer Academy.   

Data Management and Open Access 
To facilitate sharing and dissemination of data we have created a publicly accessible project on the Center for Open 
ScieQce¶V OSF.iR Zeb SRUWal (https://osf.io/eyt3j). OSF.io provides a central location for linking to content, 
including datasets on zenodo.com, and includes direct integration with GitHub.com, where our software is being 
developed, and figshare.com where we are posting preprints, presentations/posters, and detailed experimental data.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
The integration of computational approaches to identify optimal polymer compositions along with a new membrane 
fabrication process and highly diverse polymer chemistry is enabling the rapid discovery of new materials for 
membrane separations.  We filed a patent application on the scROMP process: G. K. Jennings and L. Prozorovska, 
³PRl\PeU FilP PUeSaUaWiRQ UViQg C\clic OlefiQ MRQRPeUV,´ U.S. ASSlicaWiRQ NXPbeU 17/583,370 WhaW iV iQ SURceVV 
and is being licensed by Dr. Prozorovska at Scale Materials.  Our approach enables new membrane materials to be 
identified and tested at benchtop scale, with promising systems as candidates for scale up to industrial membranes. 
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Combining first principles and data driven approaches for 
materials discovery 

Lead Investigator: Aaron Kaplan, adkaplan@lbl.gov 
Participating Institutions: Lawrence Berkeley National Laboratory, University of California Berkeley 
Source of Support: DOE-BES (DE-AC02-05CH11231, Materials Project program KC23MP) 
Website: https://next-gen.materialsproject.org/ 
Keywords: electronic structure, high-throughput, big data, machine learning 

Project Scope 

The Materials Project (MP) seeks to compute physical and chemical properties of all realizable materials, 
whether these have already been synthesized or are theoretically predicted. To do this, we rely on electronic 
structure methods, particularly density functional theory (DFT), to compute thermodynamic, elastic, and electronic 
materials properties. To run calculations in a high throughput scale sufficient for materials discovery, MP develops 
robust code packages for automated workflow orchestration. 

Relevance to MGI 

MP continues to be a leader in integrating electronic structure theory, high-throughput DFT computation, and 
big data storage / analysis. As our group contains experts in electronic structure methods and in materials science, 
we can rapidly assess the applicability of new electronic structure methods as they become available. This quickly 
provides an assessment to those developing the methods (such as new functionals in DFT). The current adoption of 
the r2SCAN functional [1,2] for MP’s materials discovery calculations was motivated by active partnerships with 
theoretical groups. More, results from MP can immediately inform experimentalists about the predicted stability of 
novel materials and guide choices regarding materials selection by physical and electronic properties. More, if those 
predictions fail to be experimentally realized, these can inform the computational team about deficits in their 
methods. Recently, an experimental partner of MP (A-Lab) found that many Ytterbium-containing compounds had 
incorrectly predicted stabilities. The cause of this error was methodological in the choice of pseudopotential used 
for DFT calculations, and resulted in a larger audit of the computational parameters used by MP. Thus we are able 
to improve our methods by providing feedback to theoreticians, and by receiving feedback from experimentalists.  

Technical Progress 

Over the past year, MP has executed a complete audit of its electronic structure computational workflows, 
ensuring that, e.g., the pseudopotentials employed in its DFT calculations accurately reproduce all-electron 
calculations. This is in preparation of a complete recompute of the MP database with the advanced r2SCAN density 
functional, which represents a significant improvement in approximation over PBE+U (used in the majority of MP’s 
calculations). r2SCAN, without a Hubbard U, captures greater local chemical bonding information than PBE, and 
can describe more diverse types of chemical bonding relevant for exotic materials, such as the cuprates. To ensure 
that our DFT calculations pass rigorous validation, we have concurrently developed an extensive validation package 
(https://github.com/materialsproject/pymatgen-io-validation) which checks hundreds of computational parameters 
used in DFT calculations for consistency with MP calculations. 

MP has identified two key areas to expand its database of 150,000 unique materials: ensuring consistent 
coverage with respect to experimental databases such as the ICSD, and incorporation of materials predicted to be 
stable by machine-learning models. We have recomputed electronic properties for almost 120,000 materials 
predicted to be stable by Google Deepmind’s GNoME project. These materials are currently being incorporated 
into the core MP database, almost doubling its size. 

As these novel materials can represent a distributional shift in chemical spaces and bonding, we have developed 
data-driven metrics for assessing how similar structures are to known, experimentally-synthesized materials. These 
metrics are based on the most recent release of the ICSD and encode local bonding information to rapidly assess 
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whether structures lie within a reasonable “distance” from known materials. We have applied these metrics to MP’s 
DFT computed structures and to the GNoME structures. 

Based on our benchmarking effort, we have developed a new standard workflow for generating training data 
for machine-learned universal interatomic potentials (UIPs) at a consistent level of DFT approximation. This 
workflow is currently being used to develop a DFT dataset to retrain extant UIPs co-developed by MP, such as 
MACE [3]. By adroit selection of training structures, we hope to more completely map the space of materials 
potential energy surfaces (MatPES) and reduce the data needed to train UIPs. 

These efforts are underpinned by the recent atomate2 and jobflow software libraries co-developed by MP, which 
define the workflows used by MP. This permits external users to replicate MP calculations for their materials spaces 
of interest. We have also led development of ML UIP workflows in atomate2 to assess these burgeoning tools. 

Future Plans 

We will begin a complete recompute of MP with the r2SCAN functional and revised numerical parameters 
this year. The recompute includes roughly 30,000 ordered materials from the ICSD determined to be missing from 
MP. We are also developing infrastructure to better host and disseminate data relevant to machine learning 
applications, especially interatomic potentials. This infrastructure will be prototyped with the MatPES project, and 
will include multiple layers of accessibility for those solely interested in training data, and for those with greater 
understanding of electronic structure methods. Non-electronic properties computed with ML UIPs may eventually 
be incorporated into a separate materials explorer to: improve coverage of properties that are challenging to compute 
in high-throughput with DFT, such as phonon dispersion; and to give coarser estimates of solid stability in 
underexplored and high-dimensional chemical spaces. 

Broader Impacts and Workforce Development 

The MP database currently has more than 500,000 registered global users. Group members often present 
seminars and workshops on MP’s data and computational toolsets to external research groups. We have hosted a 
long-running seminar series where external researchers who work with MP data or software present to our global 
audience. Our team consistently engages with our user base through the matsci community forum, where users can 
ask questions about the MP software stack and data, as well as our github respositories’ issues and pull requests. 

Data Management and Open Access 

MP is a consistent leader in FAIR data management practices. The core MP and user-contributed 
MPContribs (https://next-gen.materialsproject.org/contribs) databases are findable and accessible online through an 
open RESTful API (https://github.com/materialsproject/api). This API provides search, authorization, and 
authentication on both the underlying data and machine generated labels. Parsed electronic structure calculations 
are stored and served as JSON documents to enable tight integration with MP data production and workflow 
management. Machine-readable formats are also available depending on the data type (e.g., CIFs for structure data) 
to ensure interoperability. Our infrastructure supports data reuse by documenting the detailed provenance of data 
and ensuring a Creative Commons license for distribution. A web interface (https://next-
gen.materialsproject.org/materials) built upon the API permits retrieval and visualization of materials data. To 
ensure long term data accessibility and security, MP its data on NERSC’s HPSS tape archive and Amazon AWS 
S3’s Open Data exchange platform. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

By expanding the scope of materials and their properties included in MP, we make it possible to explore 
new, under-explored, and high-dimensional chemical spaces for application-driven materials design. In the long 
term, we aim to cover more materials properties that may be of interest to experimentalists (especially elastic and 
phonon properties). We have an active collaboration with Google’s GNoME project, which will result in a major 
broadening of MP’s chemical space coverage. We strive to keep our data and software open and accessible. 
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Atomically Precise Catalyst Design for Selective Bond Activation 

Lead Investigator: Ayman M. Karim, amkarim@vt.edu 

Participating Institutions: Virginia Tech, University of Delaware, University of Pennsylvania 

Source of Support: NSF-DMREF 

Keywords: Isolated metal single atom catalysts, physics-based descriptors, hydrodeoxygenation 

Project Scope 

The project is focused on designing catalysts consisting of supported isolated metal atoms using unconventional 

supports prepared by atomic layer deposition (ALD) and a computationally driven descriptor-based approach to 

navigate the vast material space. Our central hypothesis is that the properties of these catalysts can be modulated 

to surpass the selectivity and activity of conventional catalysts by changing the structure or composition of the 

support.  

Relevance to MGI 

Our team, Ayman Karim from Virginia Tech, 

John Vohs and Raymond Gorte from the University 

of Pennsylvania, and Dionisios Vlachos from the 

University of Delaware, aims to develop a conceptual 

framework centered on artificial intelligence (AI)- 

and multiscale modeling-based methodology (Figure 

1) to build guiding principles that can be leveraged to

predict highly active, stable, and selective metal-

support compositions. The model predictions will

guide the synthesis of single-metal atoms supported

on novel, high surface area unconventional support

materials (perovskites and spinels) by atomic layer

deposition, followed by detailed characterization of

their properties, catalyst evaluation, and model

assessment and refinement. By uncovering physics-

inspired descriptors and harnessing the capabilities of 

machine learning, our team aims to predict how the 

surface composition of the oxide support and the 

local cation environment at the metal site influence 

stability, activity, and selectivity. We will ensure a 

high chemical fidelity of our model, and hence its 

predictions, by precise synthesis using ALD and 

assessing the model predictions experimentally 

through multiple characterizations of the atomic structure, calorimetry of binding of adsorbates to the metal sites 

and their spectroscopic signatures and finally their catalytic properties. The outcome of this research will serve as 

a foundational methodology for designing new materials in silico.  

Technical Progress 

In the first ten months of the project, we focused on Rh, Ir and Pt single atoms supported on “simple” 

conventional metal oxides (Al2O3, TiO2 and CeO2), as model systems to benchmark our theory and experiments. 

We developed a modified ALD method for the deposition of isolated single metal atoms of Rh, Pt and Ir on Al2O3 

and TiO2. The stability, structure and spectroscopic signature of adsorbed CO predicted by our theoretical models 

agrees with our experimental results.  Figure 2a shows an aberration-corrected scanning transmission electron 

microscopy image of Ir on Al2O3 where isolated single atoms can be clearly seen (similar results for Rh and Pt, not 

Figure 1. Schematic of the overall approach. A high 
throughput computational framework is used to select 
materials based on stability and descriptors for 
activity/selectivity. Guided by theory, atomic layer deposition 
enables the synthesis of isolated metal atoms on a vast range 
of oxide compositions. Detailed characterization and catalyst 
evaluation closes the loop and re-connects with theory to 
assess and improve our models.    
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shown). Figure 2b 

shows X-ray 

absorption spectra of 

Pt/Al2O3 where the 

oxidation state of Pt is 

close to that predicted 

by theory. 

Additionally, Figure 

2c shows an infrared 

spectrum of of CO 

adsorbed on isolated 

Rh atoms on Al2O3 

where the symmetric 

and asymmetric C-O 

vibrations of Rh1(CO)2 

can be clearly seen.  

The work shows the facile and generality of our modified ALD synthesis method and will be submitted soon. 

Future Plans 

Based on the initial agreement between our model and experimental results, we plan to expand the work to the 

catalytic studies of the model single metal oxides to benchmark the experimental kinetics to those calculated from 

our models for water-gas-shift and for hydrodeoxygenation of cresol reactions. After assessing and revising our 

models as needed, we will transition to thin films of single metal and mixed metal oxides which offer a vast 

structural and composition space that is ideal for theoretical investigation. By combining a gamut of analytical tools 

(e.g., density of states, Bader analysis, Mulliken spin polarization, computational IR and Raman spectroscopy) we 

are currently exploring electronic descriptors to predict the stability of single atoms on a variety of supports. We 

successfully synthesized thin films of binary oxides and we plan on continuing to synthesize a library of mixed thin 

film metal oxides guided by predictions from our modeling efforts and to assess their properties and their effect on 

the properties of the supported isolated atoms of Rh and Ir.   

Broader Impacts and Workforce Development 

The project is inherently multidisciplinary and to ensure that each student gains expertise in all its aspects (i.e., 

materials synthesis and characterization, kinetics measurements, and multiscale modeling), we have bi-weekly 

virtual meetings and will implement a rotation program where each graduate student does a 1-to-2-month 

internship in the other PI’s groups. Additionally, our groups will individually recruit UG students for research over 

the summers. For example, UD has two female graduate students and several undergraduates working full-time in 

this program. Lastly, UD will hold in person AI/ML modelling workshops for high school students led by a graduate 

student on alternating years between UD and VT which will also be made available online for remote access to 

UPenn. 

Data Management and Open Access 

The computational data will be stored in a state-of-the-art database [S. M. Lambor, S. Kasiraju, and D. G. 

Vlachos, An Extensible and FAIR Data Management Framework and Datahub for Multiscale Modeling in 

Heterogeneous Catalysis, J. Chem Inf. Model. 63(14), 4342-4354 (2023). DOI:10.1021/acs.jcim.3c00123]. We will 

make all data available in a well-documented, easily accessible format. The experimental data will be made 

available through our published manuscripts. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The computational methods and approaches could be adopted by various companies that practice materials 

synthesis and software development.  

Figure 2. Metal single atoms on Al2O3. (a) Aberration-corrected STEM image of Ir/Al2O3. 
(b) L3-edge X-ray absorption near edge structure spectrum of Pt/Al2O3 compared to
Pt(acac)2 and Pt foil. (c) DRIFTS of CO adsorbed on Rh/Al2O3. 
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Closed-Loop Design of Polymers with Adaptive Networks for 

Extreme Mechanics 

Lead Investigator: Chenfeng Ke, cke@wustl.edu 

Participating Institutions: Washington University in St. Louis, Boston University, The University of California, 

Berkeley, the University of Chicago, and the University of Texas at Dallas 

Source of Support: NSF-DMREF 

Website: https://www.adaptex.org/ 

Keywords: adaptive polymer network, extreme mechanical property, high throughput synthesis, machine learning, 

self-driving lab 

Project Scope 

 This project aims to produce mechanically robust polymers with slide-ring and dynamic covalent networks 

through a closed-loop integration of simulation, synthesis, characterization, and modeling. We will establish an 

accelerated materials discovery loop using multiscale computational simulation, high-throughput polymer 

synthesis, large-scope materials characterization, and machine learning-based materials re-design. A key feature is 

using 3D-printing as a discovery 

tool for rapidly studying 

formulations and processing 

conditions. This collaboration will 

create polymers with outstanding 

mechanical properties such as high 

Young’s modulus, strength, high 

fatigue resistance, good self-

healing ability, and high 

stretchability for applications in 

flexible sensors, soft actuators, 

robotics, and energy harvesting 

devices. 

Relevance to MGI 

The development of the 

proposed mechanically robust 

adaptive polymer networks will be 

integrated into an iterative 

materials discovery loop (Figure). 

First, the design of polymers will 

be guided by hierarchical simulations. Next, the discovery of these polymers will be accomplished and accelerated 

by high-throughput synthesis and automated experiments. Then, the generated experimental data set will be fed 

back into a physics-informed active learning process for property optimization and discovery. In addition, we will 

introduce 3D printers as mechanical property validation tools and platforms to test the manufacturability of the 

discovered materials.  

Technical Progress 

Starting with simulation-guided polymer network design, the Ferguson lab developed an all-atom molecular 

model of double-threaded PEG chains through a γ-cyclodextrin ring in explicit solvent. Preliminary proof-of-

principle molecular dynamics simulations of slide ring behavior were conducted in the iso-strain and iso-tension 

ensembles. Currently, enhanced sampling calculations are being undertaken to quantify the thermodynamic 

landscape for ring sliding along the chains as a function of tension and curvature, aligning with experimental 

measurements by the Ke lab. Experimentally, the Ke lab synthesized a series of ketoenamine-crosslinked 

Figure. Overview of the closed-loop design of polymers with adaptive
networks for extreme mechanics 
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cyclodextrin-based hydrogels with highly mechano-responsive characteristics such as high toughness and fatigue 

resistance by introducing crystalline domain-crosslinked polyrotaxane networks. Mechanical training revealed that 

these hydrogels possess exceptional mechanical features, including a Young’s modulus of 4.3 MPa, strength of 8.4 

MPa, fracture energy of 13.2 kJ/m², and a fatigue threshold of 770 J/m², marking them among the best mechanically 

trained hydrogels reported. The Gu lab utilized these viscoelastic hydrogels for direct-ink-write 3D printing, 

optimizing parameters such as extrusion pressure and infill density to achieve scalable and rapid printing at 10 

mm/s. Meanwhile, the Smaldone lab fabricated 3D printable filaments containing dynamic polyester networks 

designed to reduce mechanical anisotropy introduced during filament printing. Collaborating with the Smaldone 

lab, the Brown lab developed an autonomous testing process for integration with the synthesis pipeline. This 

includes an automatic system for evaluating print performance and selecting processing conditions to enhance 

printing, as well as a three-point bending process for assessing the non-linear mechanics of additively manufactured 

polymers. This process will evaluate the strengthening effect of dynamic crosslinks in polymers produced by fused 

filament fabrication. 

Future Plans 

The Ferguson group will study the influence of chemical modifications to the ring and chains upon the 

thermodynamic and kinetic behaviors, while the Ke and Gu labs will focus on optimizing the synthesis and 

fabrication of polyrotaxane hydrogels through closed-loop design. The Ke group plans to implement high 

throughput hydrogel synthesis to expand the materials library through a copolymerization approach. During 3D 

printing, imaging data will be collected (with sensors) by the Gu group throughout the fabrication process to inform 

machine-learning algorithms that can enable auto-calibration of the optimized printing settings for printing the 

hydrogel-based materials. The Smaldone group plans to integrate dynamic polymer networks into polyrotaxane 

networks to create double-network polymers with significantly enhanced mechanical properties. The Brown lab 

will test samples provided by the Smaldone group to evaluate how these chemical features affect the path 

dependence of material properties. We are also implementing smart spools to track filament properties during 

printing.  

Broader Impacts and Workforce Development 

      Through collaboration among five institutions, we plan to create a dynamic outreach and workforce 

development program that integrates computational and experimental work. Currently, this project supports five 

PhD students. All PIs and junior researchers meet monthly on Zoom to present research updates from each lab. 

Additionally, the team has begun developing a polymer knowledge playlist, which will be assembled and published 

on the DMREF project website. We also plan to develop a virtual seminar series where junior researchers on the 

team will present their results. These talks will be open to other DMREF teams. PI Gu hosted a 3D printing 

workshop for underrepresented undergraduates (25 participants) where students had an opportunity to build a 3D 

printer, learn CAD skills, and participate in a design challenge.  

Data Management and Open Access 

The shared digital research data will benefit the polymer materials development and 3D-printing industries, as 

well as serve as educational resources for preparing the next-generation workforce. These data will be hosted on 

the MDF, an online data repository that associates rich metadata with datasets, mints DOIs, and ensures data is 

searchable in compliance with FAIR principles. The data will be referenced within published research articles and 

presentations using their permanent DOIs. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Our project aims to deliver a series of high-performance hydrogels and plastics. Their biocompatibility will 

allow their use as tissue engineering scaffolds or artificial tissue replacements. We anticipate filing several patent 

applications during the funding period. In collaboration with the Washington University Office of Technology 

Management, we plan to identify potential industry partners for technology transfer to the private sector. 

Publications and References 

No publications have been submitted since it is year 1 of the project. The lead PI will present the preliminary 

results at a Gordon Research Conference in Multiscale Mechanochemistry and Mechanobiology in July 2024.  
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Center for Predictive Simulation of Functional Materials 
Lead Investigator: Paul Kent, kentpr@ornl.gov 
Participating Institutions: Oak Ridge National Laboratory, Sandia National Laboratory, Argonne National 
Laboratory, North Carolina State University, Brown University 
Source of Support: DOE BES 
Website: Project - https://cpsfm.ornl.gov, Simulation codes - https://qmcpack.org  
Keywords: Condensed Matter, First-Principles/Ab Initio Calculations, Quantum Materials, Electron Correlation 

Project Scope 

The Center for Predictive Simulation of Functional Materials develops, validates, and distributes external-
parameter-free methods and open-source codes to accurately predict and understand the properties of functional 
and quantum materials with strong electronic correlations, van der Waals interactions, and spin-orbit interactions.  
The primary focus is Quantum Monte Carlo (QMC) techniques and the open source QMCPACK code 
(https://qmcpack.org). Distinct from other methods, the size of the few approximations in QMC can be quantified. 
The capabilities allow predictions to be made where approximate-in-practice approaches such as density functional 
theory are not reliable enough. They can also serve as benchmarks in materials databases, for machine learning, and 
for informing more approximate theoretical methods.  

Relevance to MGI 

This project focuses on fundamental theoretical 
developments, their implementation, and subsequent 
validation to perform accurate and reliable 
predictions of materials properties at the quantum 
mechanical level. Emphasis is placed on materials and 
properties where existing methods are either 
inadequate and unable to capture the underlying 
physics or where additional accuracy is desired. In 
quantum materials, the combination of strong 
electronic correlations, spin-orbital effects, 
magnetism, and their interactions with the underlying 
lattice can result in novel properties of interest both 
fundamentally and for possible technological 
applications. For example, in magnetic topological 
materials existing density functional approximations 
are claimed not to reliably reproduce the magnetic 
space group, necessitating the use of more accurate 
approaches to down select the most promising 
materials for synthesis. To meet this challenge, we are 
systematically developing the theoretical and 
computational toolchains needed to apply QMC to 
these materials, and to make these tools openly 
available and accessible. Our developments in spin-
orbit and effective core potentials now enable QMC 
to be applied to materials such as MnBi2Te4 [13] and 
the 4f element bearing TbMn6Sn6 [12]. 

Technical Progress 

We have made significant progress in extending the reach and accuracy of QMC approaches, in analyzing the 
results, and improving automation. For example, (i) Correlation consistent effective core 

Figure 1. By advancing Quantum Monte Carlo methods to 
where they could be applied to complex quantum materials 
such as MnBi2Te4 (MBT), we found [13] that a gapless 
surface state with non-trivial topological properties can result 
solely from stacking-fault disorder in MBT. This highlights 
the significant role of interlayer separation as a determinant 
of interlayer coupling, band structure, and topology, and 
suggests new routes for realization of topological materials. 
(Left) MBT surface gap closure due to near surface stacking 
faults. (Right) Near surface stacking fault geometry.  A 
greater interlayer separation near the surface redistributes 
charge as the band inversion nearly reverses at gap closure. 
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potentials/pseudopotentials (ccECPs) have been developed for a wider range of elements including Gd and Tb 
[4,6,15]; (ii) New implementations of orbital optimization promise to reduce the dependence of QMC on input trial 
wavefunctions, increasing accuracy and facilitating application to systems where mean-field approaches are highly 
questioned; (iii) We have developed methods to obtain reaction barriers within QMC by using extensions of our 
surrogate Hessian technique [20]; (iv) QMCPACK has been developed for Exascale and is now able to run on 
laptops through to NVIDIA, AMD, and Intel GPU accelerated systems such as Perlmutter, Frontier, and Aurora, 
respectively. These developments enable new applications of QMC on very topical materials such studies of the 
role of spin-orbit coupling on layered materials such as RuCl3[5] (a proposed realization of the Kitaev spin liquid), 
and studies of magnetism and topology in TbMn6Sn6 [12] and MnBi2Te4 [13]. Based on the reliability realized in 
high throughput workflows of small molecular systems [8] for machine learning applications, we are now extending 
the methodology to encompass the significantly more challenging and computationally expensive solids. 

Future Plans 

We plan to develop methods, code, and data that will result in a leap forward in the scientific capabilities of 
Quantum Monte Carlo (QMC) methods, as well as initial research demonstrations. These advances are needed for 
materials where combinations of strong electronic correlations, van der Waals interactions, and spin-orbit 
interactions give rise to properties of interest for potential energy applications and at the same time also challenge 
established theoretical and computational approaches. Algorithmic improvements will result in increased robustness 
of computational workflows, aiding wider use including by automated AI and machine-learning based approaches. 
Our methods will be made available through validated open-source codes, with examples, documentation, and 
training provided through workshops and video tutorials. 

Broader Impacts and Workforce Development 

While research results are conveyed through traditional publications, training in the developed methods and tools 
is facilitated through user workshops, both in-person/hybrid and purely virtual. Recordings are provided on the 
QMCPACK YouTube channel. Recognizing requests from the community, a tutorial paper “a practical guide to 
Quantum Monte Carlo” is currently in development. Besides training in condensed matter, students and postdocs 
also receive training in modern research scientific computing and software development. On graduating or leaving 
the project, to-date all participants have successfully found immediate employment at National Laboratories, as 
tenure track faculty, and at both startup and established companies in the scientific sphere. 

Data Management and Open Access 

FAIR (findable, accessible, interoperable, and reusable) principles are fully implemented, including for software 
source codes, and experimental and computational data. QMCPACK is developed fully open source at 
https://github.com/QMCPACK/qmcpack, with direct access to the latest development version and all versioned 
releases. Documentation is provided online first via https://qmcpack.readthedocs.io. We have expanded our ccECPs 
to new elements and provide these via https://pseudopotentiallibrary.org. ccECPs are seeing use beyond QMC, 
including in quantum chemistry and in neural network approaches.  Data from individual studies is submitted to 
https://materialsdatafacility.org/. New projects computing properties of materials series will be submitted to 
community databases and we will request support for statistical error bars where support is currently lacking. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

We are delivering theories, methods and open-source software implementations able to produce reliable 
predictions of materials structure and properties for classes of materials where we either currently lack reliable 
methods or where greater accuracy is called for. Development of automated workflows adapted for Monte Carlo 
and statistically based methods will enable their wider use. We plan to supplement existing open computational 
materials databases with benchmark data for these classes of material and property, and also for systems requested 
by the community. An important aspect of this work will be collaborating with developers of materials databases 
to provide data in appropriate formats and with sufficient provenance [18] and to develop coordinated roadmaps 
with developers of other electronic structure methods [19]. 
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Computationally Driven Discovery and Synthesis of 2D Materials 
through Selective Etching 

Lead Investigator: Konstantin Klyukin 
Participating Institutions: Auburn University, University of Arizona, Missouri S&T, Tuskegee University 
Source of Support: NSF-DMREF 
Website: none 
Keywords: 2D materials, MXenes, selective etching, molecular dynamics 

Project Scope 
The overarching objective of this project is to 

accelerate the discovery of novel 2D materials with 
diverse compositions through systematic studies and 
fundamental understanding of the factors governing 
the successful synthesis using electrochemical etching 
(E-etching). This process is based on applying an 
electric potential to metal or semiconductor surfaces 
separated by an electrolyte solution, which causes the 
surface to dissolve in a controlled manner.  

Relevance to MGI 
Our goals will be achieved through a detailed 

characterization and closed-loop integration of 
experimental and computational methods. We suggest 
that broadening the pool of synthetically realizable 
materials is possible through a detailed understanding 
of all the stages of the materials synthesis, from the 
selection of precursors to consideration of all possible 
reactions during the synthesis and investigation of the 
stability of final products under etching conditions. 
The development of computational predictive models based on the rationale of E-etching processes and their 
continuous calibration using experimental data is a crucial part of this DRMEF program. The conversion of MAX 
phases to MXene will serve as a template to develop our E-etching process and predictive model, which can be 
subsequently employed to discover novel 2D materials derived from other 3D structures.   

Technical Progress 
The development of our project is still in its early stages, our groups are currently focused on the development 

and validation of simulations and experimental loops. The experimental team designed and built electrochemical 
cells enabling in situ monitoring of reaction products and demonstrated their capabilities to study etching of Ti3AlC2 
MAX phase to produce high-quality Ti3C2Tx MXenes (Tx = O/OH/F). Current cell is designed for in situ Raman 
spectroscopy analysis to detect gaseous reaction products and monitor kinetics of etching. Next cell design will also 
allow the collection of evolved gases for their analysis by gas chromatography 

Our recent computational results shed light on the factors governing the extraction of Ti atoms from Ti3C2Tx
(i.e., degradation of Ti3C2Tx). We demonstrated that the kinetics of Ti atom release is strongly correlated with the 
descriptive properties of Ti3C2Tx surface, such as Ti vibrational modes and work function. [1] Current computational 
efforts are focused on a detailed understanding of factors that can limit the etching of Ti3AlC2 and similar MAX 
phases. We investigate the behavior of Ti3AlC2 under electrochemical conditions and calculate the kinetics of rate-
limiting steps such as extraction and diffusion of Al and Ti atoms. 

Future Plans 
Our next objective will be to connect experimentally measured parameters indicating successful or unsuccessful 

etching to energy landscapes calculated from the first principles and determine the key thermodynamic and kinetic 

Figure. The research scope integrates hypothesis-driven 
computational and experimental methods to discover a 
large pool of 2D materials that can be obtained through 

selective etching 
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parameters that govern the synthesis of MXenes through the e-etching of MAX phases. Building on these outcomes, 
we will next attempt to determine the synthesizability of a broad range of MAX phases and other layered 3D non-
van der Waals compounds and identify the optimal parameters for their E-etching (i.e., electrolyte, potential, etc.).  

Broader Impacts and Workforce Development 
Klyukin and Malone, along with other faculty members at Auburn University, worked together to establish the 

Center for Multiscale Modeling of Materials and Molecules (CM4) between Auburn and Tuskegee Universities. 
The primary goal of our initiative is to develop the next generation of workforce in computational materials and 
molecular sciences. This involves creating new curricula, coordinating interdisciplinary seminar series, and 
initiating outreach activities for K-12 community in southeast Alabama.  

All project PIs initiated the development of an introductory “Data-driven Materials Design” module, which will 
be further incorporated into various science, technology, engineering, and mathematics (STEM) at Auburn, 
Tuskegee, Missouri S&T, and University of Arizona.  

Data Management and Open Access 
A long-term goal of this project is to establish a searchable database containing computational and experimental 

data for materials that can be produced via selective electrochemical etching.  Ascribing FAIR principles, we will 
also publish computational and experimental data in open data repositories: 
V. Nesterova, V. Korostelev, K. Klyukin, Konstantin (2024). Ti3C2T2.zip. figshare. Dataset.
https://doi.org/10.6084/m9.figshare.25236772.v1

Advancing Along the Materials Development Continuum and Partnerships to Translation 
The proposed research will introduce a process for the synthesis of high-quality MXenes and other 2D materials 

with different compositions and structures. At the later stage of our project, we are going to explore the possibility 
of scaling up the production of MXenes and/or other 2D materials by designing innovative electrochemical cells 
capable of handling large quantities of precursors and providing extended capabilities for multi modal in situ 
reaction monitoring. The outcomes of this research also have the potential to expand the family of stable 2D 
materials with superior properties for various applications. 

Publications and References 

1. V. Nesterova, V. Korostelev, K. Klyukin, "Unveiling the role of termination groups in stabilizing MXenes
in contact with water." Journal of Physical Chemistry Letters, 15, 13, 3698–3704 (2024) DOI:
10.1021/acs.jpclett.4c00045
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Electrocatalysis Consortium (ElectroCat): 
A DOE Energy Materials Network (EMN) Consortium 

Poster Presenter: Wilton J. M. Kort-Kamp (kortkamp@lanl.gov)  
Lead Investigators: Piotr Zelenay (zelenay@lanl.gov), Deborah Myers (dmyers@anl.gov)  
Participating Core Institutions: Argonne National Laboratory, Los Alamos National Laboratory, National 
Renewable Energy Laboratory, Oak Ridge National Laboratory  
Website: https://www.electrocat.org/  
Keywords: energy, hydrogen, fuel cell, electrolyzer, electrocatalyst 

Project Scope 

The ElectroCat (Electrocatalysis) Consortium is 
aimed at increasing U.S. competitiveness in developing 
and manufacturing fuel cell and water electrolyzer 
energy conversion devices by addressing primary 
challenges to the widespread implementation of these 
technologies. The platinum group metal (PGM) 
electrocatalysts that are the current standard in low-
temperature fuel cell and water electrolyzer systems are 
expensive and restrict the ability to be cost-competitive 
with traditional hydrocarbon-based technologies (e.g., 
internal combustion engine and steam methane 
reforming, respectively).  In this sense, catalyst design 
represents the most pressing material barrier related to 
fuel cell and water electrolyzer deployment. ElectroCat 
is addressing this barrier by accelerating the 
development and deployment of platinum group metal-
free (PGM-free) electrocatalysts in low-temperature 
fuel cells and water electrolyzers.  

Relevance to MGI 

As part of the DOE’s Energy Materials Network (EMN), ElectroCat employs a systematic approach in which 
catalysts are synthesized and analyzed rapidly and comprehensively using high-throughput methods. These in turn 
are guided by computational modeling and machine learning, advanced characterization, and the fundamental 
electrocatalysis and materials knowledge housed across the national laboratory network. Streamlined data sharing 
with industry and academia partners is critical to the ElectroCat approach, rapidly building an understanding of 
PGM-free electrocatalysts across the field and, ultimately, enabling the incorporation of those materials into next-
generation fuel cells and electrolyzers. 

Technical Progress 

Some key accomplishments that highlight the success of ElectroCat’s systematic approach for PGM-free 
catalyst development include:  

• Identification of catalytic active sites: Computational modeling using density functional theory and
advanced characterization techniques such as in-situ X-ray absorption spectroscopy were used to
understand catalytic active sites in Fe-N-C catalysts for the oxygen reduction reaction.1,2

• Machine learning-directed synthesis of novel, high-performing catalysts: High-throughput catalyst
synthesis and performance correlations were investigated using several machine learning models.
Output from the best model suggested “next-step” experiments that resulted in higher performing
catalysts than were previously fabricated.3,4,5

Figure. Developed and implemented adaptive learning 
design loop with uncertainty quantification to model and 
guide high-throughput synthesis of PGM-free catalysts.5 

161

mailto:kortkamp@lanl.gov
mailto:zelenay@lanl.gov
mailto:dmyers@anl.gov
https://www.electrocat.org/


• Novel synthesis methods for improved catalyst activity: Optimization of Ni-Fe composition coupled
with novel, high surface area synthesis methods resulted in enhanced activity for the oxygen evolution
reaction in alkaline electrolyte.3

Future Plans 

ElectroCat is continuing to apply its data science-guided high-throughput synthesis methods specifically to 
Fe-N-C catalysts for the oxygen reduction reaction in fuel cells, pushing the boundaries of catalytic activity and 
stability, simultaneously.  The consortium plans to implement best-in-class high-throughput-synthesized Fe-N-C 
catalysts in polymer electrolyte fuel cells (PEFCs) and continue expanding their work in low-temperature 
electrolyzer catalyst development for both oxygen and hydrogen evolution reactions. 

Broader Impacts and Workforce Development 

ElectroCat has already partnered with universities on the list of Minority Serving Institutions (MSIs) and plans 
to partner next year with Historically Black Colleges and Universities (HBCUs) on fuel cell and electrolyzer catalyst 
development projects. Students in selected projects will have an opportunity to work directly with the staff and 
post-docs at the core ElectroCat national laboratories. In addition, ElectroCat is committed to hiring and training 
new post-docs to conduct material synthesis, electrochemistry, and computational modeling work that is critical to 
the success of the consortium. 

Data Management and Open Access 

ElectroCat maintains a Data Hub where it stores data collected and models used. Industry and academic partners 
also share data through the Data Hub. Streamlined data sharing with these partners is critical to the ElectroCat 
approach, rapidly building an understanding of PGM-free electrocatalysts across the field and ultimately, enabling 
the incorporation of those materials into next-generation fuel cells and electrolyzers. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

By pooling their expertise, ElectroCat’s national laboratory partners (co-led by Los Alamos National 
Laboratory and Argonne National Laboratory, with partners Oak Ridge National Laboratory and National 
Renewable Energy Laboratory) will advance the tools needed to model, synthesize, characterize, and optimize 
PGM-free catalysts and electrode structures to the point that they are easily applied to a broad range of catalyst 
systems and set a standard for rapid material analysis and development. The consortium approach allows for 
efficient collaboration between multiple lab partners and provides a structure for outside stakeholders to leverage 
the expertise at the core national labs to accelerate innovation. Such capabilities include material synthesis and 
processing, catalyst and electrode characterization, and computational material modeling. 

Publications and References 

A list of ElectroCat publications can be found at https://www.electrocat.org/electrocat-publications/ 

1. L. Osmieri, R. K. Ahluwalia, X. Wang, H. T. Chung, X. Yin, A. J. Kropf, J. Park, D. A. Cullen, K. L. More, P.
Zelenay, D. J. Myers, K.C. Neyerlin, Appl. Catal. B: Environ., 257, 117929-117941 (2019).

2. H. Yu, M. Zachman, D. Myers, R. Mukundan, H. Zhang, P. Zelenay, K. Neyerlin, and D. Cullen, Microsc. Microanal.
27, 974-976 (2021).

3. L. Osmieri, H. Yu, R. P. Hermann, M. E. Kreider, H. M. Meyer III, A. J. Kropf, J. H. Park, S. M. Alia, D. A. Cullen,
D. J. Myers, P. Zelenay Appl. Catal. B: Environ., 348, 123843 (2024).

4. M. Karim, M. Ferrandon, S. Medina, E. Sture, N. Kariuki, D.J. Myers, E.F. Holby, P. Zelenay, and T. Ahmed, ACS
Appl. Energy Mater., 3, 9083-9088 (2020).

5. W. J. M. Kort-Kamp, M. Ferrandon, X. Wang, J. H. Park, R. K. Malla, T. Ahmed, E. F. Holby, D. J. Myers, P. Zelenay,
J. Power Sources, 559, 232583 (2023).
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Comsuite: combining electronic with quantum 

embedding methods to predict the properties of 

correlated electron materials 

Lead Investigator: Gabriel Kotliar, Kotliar@physics.rutgers.edu 

Participating Institutions: Brookhaven National Laboratories, Rutgers University 

Source of Support: DOE-BES 

Website: https://www.bnl.gov/comscope/ 

Keywords: Software-development, correlated-electron-materials, theoretical-spectroscopy 

Project Scope  

The mission of Comscope, the Center for Theoretical Spectroscopy and Material Design, is to  develop, 

validate and disseminate Comsuite,  an open source, publicly licensed electronic structure  package 

combining quantum embedding methods such as  DMFT(Dynamical Mean Field Theory)  and  electronic 

structure   functional and diagrammatic methods, to describe and predict the physical properties of 

strongly correlated electron materials.   

Relevance to MGI  

Strongly correlated electron materials are not well described by standard electronic structure methods 

based on density functional theory, and require new concepts, algorithms and software tools, which are an 

integral part of the materials genome initiative.  Comsuite successfully treats both static and dynamic 

correlations which are ubiquitous in this class of systems. 

Technical Progress  
We achieved the first complete prototype of Comsuite   suite of codes.   It contains   advanced  electronic 

structure  methods using density functional and diagrammatic methods, state of the art  impurity solvers, 

quantum embedding  modules  (DMFT and RISB), postprocessing tools that allow use of theoretical 

spectroscopies  and novel computer science tools  to facilitate its use and development  (Portobello) .  

Comsuite’s most time consuming modules have also been designed to work in exascale machines. 

Future Plans  

We plan further integration of Comsuite codes and comparison of results achieved against 

available experiments, together with predictions for future experiments for further validation, in 

the spirit of the materials genome project. 

Broader Impacts and Workforce Development    

Many postdoctoral scientists who worked in Comscope have now been integrated into the 

workforce, both in industrial and academic positions. 

Data Management and Open Access 

Codes developed in this project are fully open source and public licensed.  The algorithms and the 

codes developed by our project have both been published in peer reviewed journals, such as 

Computer Science Communication, thus ensuring its long-term availability to the community. 
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Advancing Along the Materials Development Continuum and Partnerships to Translation 

Strongly correlated electron materials, have unique functionalities and offer the path to qualitative 

improvements in existing technologies, as well as completely new technologies.  

Modern implementations of the density functional theory approach and its extensions are an 

important foundation of both materials research and the MGI project.  We hope that quantum 

embedding methods, coupled to all electron ab-initio electronic structure tools, including those 

developed by Comscope, will play a similar role in the future, thus opening new possibilities for 

material design, by employing strongly correlated electron materials. 

Publications and References 
1. Toward a predictive theory of correlated materials, PRC Kent, G Kotliar, Science 361 (6400), 348-

354  (2018)

2. Linearized self-consistent quasiparticle GW method: Application to semiconductors and simple

metals, AL Kutepov, VS Oudovenko, G Kotliar, Computer Physics Communications 219, 407-

414  (2017)

3. Slave Boson Theory of Orbital Differentiation with Crystal Field Effects: Application to UO2, Nicola

Lanatà, Yongxin Yao, Xiaoyu Deng, Vladimir Dobrosavljević, and Gabriel Kotliar, Phys. Rev. Lett. 118,

126401 (2017)

4. ComDMFT: a massively parallel computer package for the electronic structure of correlated-electron

systems, S Choi, P Semon, B Kang, A Kutepov, G Kotliar

Computer Physics Communications 244, 277-294 (2019)

5. EDRIXS: An open source toolkit for simulating spectra of resonant inelastic x-ray scattering, YL

Wang, G Fabbris, MPM Dean, G Kotliar, Computer Physics Communications 243, 151-165  (2019)

6. Self-consistent GW method: O (N) algorithm for polarizability and self energy

AL Kutepov, Computer Physics Communications 257, 107502 (2020)

7. Accelerated impurity solver for DMFT and its diagrammatic extensions, C Melnick, P Sémon, K Yu,

N D'Imperio, AM Tremblay, G Kotliar, Computer Physics Communications 267, 108075,  (2021)

8. Portobello-Quantum embedding in correlated materials made accessible, R Adler, C Melnick, G

Kotliar, Computer Physics Communications 294, 108907 (2024)

9. ComDMFT v. 2.0: Fully self-consistent ab initio GW+ EDMFT for the electronic structure of

correlated quantum materials, B Kang, P Semon, C Melnick, G Kotliar, S Choi

arXiv preprint arXiv:2310.04613 (2023)

10. Orbital-Selective Mott Transition Effects and Nontrivial Topology of Iron Chalcogenide,

Minjae Kim, Sangkook Choi, Walber Hugo Brito, and Gabriel Kotliar, Phys. Rev. Lett. 132, 136504

(2024)
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Design and Optimization of Granular Metamaterials using 

Artificial Evolution 

Lead Investigator: Rebecca Kramer-Bottiglio, rebecca.kramer@yale.edu 

Participating Institutions: Yale University, University of Vermont 

Source of Support: NSF-DMREF 

Website: https://www.eng.yale.edu/faboratory/ 

Keywords: Granular metamaterials, multifunctional materials, evolutionary algorithms, adaptive materials 

Future metamaterials will exhibit increased dynamic plasticity, enabling responses to different environmental inputs 

or task demands by reconfiguring their physical structure. Granular metamaterials offer an advantageous platform 

for such dynamic programmability, as particle properties can be widely tuned to achieve different responses. 

Granular metamaterial response is dependent on many variables, including the grain arrangement, grain mass, 

modulus, and shape, friction or other interactions between grains, and boundary conditions of the granular assembly. 

With such a vast number of possible combinations of micro-structural variables, the task of designing the complex 

relationship between microstructure and bulk properties is daunting. We are applying evolutionary algorithms to 

efficiently search the immense parameter space for granular metamaterial designs with specific material properties, 

as well as identify how a design can be perturbed to push it from one set of desired bulk properties to another.  

Project Scope 

Our effort seeks to establish a new artificial intelligence-driven approach to the design and optimization of 

granular metamaterials with adaptable properties. New knowledge and tools to be generated by this project include: 

(i) New evolutionary algorithms for granular metamaterials capable of editing their own configuration and

properties; (ii) New discrete element method (DEM) simulations that can predict the properties of granular materials

with active grains; and (iii) New synthesis strategies for multifunctional grains and grain assemblies.

Relevance to MGI 

Our project aims to answer two questions: (1) How can we automatically design granular assemblies with 

specific desired material properties? (i.e., What should the grains' arrangement, moduli, shapes, etc. be to yield a 

given bulk property?); and (2) How can we automatically design a series of granular assemblies that allow 

continuous, time-ordered changes in material properties? To answer these questions, we are developing a closed-

loop procedure wherein physics-based discrete element simulations, evolution-based optimization, and physical 

realizations are combined to produce granular metamaterials with desired, optimal, and adaptable bulk properties. 

Technical Progress 

Our technical progress includes: 

Adaptive force chains in granular metamaterials.     Under an applied load, granular packings form force chain 

networks influenced by the contact network and grain stiffness. We investigated packings of variable stiffness 

Figure 1. An example application for adaptable granular metamaterials. Materials with adaptable properties could enable 
a robot with (1) different responses to vibration, which could enable vibration-driven locomotion; (2) acoustic cloaking 

during covert missions; and (3) tunable bulk stiffness to adjust between compliance and load-bearing tasks. 
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particles, directing force chains by changing individual particle stiffness on demand. Each particle consists of a 

silicone shell and a core of Field’s metal, which melts and softens with an electric current through a copper heater. 

As it cools, the particle regains its original stiffness. Using an evolutionary algorithm and discrete element method 

simulation, we optimized the mechanical response of granular packings. Experiments with a 2D assembly of 

variable stiffness particles measured force outputs via photoelasticity. Our results represent a first step towards 

robotic granular metamaterials that can dynamically adapt their mechanical properties. 

Polycomputation in granular metamaterials.     One type of material property adaptation we are studying is 

computing capability. By applying input vibrations to a subset of grains in a granular assembly, we can interpret 

the measured output vibrations at another subset of grains as computational outputs. While previous research has 

shown that changing the input frequency to an assembly changes the output frequency, thereby altering the logic 

gate, we have demonstrated that this process can be inverted. By adjusting the stiffness of individual grains, we can 

design logic gates that adapt to the same input frequency. Additionally, we discovered that we can evolve granular 

materials capable of "polycomputing," where multiple inputs as vibrations at different frequencies produce multiple 

computational results, which can be detected as vibrations at different frequencies at the output grain. 

Tessellated granular metamaterials.     The shear modulus of granular packings typically increases with pressure 

due to frequent particle and contact network rearrangements. We are developing a class of granular metamaterials 

where the shear modulus can either increase or decrease with pressure without particle rearrangements. Using DEM 

simulations and experimental studies, we created “tessellated” granular metamaterials, which are divided into small 

compartments containing fewer than 10 grains each. Our simulations of tessellated parallelograms filled with soft 

disks show that the shear modulus can be precisely controlled—and notably designed to decrease with increasing 

pressure—without particle rearrangements. These findings present a novel methodology for designing granular 

materials with customizable pressure-dependent mechanical responses. 

Cost of adaptation in granular metamaterials.     Drawing parallels between adaptive shape-changing robots and 

adaptive property-changing materials, we are designing ``robograins'' that can individually adapt their stiffness, 

size, and shape to collectively adapt a granular material's property state. Herein, we are studying the energetics of 

dynamic reconfiguration. Just as there exist infinite possible paths for a locomotion robot, there analogously exists 

infinite possible grain-level adaptations to achieve a desired time-ordered property state progression for a granular 

material. What is the most efficient adaptation path? Is it energetically favorable to wildly adapt one grain or to 

mildly adapt many grains, if both options will produce the same overall property state? This project is applying 

tools and strategies from robotics towards the design and control of adaptive materials, representing a conceptual 

shift with broad opportunities for impact. 

Future Plans 

We aim to enhance our particle capabilities, which currently include variable stiffness (gradients and binary 

switching) and variable size (particle growth and shrinkage), by incorporating variable shape. As we increase the 

number of free variables, we anticipate that the simulation environment, the multi-objective search algorithm, and 

the fabrication of the evolved designs will become increasingly complex. 

Broader Impacts and Workforce Development 

Our primary activity to broaden participation in the design of next-generation adaptable materials and robots 

will be the creation a website, Twitch Plays Soft Robotics, through which members of the public can collaborate to 

remotely “drive” a real soft robot. This new interactive Twitch channel will build upon the success of our team’s 

prior introduction of Twitch Plays Robotics.  

Data Management and Open Access 

Digital outputs are publicly available through publications posted on the PIs’ websites. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

We expect the application of evolutionary algorithms to locally adaptable materials, such as granular 

assemblies, to enable increasingly sophisticated, programmable, and computationally dense metamaterials. 
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Accelerating the Design of Adhesives with Nanoscale Control of 
Thermomechanical Properties

Lead Investigator: Dan Krogstad, dkrogsta@illinois.edu 
Participating Institutions: University of Illinois Urbana-Champaign (Illinois), University of Illinois Chicago 
(UIC), Purdue University, Air Force Research Laboratory 
Source of Support: NSF-DMREF 
Website: None 
Keywords: Adhesives, Epoxy, Block Copolymers, Molecular Dynamics, Terahertz Time-Domain Spectroscopy 

Project Scope 
The primary objective is to develop a fundamental understanding of the multiscale structure-property 

relationships of high-toughness, hierarchical epoxy/block copolymer (BCP)/ionic liquid (IL) adhesives that will 
enable the rational design of next generation adhesives. Specifically, we will develop experimentally-validated 
multiscale models to increase our understanding of block copolymer self-assembly in epoxy, the origins of the 
adhesion forces, and other key mechanical properties (toughness, modulus) for hierarchically ordered adhesives. 
Model validation will be achieved through the use of a combination of in situ, multi-scale structural, chemical, 
rheological, and mechanical characterization methods. The results from the experiments and models will be 
integrated with machine learning (ML) tools to create a tool for adhesive property prediction and design. 
Relevance to MGI 

The factors that influence the 
structure and properties of these 
hierarchical epoxy adhesives are 
inherently multiscale. Therefore, it 
is critical to utilize experiments 
and models that can probe different 
length and time scales of these 
materials, and then link them 
together to obtain a detailed 
understanding of these complex 
systems. One of the earliest 
examples of our approach is in the 
development of models to predict 
the self-assembly of the BCPs in 
the ionic liquid/epoxy systems. In this instance, the molecular dynamics (MD) simulations that are being performed 
at UIC on the BCP self-assembly in ILs, are being performed at the same molecules as the validation experiments 
being performed at Illinois with the small angle x-ray scattering (SAXS). Once the models have been validated, the 
simulation and experimental results will serve as inputs into a ML model to predict the self-assembly of a broader 
range of block copolymers and solutions, which will greatly reduce the time and cost of the development cycles. 
Technical Progress 

Key technical progress was made towards the rheological characterization of the formulations, mechanical 
characterization of the epoxies, and the simulation of the BCP self-assembly in the IL. 

In this project, we identified a consistent procedure to reliably characterize the rheological properties of the 
formulations. Specifically, we demonstrated the importance of the preshear conditions in obtaining consistent yield 
stress values from transient creep testing. Using these procedures, we established strong correlations between the 
yield stress of the epoxy/BCP/IL materials and the structural organization of the BCPs. We also investigated the 
impact of mixing procedures on the material properties of epoxy matrix including the component mixing order, the 
mixing procedure (steps, speed, and time), and the effect of vacuum on the rheology. Our research has shown that 
the mixing order and the effect of vacuum during mixing highly influenced the rheological properties of the 
materials. These experiments will be used to train an ML model for optimization of the procedures.  

For mechanical testing, the epoxy/BCP/IL materials were cured in pre-defined dogbone samples to determine 
their behavior in the quasi-static regime, including the determination of the strain rate sensitivity and failure of the 

Figure 1. This integrated project will increase our understanding of the structure 
and mechanical properties of hierarchical epoxy/BCP adhesives through in situ 
experiments, multiscale models and machine learning. 
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materials. Full-field strain measurements were obtained using digital image correlation (DIC). The quasi-static 
stress-strain behavior of the polymer composite was obtained at multiple cross-head speeds, corresponding to 
multiple strain rates. The epoxy/IL composites (without BCP) exhibited brittle behavior with a modulus of 
approximately 3 GPa. The strain to failure was observed to be very low, close to 3%. The fracture surface exhibited 
several pores, with large pores in close proximity initiating subcritical crack growth. Once the size of these cracks 
reached critical values, they propagated catastrophically, causing fast and brittle fracture. These baseline results 
indicate the potential benefit of BCPs to improve the toughness of the composites. Additionally, recently developed 
processing methods will help reduce the air in the materials, and will enable more reliable mechanical testing results. 

MD has been used to predict the self-assembly of the BCP in IL. We modeled the IL using a coarse-grained 
(CG) framework using Martini 3.0 force field. First, the anion CG model was built using Martini beads, and the 
non-bonded parameter was further modified based on the interaction levels. For the validation of the parameters, 
we analyzed the bulk density and radial distribution function of the CG model and compared with all-atomistic 
simulation data. We modified a previously established model for BCP self-assembly in water and subjected to 
simulation with accurate coarse-grained representation of our IL instead of the water. The next steps will involve 
the optimization of the BCP-IL interaction strength in the models to replicate the experimental self-assembly results. 
Future Plans 

The project approach has been split into three thrusts: 1) Design the formulations for BCP self-assembly and 
tailor the meso- and macrostructure using processing, 2) Characterize the multiscale mechanical response, and 3) 
Develop the data framework to enable multiscale linkages. In Thrust 1, the experimental characterization will focus 
on understanding the hierarchical structure of the BCPs in the adhesive, through microscopy and SAXS. AAMD-
informed CGMD simulations will be used to increase our understanding of BCP micelle formation and calculate 
the strengths of adhesion. In Thrust 2, we will perform mechanical testing on the composites to determine the strain 
rate sensitivity in the quasi-static regime with rich data production. Terahertz time-domain spectroscopy will be 
used to analyze sub-surface defects and pores in the material. The dynamic behavior of the composite will also be 
studied at higher rates using drop hammer tests and shock compression tests. In addition to experiments, a 
simulation framework is being developed to predict stress maps in given microstructures based on loading and 
loading rates. Thrust 3 will focus on the development of a data framework that will be used to connect the 
computational database with the experimental database (currently in development) and ML tools. 
Broader Impacts and Workforce Development 

The broader impacts of this project include broadening participation in engineering and training of graduate 
and undergraduate students. We have been working to identify and engage students from currently underrepresented 
populations to participate in this research, as well as in the teaching and public outreach events that stem from this 
work by leveraging existing diversity programs. The students on this project will not only advance their technical 
knowledge in their fields, but they will be exposed to a diverse set of modern tools by working in this integrated 
team environment, which will enable them to be successful for careers in academia or in industry. In the first year, 
funding from this project has been used to (at least partially) train ten students and post-doctoral researchers, 60% 
of which are from underrepresented minorities in STEM. 
Data Management and Open Access 

The development of data schema tools to archive and organize information is the first step towards integrating 
computational tools with experimental data that accelerate development. We have been working diligently to 
develop a data schema for the experimental data and metadata associated with epoxy formulation, processing 
methods, characterization methods, and materials properties. We are now building out a database based on these 
schemas. We are focusing on the development of a graph-based database, since a graphical schema can preserve 
material history and relationships, yet still allow for tabular outputs. The development of this database is critical to 
ensuring the experimental data follows FAIR data principles and will enable the integration of the experimental 
data with the existing computational databases and the machine learning tools. 
Advancing Along the Materials Development Continuum and Partnerships to Translation 

The development of the adhesives data framework using FAIR data principles will ensure that the resulting 
information will be widely available and can be used to help accelerate the development of a wide variety of related 
advanced polymer systems. The collaboration with AFRL will help promote translation of these results into AFRL-
relevant materials systems. The tools can also be used to accelerate the development of sustainable epoxy adhesives 
systems through the analysis of bio-sourced epoxy monomers with cellulosic nanocrystals.  
Publications and References 

There have been no submitted publications yet. 
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Accelerating Materials Discovery: Understanding Attitudes and 
Habit Regarding Data Use and Sharing 

Lead Investigator: Lisa B. Lewis, lblewis@albion.edu 
Participating Institutions: Albion College/Purdue University, Johns Hopkins 
Source of Support: NSF Cross Cutting Activities Program  
Website: none 
Keywords: survey, culture, data sharing, data use 

Project Scope 

The Materials Genome Initiative has the goal of accelerating the pace of scientific discovery through the use of 
data sharing and data methodologies (e.g., machine learning). The extent to which the stakeholders in the 
materials research community have the knowledge and ability to embrace the habits and practices necessary relies 
upon a fundamental change in culture about how we think about the practice of science. With this in mind, we 
surveyed researchers with a goal of understanding the 
prevalence of and major impediments to data sharing as 
well as the prevalence of data-centric research 
methodologies.  

Relevance to MGI 

We surveyed researchers with a goal of answer these 
major research questions: 

(1) How prevalent is the sharing and use of data in
materials research?
(2) What are the current major impediments to FAIR data
sharing?
(3) What are general attitudes with respect to the use of
data in materials research? Are there differences based on
field of expertise?
(4) How prevalent is the use of data-centric research
approaches (such as machine learning and artificial 
intelligence) in materials research? Are there differences 
based on field of expertise? 

Technical Progress 

More than eighty research scientists participated in our survey and a little over half of our participants report 
using data methodologies in their research. Generally, our participants believe that the sharing of data and data 
products is valuable and report sharing primarily with collaborators and others in the research lab. Most 
participants understand that research protocols need to be modified to support data-centric research; however, 
only half of the respondents believe that the NSF data management plan is integral to achieving research 
objectives. We will report additional outcomes of the survey, including some correlations between habits and 
attitudes of researchers. 

Figure. A sample of responses that reflect attitudes 
and habits of materials research scientists. 
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Future Plans 

As we look to publish this work, additional analysis, including inter-rater reliability will be performed. We plan 
look to identify additional correlations between opinions and attitudes and the habits of researchers. Because 
respondents share their perceptions of needs for the community, this work can be used to shape future policy, 
program, and infrastructure decisions to support the materials science community in achieving MGI goals.   

Broader Impacts and Workforce Development 

More than one-third of respondents report not using data methodologies such as machine learning. One-third 
said it was not related to their interests and 30.8% responded that they lacked the background and skillset. This 
suggests that workforce development and training for faculty is an important need for the materials research 
community. 

Data Management and Open Access 

Once analysis is complete, de-identified data will be made readily accessible to the community through a 
website and DOI.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

As one participant remarked, “I think it is still a ‘Wild West’ out there with respect to data. All of these efforts 
need to begin with a sustainability model…” The adoption of national standards with a national data board is 
appealing because standards make data trustworthy. Respondents would like to see more sharing of raw data and 
not just the results of successful experiments. There is a need for a centralized database(s) that are open to the public 
and equipped with educational protocols adaptable to undergraduate and graduate students. Datasets must be 
machine readable and attribution and credit for published datasets is a must. 

Publications and References 

This work has not been published but this reference has been helpful in thinking about how culture and policy affect 
the success of MGI. 

American Geological Union (AGU) Position Statement on Data: www.agu.org/Share-and-
Advocate/Share/Policymakers/Position-Statements/Position_Data.  
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DMREF: Collaborative Research: High-throughput Screening of 
Electrolytes for the Next-generation Rechargeable Batteries

Lead Investigator: Tao Li, tli4@niu.edu 
Participating Institutions: University of Michigan, University of Illinois at Chicago 
Source of Support: Enter NSF-DMREF 
Website: none 
Keywords: small angle X-ray scattering, electrolytes, high-throughput, molecular dynamics, machine learning 

Project Scope 

We hypothesize that the ionic environment and structural heterogeneity are crucial in defining the ion transport 
mechanism. Our proposed research aims to uncover the structure-property relationships of battery liquid 
electrolytes. We will systematically vary the composition and concentration of the electrolytes to determine the 
optimum solution for rechargeable batteries. Our approach integrates high-throughput experimental 
characterization, computational simulations, and data-driven analysis in a closed feedback loop. By leveraging the 
research team's expertise in high-throughput experiments (Li), simulations (YZ and Ngo), and data analysis, we 
aim to rationally design a new generation of liquid electrolytes and understand the fundamental interactions between 
ions and solvents.  

Relevance to MGI 

While the Materials Genome Initiative allows scientists 
to traverse large swaths of chemical space of electrolytes, 
high-throughput methods limit the development. 
Furthermore, the recent observation of larger 
nanoaggregates in electrolytes suggests that the previous 
understanding of electrolyte solvation structures should be 
revisited. The proposal focuses on building tools to readily 
link ab initio simulations with predictions of electrolyte 
macroscopic behavior by bridging our team's expertise, as 
shown in Figure 1. Li is an expert in high-throughput 
experimentation/characterization and has screened many 
electrolyte combinations for solvated structures with 
SAXS/WAXS. On the computational side, Ngo has 
extensive experience studying ion solvation structures and 
kinetics with MD, while YZ has expertise in applying 
machine learning methods to guide high-throughput 
computational screening as well as neutron scattering. Our approach will use advanced characterization techniques 
to measure solvation structures and bulk transport properties for a large number of chemical parameters while 
gaining molecular insights from computational methods such as AIMD and CMD. Machine learning methods will 
use results from high-throughput (HT) experimental platforms to make predictions to guide simulations, which will 
provide insights into narrowing the experimental parameter space. This approach will allow us to optimize 
electrolyte parameters for the next-generation electrolytes. 

Technical Progress 

SAXS experiment was carried out at 12ID-C of Advanced Photon Source (APS), and the in-situ Raman experiment 
was determined by using a Renishaw Raman spectroscopy at the center for nanoscale materials. Figures 2 (a) and 
(b) show the SAXS and Raman profile. Combining the plots shows that the peak intensity centered at 1 Å-1 decreases

Figure 1. Proposed Workflow of electrolytes by 
screening millions of combinations using a closed-
loop approach that combines high-throughput 
experimental characterization, modeling, and 
machine learning. 
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with more water injected into the system. Meanwhile, 
as the dilution proceeded, a new peak was formed and 
raised from around 0.4 Å-1 and eventually moved to 
the low q region and decreased in intensity.  

To provide explanations for how the HT SAXS and 
Raman data are mapped onto the low-dimensional 
space, we used Layer-Wise Relevance Propagation 
(LRP) to obtain such explanations. LRP is a 
framework that could analyze the prediction from a 
high-dimensional neural network. This framework 
outputs the relative importance (the relevance) of each 
input feature contributing to each latent variable on a 
particular sample. We took model B as an example and 
showed that the predictions of all three latent variables 
contributed much more from the SAXS data than 
Raman data (Figure 2), which suggests that the 
distribution of the samples on the low-dimensional 
representation depends more on the SAXS data than 
Raman data. The color represents the relevance of the 
data in the prediction. 

Future Plans 

High throughput characterization will be used to generate a large amount of data. Machine learning will be used 
to take advantage of the database for the training.  

Broader Impacts and Workforce Development 

A total of five graduates, three undergraduates, and one postdoc have been involved in this project. 

Data Management and Open Access 
The data has been shared by three PIs and stored in the box folders. For the published work, the data is also 

open to the public and could be obtained by contracting each PI. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
The electrolyte could be discovered within a shorter time with our current work. Our results could accelerate 

the discovery of new electrolytes. One patent has been filed, and PI plans to commercialize the technology.  
Publications and References 
1. X. Liu, R. Winans, A. Ngo*, Tao Li*, Exploring Solvation Structure for Rational Design of Advanced

Electrolytes for Next Generation of Li-ion Battery, Applied Physic Review, 11, 021307 (2024). DOI:
doi.org/10.1063/5.0187154

2. X. Lyu, H. Wang, X. Liu, L. He, C. Do, S. Seifert, R. Winans, L. Cheng*, Tao Li*, Probing the Solvation
Structure of Methanol-in-Salt Electrolyte, ACS Nano, 18, 7037-7045 (2024). DOI:
doi.org/10.1021/acsnano.3c10469

3. X. Liu, L. Fang, X. Lyu, R. E. Winans, Tao Li.* Unveiling the Liquid Electrolyte Solvation Structure by
Small Angle X-ray Scattering. Chemistry of Materials, 23, 9821-9832 (2023) DOI:
doi.org/10.1021/acs.chemmater.3c01648

Figure 2. LRP explanations obtained for output 
neurons: (a~b) L1, (c~d) L2 and (e~f) L3 from 
model B. 
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Machine Learning Accelerated Design and Discovery of Rare-

earth Phosphates as Next Generation Environmental Barrier 

Coatings 
Jie Lian, Mechanical, Aerospace & Nuclear Engineering, Rensselaer Polytechnic Institute, lianj@rpi.edu 

Liping Huang, Materials Science & Engineering, Rensselaer Polytechnic Institute, huangl5@rpi.edu 

Suvranu De, Mechanical, Aerospace & Nuclear Engineering, Rensselaer Polytechnic Institute, des@rpi.edu 

Website: none 

Keywords: Multicomponent rare-earth phosphate, environmental barrier coating (EBC), ceramic-matrix composite 

(CMC), steam oxidation and CMAS corrosion, microstructure design,  

Project Scope 

A data-driven approach based on experiments, 

computational modeling and machine learning is 

being developed to discover new rare-earth 

phosphates for environmental barrier coatings 

(EBCs). More than 30 single and multicomponent 

rare-earth phosphates have been synthesized and 

experimentally tested for performance under different 

conditions. The obtained experimental data is utilized 

to develop and improve computational models. For 

accelerated material design, element-based and 

microstructure-based machine learning (ML) models 

are being developed. These ML models guide the 

experimental design and accelerate the performance 

testing of EBCs. The data and models generated in the 

project are uploaded to the online repositories. 

Relevance to MGI 

The data-driven approach developed in this 

project is based on a close collaboration between experiments, computational modeling and machine learning. 

Experimental synthesis and testing have been used to determine the thermomechanical properties of rare-earth 

phosphates as potential EBC materials and provide data for developing and validating computational models. These 

computational models assess the performance of EBC candidate materials and provide insights into their practical 

applicability under actual operating conditions. These insights are further used to provide feedback and recalibrate 

the design approach for improving material properties. Machine learning (ML) models are being developed using 

data from experimental measurements, microstructure maps and density functional theory (DFT) calculations. 

These ML models search the design space for suitable rare-earth phosphate compositions and microstructures with 

desired properties, which are then synthesized and tested in experiments. These iterative feedback loops among 

experiments, computation modeling, and ML modeling have increased our understanding of the performance of 

rare-earth phosphates for EBC applications. A fundamental knowledge base is being built through a material 

property database from experiments and DFT calculations. This database with computational and ML models is 

being used to accelerate the design of rare-earth phosphate for next-generation EBC applications. 

Technical Progress 

Single and multicomponent rare-earth phosphates (including Sc, Lu, Yb, Er, Y, Sm and Gd) with xenotime 

structures were synthesized and systematically characterized for phase stability, thermal expansion coefficients 

(CTE), thermal conductivity, and mechanical properties. These phosphates have CTE values close to that of SiC 

ceramic matrix composites (CMCs). Multicomponent phosphates exhibited lower thermal conductivity than single 

component phosphates, which is highly correlated with the cation size disorder. However, no clear trend was found 

for CTE values. This study also compared calcium-magnesium-alumina-silicate (CMAS) corrosion resistance of 

single and multicomponent phosphates at 1300 °C for different durations. Multicomponent phosphates show thinner 

reaction layer and better CMAS corrosion resistance than single component phosphates. Computationally, high 

throughput DFT calculations were carried out for entropy formation ability (EFA) and thermomechanical properties 

Figure 1. Synergy between the two computation-machine 
learning-experiment feedback loops for the accelerated 
design and discovery of rare-earth phosphates for EBCs in 
this research program. 
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of rare-earth phosphates using the AEL, AGL and QHA modules within the AFLOW framework. Multicomponent 

phosphates have a lower thermal conductivity and comparable CTE to single component phosphates, as validated 

by the experimental data. Element-based ML models based on graph neural networks and random forests have been 

developed to predict material properties such as formation energy, CTE and EFA. These ML models use data from 

online open-source databases (materials project and AFLOW) and data generated from DFT calculations in this 

project to make predictions. A second class of element-based ML models uses data from experiments, literature, 

and DFT calculations to identify the most significant elemental descriptors influencing CTE and EFA of 

multicomponent rare-earth phosphates. These ML models use linear regression and random forests to test different 

combinations of elemental descriptors that correlate with the CTE and EFA values and provide insights for 

experiments. The ML model based on experimental data revealed that elemental descriptors like ionic radius (RE 

element), size disorder (among multiple RE elements), mass disorder (among multiple RE elements) and 

electronegativity of RE elements most significantly influence the CTE of rare-earth phosphates.  

Using experimentally obtained data, computational fracture models were developed to assess the fracture 

performance of different rare-earth phosphate materials under thermomechanical loads and CMAS corrosion. These 

models have also been used to study the effect of microstructure attributes (grain size, shape, and orientation) on 

the performance of rare-earth phosphates. These models showed that the fracture performance of rare-earth 

phosphate EBCs can be better than the 4th generation disilicate EBCs. A microstructure-based ML model is being 

developed to accelerate the performance prediction of EBC microstructures. The ML model uses the EBC 

microstructures to predict the fracture severity under thermomechanical load and CMAS corrosion, thus providing 

feedback on their performance.  

Future Plans 

We will continue developing integrated computational and experimental approaches based on ML-guided 

materials design to discover new rare-earth phosphates with optimized compositions and microstructures with 

enhanced performance as next-generation EBCs. In the upcoming year, we specifically plan to:  

(1) Employ element-based ML models to identify potential multicomponent rare-earth phosphates for experimental

synthesis and rapidly test their performance using microstructure-based ML models.

(2) Extend the computational models to predict the effect of water vapor corrosion on rare-earth phosphate EBCs.

(3) Carry out DFT calculations for thermomechanical properties of multicomponent rare earth phosphates.

(4) Synthesize multicomponent rare earth phosphates based on predictions from ML models and test their

performance under CMAS and water vapor corrosion.

Broader Impacts and Workforce Development (250 words) 

This program offers a unique opportunity for undergraduate and graduate students and young scientists to work 

in a dynamic and multidisciplinary environment. The project supported two postdoc research fellows and two PhD 

students, who are being educated and trained as the next-generation workforce skilled in the comprehensively 

integrated experiment-simulation-data analytics approach. In addition, five undergraduate students were trained 

during the last year and worked on different aspects of FEM modeling, machine learning, DFT calculations and 

experiments. The research team coordinated the Engineering Exploration Day at RPI to promote STEM among 

local communities in the Greater Capital Region of New York. One of the Co-PIs coached middle school and high 

school students to teach a group of elementary school students to do hands-on, interactive and fun STEM activities 

every Sunday afternoon. This helps high school and middle school students understand science concepts better by 

teaching others and getting younger students interested in pursuing STEM fields. 

Data Management and Open Access (150 words) 

The source codes for the computational models, high-throughput frameworks and machine learning models 

have been uploaded to the Github repository (link). The experimental data generated in this project is uploaded to 

the materials project database through the MPContribs portal in the online project (link). 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

This project has the potential to transform the development of EBCs for CMCs by providing the knowledge 

base/design principles to optimize their structure and properties for reactive engine environments. The data-driven 

materials design approach will lead to the accelerated design and discovery of new materials with compositional 

complexity and configurational disorder. Our collaboration with industry, GE Global Research, will further enhance 

the technological relevance of our EBCs and speed up their incorporation into potential new applications. 
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Symmetry-guided Machine Learning for the Discovery of 
Topological Phononic Materials 

Lead Investigator: Bolin Liao, bliao@ucsb.edu 
Participating Institutions: University of California Santa Barbara, Massachusetts Institute of Technology 
Source of Support: NSF-DMREF 
Website: https://dmref.org/projects/144 
Keywords: topological materials, machine learning, phonon physics, thermal transport 

Project Scope 
      The overarching goal of this project is to use a Materials Genome Approach to discover, simulate, synthesize 
and characterize novel materials hosting phonon modes with nontrivial topology. These topological phononic 
materials are ideal testbeds for emerging new physics in topological bosonic systems. Practically, nontrivial 
phonon topology can provide a new degree of freedom to control phonon scattering and to manipulate thermal 
and thermoelectric transport properties. We will develop machine-learning based methods to systematically 
identify topological phononic materials, synthesize and characterize them in a closed-loop fashion. Our study will 
establish the foundation for understanding the physical consequences of topological phononics states.  

. 
Relevance to MGI 
      Our team will 
utilize a closed 
feedback loop 
approach to identify, 
simulate, synthesize 
and characterize 
novel topological 
phononic materials. 
We will first develop 
a machine-learning 
based method to 
accurately predict 
phonon properties of 
materials based on 
their crystal 
symmetry and 
chemical 
composition. For this 
purpose, we will also 
curate and establish a 
phonon property 
database for 
stoichiometric 
crystalline materials 
included in Materials 
Project. Machine 
learning predictions will be verified using first-principles phonon simulation and topological invariance analysis. 
Promising candidate materials will be synthesized as thin films and bulk single crystals and characterized using 
inelastic neutron and x-ray scattering, thermal transport, and surface-sensitive spectroscopy and scanning probe 
measurements. We will also incorporate machine-learning and data science methods to augment the sensitivity of 
the characterization methods. One recent example is shown in Figure 1, where a new machine learning framework 
based on matrix virtual notes (MVN) method is developed to be able to predict phonon frequencies of complex 
materials only with their crystal structure and chemical composition as inputs. 

Figure 1. Machine learning framework based on matrix virtual nodes (MVN) to predict 
phonon frequencies of complex materials. (a) Illustration of the MVN method coupled with a 
neural network to predict phonon frequencies. (b) Selected test examples within each error 
tertile. (c) Comparison of prediction loss distribution with several example materials. (d) 
Correlation plot of average phonon frequencies.  
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Technical Progress 
        Building upon our progress in the previous period, where we demonstrated predicting the phonon density of 
states (DOS) with a variant of graph neural network (GNN), we continued developing new GNN methods to 
accurately and efficiently predict the full phonon dispersions as well as anharmonic properties in this period, which 
will serve as the basis for our planned high-throughput search for materials hosting topological phonon states. In 
our collaborative research effort (accepted in Nature Computational Science) by PIs Li and Liao, we introduced the 
Virtual Node Graph Neural Network (VGNN), a universally applicable methodology to extend GNN, differing 
from symmetry-augmented GNN by concentrating on managing output properties with variable or indefinite 
dimensions instead of minimizing the input data volume. We showcase the effectiveness of VGNN through the 
exploration of materials' phonon spectra and dispersion relations, highlighting its efficacy in addressing challenges 
related to high computational demands and restricted experimental resources (Figure 1). Our approach enables the 
assessment of phonon band structures directly from atomic structures in intricate materials, providing insights into 
group velocities, heat capacities, and density of states. These innovative structures hint at the potential evolution of 
flexible GNN design, allowing the use of intermediate pivotal quantities as essential learning parameters without 
mandating the insertion of target properties as output. This not only propels the advancement in material science by 
furnishing an efficient mechanism to compute phonon energies and structures but also fosters the optimization of 
phonon properties within an extensive structural design spectrum. In parallel, PIs Liao and Stemmer have worked 
on elucidating thermal and thermoelectric transport properties associated with topological surface states in quantum 
confined topological Dirac semimetals. In a recent joint publication in Advanced Materials, we systematically 
examined the magneto-thermoelectric transport properties of high-quality thin films of topological Dirac semimetal 
Cd3As2 and we discovered a significantly enhanced thermoelectric power factor in 25-nm thick quantum confined 
film. Through systematic transport and quantum oscillation measurements, we attributed the unusual thermoelectric 
properties to the topological surface states, providing a first example on enhanced thermoelectric performance via 
the topological surface states. These findings have significantly advanced our understanding of the impact of 
topology on thermal and thermoelectric transport properties in topological insulators and semimetals. 

Future Plans 
In the next Period, we plan to continue investigating the thermal transport properties in quantum-confined 

topological Dirac semimetal thin films, particularly aiming to examine the interaction between phonons, bulk Dirac 
electrons and the topological surface states. We will also examine thermal transport in chiral materials hosting Weyl 
phonon modes and their impact on thermal conductivity, especially its magnetic field dependence. We will also 
develop a Boltzmann transport theory for topological phonons including the impact of phononic Berry curvature. 

Broader Impacts and Workforce Development 
      The project is currently supporting three graduate students, who will gain experience in both traditional material 
science and data science/machine learning. Liao has also hosted three summer undergraduate interns from 
underrepresented minority communities. Beyond workforce development, we have also developed and published 
an open-access phonon database and open-source software for phonon topology analysis. The PIs developed new 
courses and incorporated data science concepts into existing courses on material science. 

Data Management and Open Access 
      The project has generated the following digital objects that are deposited onto online databases that are openly 
accessible to the public: (1) a machine-learning model for phonon properties; (2) a phonon property database; (3) a 
phonon topology analysis software and (4) educational course materials. All experimental and simulation data are 
properly annotated and published together with peer-reviewed journal articles. We identify the DOIs of the 
deposited data when the accompanying paper is published online. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
      In this project, we aim to accelerate the development of materials with desirable thermal properties by 
incorporating machine-learning methods and high-throughput computation into thermal materials searching and 
modeling. We have established a phonon database that can significantly accelerate the development of materials 
with desirable thermal properties. Given the fundamental nature of the proposed project, we currently do not 
anticipation commercialization of the discovered topological materials in the near future. 
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Collaborative Research: DMREF: Machine Learning-aided 

Discovery of 

Synthesizable, Active and Stable Heterogeneous Catalysts  
Lead Investigator: Suljo Linic, linic@umich.edu 

Participating Institution: University of Michigan – Ann Arbor 

Website: https://alloy-synthesis.che.engin.umich.edu/ 

Keywords: Machine learning; heterogeneous catalysis; alloys 

Project Scope 

The objective of our DMREF project is to bring together a team of experts in machine learning (ML), 

computational catalysis, and catalytic experimentation to augment the current computational paradigm for 

catalyst discovery by creating a fundamental framework that will use not only descriptors of catalytic activity but 

also the descriptors of materials synthesizability and stability under reaction conditions. Specifically, we will 

develop a workflow for predicting the synthesizability, activity and stability of different catalysts, especially 

bimetallic alloys. We will focus on CO oxidation kinetics over bimetallic catalysts. We will use in-situ CO - 

Diffuse reflectance infrared Fourier transform spectroscopy (CO-DRIFTS) to interrogate the sites responsible 

for CO adsorption on these bimetallic catalysts and how they vary as a function of temperature. We describe our 

approach in Figure 1. Success will be measured by the ability of the ML to predict synthesizable catalysts as 

verified by rigorous experimentation. 

Relevance to MGI 

Our proposed work addresses two NSF’s Big Ideas, namely: (1) 

“Harnessing the Data Revolution” by combining ML and data 

analytics with computational and experimental catalysis 

research, and (2) “Grow Convergent Research” by addressing 

major challenges at the interface of the energy and material 

science by designing catalysts that enable sustainable chemical 

transformations. In line with DMREF’s goals, our work will: (1) 

closely couple computation, theory, and experimentation in our 

catalytic materials design strategies, (2) help lead a paradigm 

shift in the way catalysis researchers perform research through 

an integrated ML-aided approach, (3) make all of our data and 

developed ML algorithms available to the broader community 

via dissemination in public repositories and GitHub, and (4) 

create a Data Science for Catalysis Training Program to educate 

and inspire the next generation of the catalytic materials 

workforce. Ultimately, by moving ML for catalysis beyond the 

studies of highly idealized systems and by incorporating the 

impact of stability and synthesizability into our analysis, we 

hope to serve as a go-to entity for practitioners of catalysis who 

seek user-friendly inputs from first principles calculations.  

Technical Progress 

Synthesis: Successfully synthesis of a library of alloys 

[PtM/support (M = Cu, Ru and Co); support = SiO2] has been 

achieved using two synthesis methods: borohydride reduction 

and strong electrostatic adsorption. Monometallic catalysts have 

been also synthesized as benchmarks. The reproducibility of the 

synthesis protocols has been validated. 

Characterization: The synthesized alloys were rigorously 

characterized by using x-ray diffraction, in situ CO-DRIFTS, X-

ray absorption spectroscopy (XAS) and transmission electron 

microscopy with elemental mapping.  

Kinetics studies: The alloys were used as catalysts for CO 

oxidation reaction in a packed-bed flow reactor. The kinetics of 

Figure 1. Our approach will consider 
synthesizability, surface composition of 
materials, activity (selectivity) and stability under 
operating conditions. This approach will yield a 
smaller phase space of potential target 
catalysts. Specifically, bimetallic alloys will be 
computationally screened based on 
synthesizability descriptors (TASK 1). The 
resulting stable alloy surfaces will subsequently 
be screened for the activity (selectivity) based 
on the activity (selectivity) descriptors using ML-
aided DFT calculations (TASK 2). Finally, the 
top catalysts will be screened for stability under 
reactions conditions using ML-aided ab initio 
thermodynamics (TASK 3). Concurrent with the 
computational workflow, these catalysts will be 
synthesized and tested for catalytic performance 
and characterized under reaction conditions 
(TASK 4). 
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the reaction catalyzed by different alloys was studied under steady-state conditions and the activation energies were 

extracted. It is found that the activation energies change with temperature, which is ascribed to the restructuring of 

the alloys. CO DRIFTS studies are used to offer mechanistic insights.  

Database construction: Experimental synthesis procedures and all characterization data are being uploaded to our 

Metal Alloy Synthesis & Characterization Database (MASCD), which will serve as a public repository for metal 

alloy catalyst data. Currently we have several dozen materials synthesized and characterized. Graph-based 

procedures are generated and stored in MASCD, accessible through a progress web app (https://alloy-

synthesis.che.engin.umich.edu/). Alloy characterization data are available for download and visualization. We will 

leverage MASCD to construct a computer-aided workflow and open-source tools for predicting the synthesizability, 

activity, and stability of catalysts. 

Machine learning for materials studies: We identified high-performance iridium–molybdenum oxide 

electrocatalysts for water oxidation in acid using machine learning, Bayesian optimization, and experimental 

testing.[1] We are currently predicting the stability of numerous metal and alloy nanoparticle compositions on 

different metal oxides using neural network potentials as well as using interpretable machine learning to identify 

structure-property relationships.[2] 

Future Plans 

The future plans involve the expansion of the compositional space of the alloys to obtain the necessary volume of 

data to train ML algorithms in predicting the synthesizability of these catalysts. We will test these alloys for their 

CO oxidation kinetics and analyze them via spectroscopy under reaction conditions. In the future we plan to create 

a Data Science for Catalysis Training Program, where undergraduates from WSU come to U-M during the summer 

to learn the basics of data science and catalysis. 

Broader Impacts and Workforce Development 

Our goal is to train and equip the next generation workforce in material science and catalysis as well as to educate 

the general public. Our outreach efforts focus on student professional development, broadening science 

participation, and informal science communication to help create a world-class scientific workforce. Thus far, we 

have been organizing cross-disciplinary training for graduate and undergraduate students at the University of 

Michigan (U-M), providing them with a foundation to continue making scientific advances throughout their careers. 

For example, students funded by DMREF have received training on various characterization techniques for 

synthesis of alloys and running experiments. PhD students have visited Stanford Linear Accelerator and Argonne 

National Lab’s Advanced Photon Source to learn about x-ray absorption spectroscopy (XAS). We also are 

contributing to the scientific community by constructing an open-source database (publicly available repository) 

that will be accessible by the community to guide the synthesis and characterization of heterogeneous alloy catalysts 

using various techniques. This characterization data will be accessible as a training tool for new researchers.  

Data Management and Open Access 

We are in the process of constructing a public database for all the alloy synthesis information and characterization 

data. This data is being loaded onto a searchable website where particular catalysts can be selected and their 

synthesis procedure and all the available characterization data can be displayed and downloaded. In addition, we 

plan to make available validated results of electronic structure calculations via public repositories (e.g., Novel 

Materials Discovery Laboratory and Materials Project). This type of dissemination may occur after, before, or 

instead of publication in a scientific journal. Also, all high-fidelity experimental catalysis data for CO oxidation 

will also be stored in the MASCD database and will be made available to the public. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

We are pursuing several avenues to accelerate catalysis discovery and development. The first is to increase the 

reproducibility of synthesis and availability of synthesis information through the creation of the MASCD database, 

which will avoid redundancies in material synthesis efforts, and is designed to accelerate the process of new 

researchers synthesizing desired materials. The second avenue is in using ML to predict new materials, with a much 

lower cost than experimentally synthesizing materials. The third avenue is in developing techniques to accelerate 

or automate materials synthesis to increase the throughput and reproducibility of materials discovery.  
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Accelerating the Design and Development of Engineered Photonic 

Materials based on a Data-Driven Deep Learning Approach 

Lead Investigator: Yongmin Liu, y.liu@northeastern.edu  

Participating Institutions: Northeastern University, Purdue University, Georgia Institute of Technology 

Source of Support: NSF-DMREF 

Website: none 

Keywords: engineered materials, photonics, metamaterials, deep learning 

Project Scope 

The overarching goal of this NSF DMREF project is to create a data-centric deep learning strategy that 

consolidates the properties of novel, tailorable constituent materials and their underlying symmetries and topology, 

to advance photonic metamaterials with user-defined spatial, spectral, linear, nonlinear, and quantum responses. 

The deep learning frameworks will enable the exploration of a vast parametric space with high efficiency to identify 

optimal metamaterial structures with desired properties. The research outcomes are expected to shed new light on 

the inter-dependent relationship among the structure, property, performance and processing of photonic materials 

across nano-, micro- and macro-scales. 

Relevance to MGI 

In accordance with the essence of MGI, this project aims to accelerate the 

pace of the discovery, design, and implementation of new engineered photonic 

materials, particularly photonic metamaterials, with prescribed properties 

through a data-driven strategy. We will create a comprehensive library of 

artificial meta-atoms and meta-molecules with arbitrary and complex shapes. 

We will then construct two-dimensional and three-dimensional metamaterials 

by engineering the constituent materials, geometric/topological degrees of 

freedom, amount of distinct unit cells and number of layers, with a speed that 

is orders of magnitude faster than conventional numerical simulation and 

optimization. This process will be based on the expertise of the team in 

photonic and topological metamaterial design combined with innovative deep 

learning algorithms and models, such as convolutional neural networks, 

transfer learning, physics-informed learning, and interpretable learning. Our 

research effort will start with theoretical analysis, numerical simulations, and 

deep learning model construction and training, followed by structure/material 

optimization, sample preparation, comprehensive characterization, and 

utilization of the engineered photonic materials for diverse applications. The 

research program will be developed in a bi-directional and closed-loop fashion. 

The results from fabrication, characterization and application will be fed back into theory and modeling to further 

advance the design and implementation of photonic materials. 

Technical Progress 

We do not have progress to report, since the project has not officially started. 

Future Plans 

Figure 1 schematically illustrates the theme of the project. It consists of three research thrusts, including (1) 

establishing deep learning frameworks to construct photonic metamaterials with high efficiency and accuracy; (2) 

integrating information on the tailorable and nonlinear optical properties of the constituent material platform into 

deep learning models, to benefit the design and development of reconfigurable metamaterials; and (3) investigating 

Figure 1. Illustration of the project, 

which aims to predict, design and 

implement engineered photonic 

materials by studying the geometry, 

material and quantum signatures 

based on a data-driven deep 

learning approach.  

Engineered 

Photonic 

Materials
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hybrid material systems that couple topological photonic structures designed by deep learning with quantum 

emitters and optical nonlinearities. The team will accomplish the interdisciplinary research by fusing theory, 

computation, deep learning, materials engineering, fabrication and experimentation in a closed-loop manner. This 

project will use advanced artificial intelligence techniques to develop new artificial photonic materials that can be 

engineered to have prescribed properties and surpass naturally occurring materials, and eventually drive 

transformative applications of photonic metamaterials for classical and quantum information processing.  

Broader Impacts and Workforce Development 

Integrating with the research work, the team will develop a comprehensive strategy aiming to foster students, 

especially those from underrepresented and minority groups, to become the leaders of future MGI and STEM 

workforce. The team will continue their dedicated efforts to K-12 education through diverse outreach programs at 

Northeastern University, Purdue University and GT, and Georgia Institute of Technology. We will enhance the 

undergraduate and graduate student experience through building new course materials, student mentorship and 

laboratory research. We will continue our efforts to strengthen the preparation, increase the participation, and ensure 

the contributions of individuals from the underrepresented groups by working with the relevant institutional 

programs. Furthermore, we will continue to engage cooperative education partner firms and collaborators for 

students to learn real-world applications. 

Data Management and Open Access 

To maximally advance the understanding and impact of the proposed work, the team will make every effort to 

make data in digital form that is Findable, Accessible, Interoperable and Reusable (FAIR). Besides the group 

websites of individual investigators, we plan to develop a website hosted at Northeastern University for this DMREF 

project to inform interested parties of the general scope, thematic progress, and specific results in a timely fashion. 

Simulation codes, deep learning models and training data, as well as experimentally characterized material 

properties will be made accessible to the public, following publication of the related research. For the purpose of 

data re-use and re-distribution, we will specify the metadata, that is, the means by which it was generated, detailed 

analytical and procedural information required to reproduce experimental results, and other pertinent information 

on the websites or in the journal publications. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Compared with conventional approaches that rely on numerical simulations and optimization algorithms, deep 

learning can simultaneously solve problems of forward prediction (i.e., output the optical responses when geometric 

parameters are given) and inverse design (i.e., identify the optimal structures based on the desired optical responses 

or functions) in less than seconds. Moreover, given the data-driven nature of deep learning, the model capacity can 

be substantially strengthened in use as we add more information into the database. This project will empower deep 

learning with new degrees of freedom, such as the constituent material properties, symmetries, topology and 

nonlinearity. By establishing this paradigm, we will be able to realize novel photonic structures and applications, 

including multi-dimensional meta-holograms showing distinct images at different wavelengths, broadband 

topological photonic crystals for robust slow light transport immune to disorder, and enhanced nonlinear 

metamaterials for quantum light generation. 

Publications and References 

We do not have publications to report, since the project has not officially started. 
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Elastomers Filled with Electro/Magneto-Active Fluid Inclusions: 
A New Paradigm for Soft Active Materials 

Lead Investigators: Oscar Lopez-Pamies, pamies@illinois.edu; Zoubeida Ounaies, zxo100@psu.edu  
Participating Institutions: University of Illinois Urbana-Champaign and The Pennsylvania State University 
Website: https://publish.illinois.edu/liquidinclusions/team/ 
Keywords: Elastomers; Surface tension; Homogenization; Elasto-capillarity; Cloaking. 

Project Scope 
Elastomers filled with fluid inclusions — in contrast to conventional solid fillers — have emerged over the past 

few years as a new class of materials with the potential to revolutionize a wide range of technologies. Such properties 
stem, in part, from the very large deformations that the underlying liquid inclusions are capable of undergoing. In 
this context, the main objectives of this research are to: i) derive and numerically implement the homogenized 
equations describing from the bottom up the macroscopic electro/magneto-mechanical response of elastomers filled 
with fluid inclusions, ii) deploy the derived equations to guide the design of elastomers filled with liquid, liquid-
metal and ferrofluid inclusions with optimized macroscopic electro- and magneto-mechanical properties, and iii) 
experimentally fabricate and test prototypes of such new materials. 

Relevance to MGI 
The interaction between theory, computation, synthesis, and characterization has proved critical for the success 

of this project thus far. As an example, simulations of the mechanical response of suspensions of monodisperse 
liquid inclusions provided bounds on how small the inclusions ought to be and how soft the elastomer ought to be 
in order for macroscopic behaviors to be dominated by the mechanics of the elastomer/liquid-inclusions interfaces. 
These bounds affected the protocol by which the materials were fabricated. On the other hand, the characterization 
of the mechanical response of the fabricated elastomers provided the means to identify via comparison with the 
theory how the surface tension of the elastomer/liquid interfaces depends on deformation. 

Technical Progress 
Our broad goal is to advance the understanding of the mechanics of this emerging class of materials, namely 

soft polymers that are filled with liquid inclusions. Accordingly, we have completed a combined experimental/
theoretical study of the nonlinear elastic deformation of initially spherical liquid inclusions embedded in 
elastomers that are subjected to quasistatic mechanical loads. The existing literature qualitatively discusses that 
the addition of liquid inclusions to elastomers increases the overall deformability. This is in contrast to the addition 
of conventional fillers, which, being typically made of stiff solids, decreases the overall composite material 
deformability. There is also mention in the literature that the behavior of the interfaces separating a solid 
elastomer from embedded liquid inclusions results in a unique mechanical/physical response, one that, while 
negligible when the inclusions are “large”, may dominate the macroscopic properties of the material when the 
inclusions are sufficiently “small”. In contrast to this well-established qualitative understanding, the quantitative 
understanding of the mechanics and physics of elastomers filled with liquid inclusions is yet to be fully 
developed, which has been the focus of this project. 

We made progress on two fundamental problems, both within the limit regime of negligible elasto-capillarity 
effects: (i) the problem of an isolated inclusion and (ii) that of a pair of closely interacting inclusions. The 
mechanics of deformation of liquid glycerol inclusions embedded in a PDMS elastomeric matrix were investigated 
in the large deformation regime. Experiments and simulations focused on the deformation of isolated individual 
inclusions and pairs of interacting inclusions under various loading configurations subjected to a range of 3D local 
stress fields. We fabricated polydimethylsiloxane (PDMS) elastomers filled with liquid glycerol inclusions. Using 
these specimens, we imaged either isolated or pairs of initially spherical liquid glycerol inclusions, and subjected 
them to macroscale uniaxial tension. For the specimens with pairs of inclusions, three orientations of the two 
inclusions with respect to the direction of the applied macroscopic tensile load were considered, 0˚, 45˚, and 90˚. 
The liquid glycerol was stained with a fluorescent dye that allows measuring the local deformation of the 
inclusions in situ via confocal scanning laser fluorescent microscopy. Theoretically, we used our recently 
developed framework wherein the elastomer is considered to be a nonlinear elastic solid, the liquid making up the 
inclusions is considered to be a nonlinear elastic fluid, and the interfaces separating the elastomer from the liquid 
inclusions can feature their own nonlinear elastic behavior (e.g., surface tension); we utilized this framework to 
carry out full-field simulations of the experiments. Our results show that the deformation of liquid inclusions is 
significantly non-uniform and strongly influenced by the presence of other liquid inclusions around them. 
Interestingly, they also show that the large compressive stretches 
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that localize at the poles of the 
inclusions may result in the 
development of creases. 

The local stretch of 
individual inclusions was found 
to be repeatable, fully reversible 
and non-hysteretic. The stretch 
of the inclusions was only a 
function of the applied load and 
was independent of the inclusion 
size (70-500 µm), which is in 
agreement with deductions from 
Eshelby’s theory. For the given 
matrix stiffness, surface tension 
effects would begin playing a 
role for liquid inclusions with 
diameters of the order of 20 - 100 
nm. The experiments revealed a 
local and fully reversible 
mechanical instability emerging due to matrix compression at the poles of the inclusions at macroscopic and local 
stretch ratios of λ=1.7 and λ=0.7, respectively. The deformation of two interacting inclusions of similar dimensions 
that were in close proximity was axisymmetric about the axis connecting the inclusions’ centers, however, mutual 
strain shielding resulted in deformation asymmetry for each inclusion. The computational framework, calibrated for 
the matrix behavior, provided very good predictions of the inclusion deformation (see figure) and was also able to 
predict the aforementioned instabilities.  

Future Plans 

In this last year of the project (NCE), we are extending our investigation to the coupling between mechanical 
and magnetic properties of elastomers filled with ferrofluid inclusions. In particular, we are focusing on fabricating 
them in a variety of dimensions and volume content; results will be used to validate our modeling. We will also 
conduct the planned experiments with coupled fields, which will link up with the modeling effort and lead to further 
joint publications. 

Broader Impacts and Workforce Development 

This project is training three PhD students for careers in industry and/or academia. This training is truly unique 
as our biweekly Zoom meetings and written exchanges provide all three students with complementary perspectives 
(mathematics, mechanics, computation, and experimental materials science) in the design of an advanced class of 
materials.  

Data Management and Open Access 

We are finalizing our website for the project, where we will make accessible all the experimental data, codes, 
and publications that will be created. All our journal publications and 2 FE codes that have resulted from the project 
so far are also available from PI Pamies webpage and in GitHub. Moreover, we have publicized major outcomes 
from project through news outlets, see, e.g., https://cee.illinois.edu/news/researchers- derive-new-theory-behavior-
new-class-materials. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Nothing to report yet. 

Publications and References 

(a) (b) (c) (d) 

(e) (f) (g) (h) 

FEM contour maps of local maximum principal stretch for (a) a single isolated inclusion, and for interacting 
inclusions under (b) 0˚, (c) 45˚, and (d) 90˚loading configurations. The far-field stretch for all plots is λ=2. 
Experimental (markers) vs. computational (lines) deformation of (e) a single isolated inclusion, and pairs of 
interacting inclusions under (f) 0˚, (g) 45˚ and (h) 90˚ loading configurations. 
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Center for Computational Study of Excited-State Phenomena in 
Energy Materials(C2SEPEM) I – Methods and Software 

Lead Investigator: Steven G. Louie, sglouie@berkeley.edu. 
Participating Institutions: Lawrence Berkeley National Laboratory/University of California at Berkeley (Jeffrey 
B. Neaton, Jack Deslippe, Naomi Ginsberg, Eran Rabani, Feng Wang, Chao Yang), The University of Texas, Austin
(James R. Chelikowsky), Stanford University (Felipe da Jornada), University of California, Los Angeles (Daniel
Neuhauser), Yale University (Diana Y. Qiu)
Source of Support: DOE-BES
Website: https://c2sepem.lbl.gov/
Keywords: First principles excited-state phenomena and spectroscopies, interacting-particle Green’s functions,
time-dependent and nonequilibrium phenomena, software for high-performance computing, BerkeleyGW

Project Scope 
The mission of the Center for Computational Study of Excited-State Phenomena in Energy Materials (C2SEPEM) 
is to develop and implement new theories, methods, algorithms, and computer codes to explain and predict excited-
state phenomena in materials. C2SEPEM performs research on first-principles many-body perturbation theory and 
advanced algorithms, as well as their experimental 
validation and efficient implementation for high-
performance computers (HPC). Scientific research focuses 
on quasiparticle excitations, optical properties, time-
dependent & nonequilibrium phenomena, multiparticle 
excitations, and exciton-phonon interactions, which are 
central to many fields within physics, chemistry, materials 
science, and engineering. This poster elucidates the vision 
of the center, recent methods developed to study exciton-
phonon interactions, time dependent phenomena and 
correlation-enhanced electron phonon interactions. 
Software development efforts focus on improving GW 
workflow usability, composability and interoperability and 
GPU scaling in HPC systems at the exascale and beyond. 

Relevance to MGI 
Excited-state phenomena in a material typically give 

rise to its defining attributes and determine its usefulness. 
These phenomena are particularly important in processes of 
energy generation, transport and storage. However, ab initio 
methods for them, especially for multiple-particle correlated 
excitations and ultra-fast electron dynamics, have been 
under explored and hence limiting their studies in real 
materials. The methods and software developed are aiming 
to fill this gap, and are relevant to the predictive study of 
complex materials and validated through close collaboration 
with experimental groups. The end result will be integrated 
open-source software packages with capabilities to predict 
and understand a variety of excited-state phenomena from 
first principles. 

Technical Progress 
Technical progress of C2SEPEM covers development and release of community software packages, novel 

theories and methods for nonequilibrium dynamics, correlated multiparticle excitations, electron-phonon and 

Figure. GW-Bethe Salpeter equation workflow in 

the BerkeleyGW software package offloaded to 

GPUs by employing portable programming 

models. Strong scaling for computing the dielectric 

screening (epsilon) and electron self-energy 

(sigma) as measured on DOE HPC systems, 

Frontier (OLCF), Summit (OLCF), Perlmutter 

(NERSC) and Aurora (ALCF). The material system 

considered is a divacancy defect in silicon with 998 

atoms in the simulation cell (Si-998). 
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exciton-phonon couplings, stochastic approaches, optical phenomena in two-dimensional (2D) materials, moiré 
heterostructures, as well as advanced numerical algorithms and experimental studies. Over 85 papers have been 
published since September 2020 acknowledging support of the Center. These papers appeared in journals such as 
Nature, Science, Nature Materials, Nature Nanotechnology, Nature Communications, Physical Review Letters, 
Nano Letters, J. American Chemical Society, ACS Nano, PNAS, Computer Physics Communications, Journal of 
Chemical Theory and Computation, Physical Review journals, etc. In particular, we developed and applied 
advanced ab initio methods for ultrafast dynamics and correlated multiparticle excitations and interactions, 
discovered novel properties and deepened understanding of emergent quantum material systems, and scaled the 
software on DOE leadership class HPC resources. The team members at C2SEPEM have been recognized with 
several prestigious awards. We also released new software versions for BerkeleyGW (v4), StochasticGW (v3) and 

NanoGW. We organized annual BerkeleyGW Tutorial Workshops and the annual Berkeley Excited State 

Conferences, each attracting over 300 participants. This poster elucidates the vision of the center, recent methods 
developed to study exciton-phonon interactions, time dependent phenomena and correlation-enhanced electron 
phonon interactions. Software development efforts focus on improving GW workflow usability, composability and 
interoperability, and GPU scaling in HPC systems at the exascale and beyond.  

Future Plans 
We plan to further develop novel methods and codes to explore and expand the computational frontiers to 

excited-state phenomena that are currently inaccessible, and to enhance the applicability of existing methods to 
significantly broader classes of materials. Our planned directions include: 1) novel theories for excited-state 
phenomena; 2) new computational algorithms and their implementations; 3) porting of software packages to GPUs 
for exascale computing and maintaining active user and developer communities; and 4) applying developed theories 
and methods to study of electronic, optical, and dynamics phenomena in novel materials, in collaboration with 
experimental efforts. 

Broader Impacts and Workforce Development 
C2SEPEM values and actively engages in diversity, equity, and inclusion (DEI) initiatives. The Center strives 

to support researchers from underrepresented minority (URM) groups, and many of our URM alumni moved on to 
prominent faculty positions (e.g., Yale, Stanford, Weizmann Institute of Science, Oxford, UC Santa Barbara, USC, 
among others). We are actively involved in and search for funding sources for local outreach programs. Young 
researchers in C2SEPEM are rigorously trained in their respective disciplines; have opportunities of collaborating 
with peers and scientists across several different disciplines on a project; trained in and exposed to the science and 
art of software development; asked to take important applied math and computer science courses and instructed in 
best practices in writing inter-portable codes. 

Data Management and Open Access 
All software developed as part of C2SEPEM are made available to the community using open-source 

distribution licenses (the Open-Source Initiative (OSI)). The BerkeleyGW code (https://berkeleygw.org) is 
distributed with an open-source BSD license. Community input to the codes is solicited through workshops and 
meetings, and through the users’ forum on the BerkeleyGW website. Many of the methods developed and the 
resulting codes and libraries will be general and relevant for the chemistry, condensed matter physics, materials 
science and engineering communities. The Center’s data management framework supports the complete data 
lifecycle: requirements, collection, processing and validation, archiving and sharing, access and dissemination.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
C2SEPEM is accelerating material discovery by 1) developing ab initio theories and methods for excited-state 

properties and phenomena that are not adequately addressed for real materials from first principles currently, and 
2) building state-of-the-art codes with continuous integration of new algorithms for leadership class high
performance computing machines. Such methodological and code developments fill an important gap in the
spectrum of tools for the theoretical and computational study of materials.
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Project Scope 

The mission of the Center for Computational Study of Excited-State Phenomena in Energy Materials (C2SEPEM) 

is to develop and implement new theories, methods, algorithms, and computer codes to explain and predict excited-

state phenomena in materials. C2SEPEM performs research 

on first-principles many-body perturbation theory and 

advanced algorithms, as well as their experimental 

validation and efficient implementation for high-

performance computers (HPC). Scientific research focuses 

on quasiparticle excitations, optical properties, time-

dependent & nonequilibrium phenomena, multiparticle 

excitations, and exciton-phonon interactions, which are 

central to many fields within physics, chemistry, materials 

science, and engineering.  Software development focuses 

on open-access with interoperability and scaling to HPC 

systems. 

Relevance to MGI 

Excited-state phenomena in a material typically give 

rise to its defining attributes and determine its usefulness. 

These phenomena are particularly important in processes of 

energy generation, transport and storage. However, ab 

initio methods for them, especially for multiple-particle correlated excitations and ultra-fast electron dynamics, have 

been under explored and hence limiting their studies in real materials. The methods and software developed are 

aiming to fill this gap, and are relevant to the predictive study of complex materials and validated through close 

collaboration with experimental groups. The end result will be integrated open-source software packages with 

capabilities to predict and understand a variety of excited-state phenomena from first principles. 

Technical Progress 

Technical progress of C2SEPEM covers development and release of community software packages, novel theories 

and methods for nonequilibrium dynamics, correlated multiparticle excitations, electron-phonon and exciton-

phonon couplings, stochastic approaches, optical phenomena in two-dimensional (2D) materials, moiré 

heterostructures, as well as advanced numerical algorithms and experimental studies. Over 85 papers have been 

published since September 2020 acknowledging support of the Center. These papers appeared in journals such as 

Nature, Science, Nature Materials, Nature Nanotechnology, Nature Communications, Physical Review Letters, 

Nano Letters, J. American Chemical Society, ACS Nano, PNAS, Computer Physics Communications, Journal of 
Chemical Theory and Computation, Physical Review journals, etc. In particular, we developed and applied 

advanced ab initio methods for ultrafast dynamics and correlated multiparticle excitations and interactions, 

discovered novel properties and deepened understanding of emergent quantum material systems, and scaled the 

Figure. Photoexcited shift current vortex crystal in a 
WS2/WSe2 moiré superlattice. Arrows indicate the 
DC photocurrent density, and colors denote the out-
of-plane magnetic field intensity [16]. 
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software on DOE leadership class HPC resources. The team members at C2SEPEM have been recognized with 

several prestigious awards. We also released new software versions for BerkeleyGW (v4), StochasticGW (v3) and 

NanoGW. We organized annual BerkeleyGW Tutorial Workshops and the annual Berkeley Excited State 

Conferences, each attracting over 300 participants. This poster highlights theory developments and their 

experimental validation in the center with a focus on applications in twisted moiré materials, nonlinear optical 

spectroscopy in the perturbative and strong-field regimes, multi-particle excitations, and self-energy-driven Floquet 

phenomena.  

Future Plans 

We plan to further develop novel methods and codes to explore and expand the computational frontiers to 

excited-state phenomena that are currently inaccessible, and to enhance the applicability of existing methods to 

significantly broader classes of materials. Our planned directions include: 1) novel theories for excited-state 

phenomena; 2) new computational algorithms and their implementations; 3) porting of software packages to GPUs 

for exascale computing and maintaining active user and developer communities; and 4) applying developed theories 

and methods to study of electronic, optical, and dynamics phenomena in novel materials, in collaboration with 

experimental efforts. 

Broader Impacts and Workforce Development 

C2SEPEM values and actively engages in diversity, equity, and inclusion (DEI) initiatives. The Center strives 

to support researchers from underrepresented minority (URM) groups, and many of our URM alumni moved on to 

prominent faculty positions (e.g., Yale, Stanford, Weizmann Institute of Science, Oxford, UC Santa Barbara, USC, 

among others). We are actively involved in and search for funding sources for local outreach programs. Young 

researchers in C2SEPEM are rigorously trained in their respective disciplines; have opportunities of collaborating 

with peers and scientists across several different disciplines on a project; trained in and exposed to the science and 

art of software development; asked to take important applied math and computer science courses and instructed in 

best practices in writing inter-portable codes. 

Data Management and Open Access 

All software developed as part of C2SEPEM are made available to the community using open-source 

distribution licenses (the Open-Source Initiative (OSI)). The BerkeleyGW code (https://berkeleygw.org) is 

distributed with an open-source BSD license. Community input to the codes is solicited through workshops and 

meetings, and through the users’ forum on the BerkeleyGW website. Many of the methods developed and the 

resulting codes and libraries will be general and relevant for the chemistry, condensed matter physics, materials 

science and engineering communities. The Center’s data management framework supports the complete data 

lifecycle: requirements, collection, processing and validation, archiving and sharing, access and dissemination.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

C2SEPEM is accelerating material discovery by 1) developing ab initio theories and methods for excited-state 

properties and phenomena that are not adequately addressed for real materials from first principles currently, and 

2) building state-of-the-art codes with continuous integration of new algorithms for leadership class high

performance computing machines. Such methodological and code developments fill an important gap in the

spectrum of tools for the theoretical and computational study of materials.
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Project Scope 
The project has two main thrusts: “Multiscale Design of Polyphthalimides” and “Redox-Active Chemical 
Space Exploration.” The first focuses on designing new electrochemically active phthalimide materials in 
solution and solid-state through the integration of computational design and experiments. The second 
expands chemical space exploration and design principles for anodic and cathodic materials, depositing 
data and workflows in open-access databases. 

Relevance to MGI 
This project directly integrates 1) inverse chemical design tools, 2) high-throughput multiscale 
computational simulations, 3) new methods for representing and designing polymers, and 4) the large-scale 
open-access storage of computational data, code to execute new computational methods, and experimental 
outcomes. Each thrust within the collaboration contains direct feedback loops between experimental and 
computational results.  

Technical progress 

● Solid-State Phthalimide-Containing Polymers for All-Organic Batteries. We predict the
structural, ionic, and electronic properties of anodic phthalimide-containing polymers using a
multiscale approach combining molecular dynamics, electronic structure calculations, and machine
learning models. This method bridges molecular characteristics with macroscopic properties such
as electron transport diffusion coefficients (Dapp). Our recent study reveals that the state of charge
significantly influences solid-state packing, affecting ionic and electronic transport. We predict
three orders of magnitude increase in Dapp (≈ 10−6 cm2 s−1) for phthalimide-based polymers
compared to a nitroxide radical-based polymer, highlighting their potential as redox-active
materials in all-organic batteries.

● Redox Activity of Phthalimide-Based Polymers in Solution. With the goal of understanding inter
vs. intra-chain electron transfer in the phthalimide-based polymers mentioned above, we compare
different concentrations of polymers with two different backbones. The dissolved polymers exhibit
a diffusion-limited redox reaction. The overlap concentration for each polymer was identified, and
the reaction kinetics were found to vary accordingly. Both polymers, regardless of backbone
flexibility, exhibited the same trends with concentration.
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● Phthalimide Copolymers for Enhanced Charge Transport and Stability. We have synthesized
glycidyl methacrylate-phthalimide copolymers to improve charge transport and stability. The
copolymer's redox behavior and kinetic parameters will be analyzed, and it will be used to create a
composite electrode for further electrochemical studies. Ion transport will be investigated using
advanced techniques, guided by our multiscale modeling framework.

Future Plans 

● Developing New Cathodic Materials. We will refine generative design workflows to produce
stable, redox-active molecules, focusing on phenothiazine-based polymers.

● Phthalimide Units with Increased Stability. Identified stable phthalimide derivatives will be
validated and optimized through electrochemical tests and multiscale polymer MD simulations,
including phthalimide copolymers.

● Active Learning for Material Discovery. We will use active learning, including Bayesian
optimization and molecular representations, to explore chemical space and discover new redox-
active polymers.

Broader Impacts and Workforce Development 
Our project supports the MGI philosophy by developing the student workforce and advancing materials 
data usage through advanced computational and experimental tools. Over the past year, we have trained 13 
individuals (7 Ph.D. students, 3 postdocs, 3 undergraduates) in interdisciplinary skills. They presented 
insights at 12 conferences, including 5 public talks, and engaged in public outreach, reaching 900 people. 
Our principal investigators were invited to speak at 3 major events. Our work on organic, polymer-based 
batteries reduces reliance on scarce metals like lithium and cobalt, promoting recyclable energy storage and 
minimizing environmental impact. 

Data Management and Open Access 
Our polymer sample's properties vary due to inconsistent synthesis and characterization conditions, 
complicating replication. To improve reproducibility and accessibility, we are integrating data and 
workflows into CRIPT. This platform stores procedures, AI models, and measurements, mapping processes 
from inputs to outputs. Our team, trained to use CRIPT's tools, is actively contributing to its development 
and uploading data to confirm its effectiveness. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
We are using ML-driven molecular design to highlight promising redox-active molecules for 
experimentation, and we are using high-throughput machines to iterate over polymer design spaces to 
elucidate polymer-electrochemical relationships. Our project has gathered data from existing literature and 
our own work that we are uploading into CRIPT (Community Resource for Innovation in Polymer 
Technology) to become the first organic redox-active polymer open-access database. Moreover, multiscale 
models of the polymers have been already made open access via GitHub 
(https://github.com/ricalessandri/redox-active-polymers). One of the hurdles we seek to overcome is 
developing high throughput electrochemical characterization platforms to complement our computation 
and synthesis. 
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Informed Design of Epitaxial Organic Electronics and Photonics 

Lead Investigator: Noa Marom, nmarom@andrew.cmu.edu 

Participating Institutions: Carnegie Mellon University, Princeton University, University of Michigan 

Source of Support: NSF 

Website: None 

Keywords: Organic electronics, organic epitaxy, electronic structure, machine learning, interfaces 

Project Scope 

We aim to develop the computational and experimental tools needed to grow epitaxial crystalline molecular 

heterostructures, demonstrate them experimentally, and explore the resulting physics and application possibilities. 

This work would open up a new direction in the field of organic electronics and deliver a new materials platform 

for more efficient organic solar cells and transistors and for on-chip integrated photonics. We use a synergistic 

approach that integrates first principles simulations and machine leanring (ML) with a combination of high- and 

low-throughput experiments in a feedback loop. 

Relevance to MGI 

This research accelerates materials discovery and 

development by building the fundamental knowledge base 

needed to design and make integrated organic and hybrid 

electronic and photonic devices with specific desired 

properties and functionalities, based on crystalline materials 

that form ordered, high-quality epitaxial interfaces. Our 

interdisciplinary team of experimentalists and theorists 

works in a "closed loop". Simulations inform efforts to 

discover new materials combinations and realize epitaxial 

organic interfaces with better electronic and optical 

properties. Simulations begin at the ab initio atomistic length 

scale. Data is used to train ML interatomic potentials (MLPs) 

that reach quantum mechanical accuracy with classical force 

field speed, and predict materials structure and properties. 

Automated high-throughput experiments will be conducted 

to acquire data to train ML models. Growth, characterization, 

and device fabrication is performed for the most promising 

candidates predicted by simulations. Experimental very-

fication informs the development of computational methods. 

Technical Progress 

The organic-on-inorganic heteroepitaxy thrust has focused on growing second order nonlinear optical organic 

crystal films on silicon. This could provide a versatile, monolithic, and back-end-of-line-compatible route to high 

𝜒(2) on-chip integrated photonics. We demonstrated growth of large (> 100 μm) single crystal domains of the

nonlinear molecule OH1 on glass and Si by vacuum evaporation followed by short thermal annealing. The 

crystallites are tens of nm thick and exhibit strong second harmonic generation with their primary 𝜒(2) tensor

component lying predominantly in plane. Calculations support the observed crystallite orientation and rationalize 

the origin of a new optical transition that emerges in the OH1 crystallites. A single domain can grow uninterrupted 

through several adjacent, lithographically-defined channels, opening up a path to exploit OH1 in 𝜒(2)-based Si

photonic devices such as electro-optic modulation, frequency conversion, and photon pair generation [1]. 

The organic-organic heteroepitaxy thrust has focused on discovery of materials that can serve as substrates, 

which requires the formation of large crystalline platelets. Molecular crystals that form platelet morphology feature 

both high melting point (Tm) and crystallization driving force (ΔGc). We developed ML models to predict these 

properties in order to identify candidate organic materials with the potential to crystallize into platelets. Six organic 

molecules identified by the ML algorithm were experimentally evaluated; three crystallized as platelets, one 

crystallized as a spherulite, and two resisted crystallization. This demonstrates the success of ML for predicting 

thermal properties of organic semiconductors and reinforces the use of Tm and ΔGc as predictive descriptors [2]. 

Figure 1. Major scientific thrusts and their potential 

technological impact. Epitaxial molecular hetero-

structures would enable organic laser diodes and 

higher mobility transistors. (Quasi-)epitaxial growth 

of acentric nonlinear optical (NLO) crystals on, e.g. 

Si, could provide a path to achieve large χ(2) optical 

nonlinearity in integrated photonics. 
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We continue to develop the Genarris-Interfaces 

code for structure prediction of molecular interfaces. 

Interface structures are generated by first using 

epitaxy matrices to construct all the possible substrate 

surface cells up to a user-defined area and then 

generating film structures in all the layer groups 

compatible with the number of molecules per cell and 

the symmetry of commensurate substrate cells (Fig. 

2a). The code has been applied successfully to several 

organic films on coinage metals and produced 

structures in close agreement with experimental STM 

images, shown here for PTCDA/Ag (Fig. 2b).  

Future Plans 

Work on hybrid organic-inorganic crystalline 

interfaces will exploit surface interactions and growth 

conditions to make larger OH1 crystallites with 

controlled in-plane orientation. We will leverage 

photoalignment layers used to align liquid crystals in 

displays. Simulations and ML models will help 

identify underlayer materials that hydrogen bond with 

OH1, possess a high glass transition temperature, and 

can be oriented optically in order to systematically 

overcome the orientation challenge. This would 

enable a wide range of integrated photonic devices. 

The computational thrust will continue to work on 

the development of ML models for predicting 

crystallization propensity with the help of automated high-throughput experiments and on the development of 

algorithms for interface structure prediction and MLPs that work for interfaces.    

Broader Impacts and Workforce Development 

This project trains students in an interdisciplinary environments and imparts skills that are in high demand in the 

job market. In its first year this project has supported 4 junior participants, 3 of whom are women (one Hispanic), 

and a URM undergraduate. We plan to drive progress in this nascent field by organizing workshops and conference 

symposia to nucleate a community of researchers including experimentalists, theorists, and data scientists.  

Data Management and Open Access 

We plan to make data and codes developed within this project publicly available according to the FAIR standards. 

Open source codes developed by Marom’s group are available at: https://www.noamarom.com/software/download/. 

All data, ML models and codes developed by the Isayev’s group are available at https://github.com/isayevlab. 

Advancing Along the Materials Development Continuum and Partnerships to Translation  
We envision the project’s outputs, including new computational approaches and device concepts being adopted, 

integrated, or otherwise deployed for the development of optoelectronic and photonic technologies based on 

crystalline molecular films. We actively pursue industry collaborations and follow-on funding from more applied 

sources. Marom has recently signed a contract with Meta to utilize some of the computational techniques developed 

within this project for the discovery of materials for organic displays.   
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3. A. Sabitova, R. Temirov, and F. S. Tautz. Lateral scattering potential of the PTCDA/Ag(111) interface state. Phys. Rev. B

98, 205429 (2018)

Figure 2. Structure prediction of organic/inorganic 

interfaces with Genarris. Left: workflow of interface 

structure generation. Top right: Adhesion energy vs. 

coverage for PTCDA/Ag structures generated by Genarris. 

Bottom right: STM image [3] compared to STM simulation 

of the structure circled in red, which is the most stable in the 

experimental coverage bin. Two other, less stable 

structures are also shown. 
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Autonomous Experimentation for Nanotube Synthesis 
Lead Investigator: Benji Maruyama, Benji.Maruyama@afrl.af.mil 
Participating Institutions: Air Force Research Laboratory 
Source of Support: AFRL, AFOSR. 
Website: None 
Keywords: AMII, Autonomous Experimentation, Carbon Nanotubes, Hypothesis-Driven 

Project Scope 

 Carbon nanotubes (CNTs) are a promising material with myriad applications, including conventional and 
flexible electronics, and their strength to weight ratio makes them an ideal component in structural composite 
materials. Despite more than two decades of development as a high-performance material [8], CNT synthesis 
remains a poorly understood process, due in part to the slow pace of research: Typically 1-2 experiments per 
day. Understanding of CNT growth has increased tremendously due to experimental and computational efforts, 
but faster, hypothesis-driven, iterative search is required 
for further understanding, ultimately leading to 
commercialization. 

Relevance to MGI 

ARES is the pioneering effort for Autonomous 
Experimentation in Materials2, 3, and ARES is highlighted 
in the 2021 MGI Strategic Plan4. This effort exploits 
hypothesis-driven search using metallurgical 
thermodynamics of oxidation/reduction to optimize 
catalyst activity. 

Technical Progress 

Catalyst control is critical to carbon nanotube (CNT) 
growth and scaling their production. In supported catalyst 
CNT growth, the reduction of an oxidized metal catalyst 
enables growth, but its reduction also initiates catalyst 
deactivation via Ostwald ripening. Here, we conducted 
autonomous experiments guided by a hypothesis-driven 
machine learning planner based on a novel jump 
regression algorithm. This planning algorithm iteratively 
models the experimental response surface to identify 
discontinuities, such as those created by a material phase change, and targets further experiments to improve 
the fit and reduce uncertainty in its model. This approach led us to identify conditions that resulted in the 
greatest CNT yields as a function of the driving forces of catalyst reduction in a fraction of the time and cost of 
conventional experimental approaches. By varying temperature and the reducing potential of the growth 
atmosphere, we identified discontinuous jumps in CNT growth for two thicknesses of an iron catalyst, resulting 
in largest observed yields in narrow and distinct regions of thermodynamic space where we believe the reduced 
catalyst is in equilibrium with its oxide. At these jumps, we also observed the longest growth lifetimes and a 
greater degree of diameter control. We believe that conducting CNT growth at these conditions optimizes 

Figure. We report a new understanding that iron 
carbon nanotube catalysts are most active at the 
transition between oxidized and reduced state, with 
peak nanotube yield, diameter control, and catalyst 
lifetime. To confirm this hypothesis, we used a novel 
jump regression AI method that directly and 
efficiently target the discontinuous phase 
transformation in our autonomous experimentation 
system1. 
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catalyst activity by inhibiting Ostwald ripening-induced deactivation, thereby keeping catalyst nanoparticles 
smaller and more numerous. This work establishes a thermodynamic framework for a generalized understanding 
of metal catalysts in CNT growth, and demonstrates the capability of iterative, hypothesis-driven autonomous 
experimentation to greatly accelerate materials science1. 

Future Plans 

We plan to generalize our thermodynamic model of catalyst activity to other catalyst elements and compounds. 
We also plan to generalize the environmental response to other growth gases, and finally understand the effect of 
catalyst/support interactions via catalyst thickness. 

Broader Impacts and Workforce Development 

We are building an Educational ARES effort to directly address the AI gap that impacts disadvantaged groups. 
Educational ARES aims to build access and expertise in underrepresented groups for AI and autonomous 
experimentation. 

Data Management and Open Access 

Autonomous Experimentation Systems have the unique advantage that the data can be born “FAIR”. Our 
Educational ARES 3D printer has the ability to expose data immediately upon generation, including materials 
results, planner data and analysis data. Additionally, our ARES OS 2.0 software is open source: 
[https://github.com/AFRL-ARES/AresLib]. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

We plan to exploit our fundamental understanding to scale CNT synthesis. In particular, using methane 
pyrolysis, we have the potential to impact global warming by co-generation of clean hydrogen and CNT materials 
for structures, energy storage and low-CO2 cement. 
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Designing Plasmonic Nanoparticle Assemblies For Active 
Nanoscale Temperature Control By Exploiting  

Near- And Far-Field Coupling
Lead Investigator: David J. Masiello, masiello@uw.edu 
Participating Institutions: University of Washington, Temple 
University, University of Illinois Urbana-Champaign 
Source of Support: NSF-DMREF 
Website: https://faculty.washington.edu/masiello/dmref/ 
Keywords: plasmon lattices, photothermal heating, momentum-
resolved spectroscopy, nanophotonics, plasmonics 
Project Scope 
The goal of this research is to overcome thermal diffusion through the 
theoretical design and experimental realization of a new class of 
plasmonic nano-patterned metamaterials capable of realizing actively 
controllable steady-state thermal gradients spanning from the nano- 
(≲100 nm) to micron- (1-1000 μm) scales by exploiting the 
photothermal conversion properties of lattice plasmon resonances in 
diffractively coupled nanoparticle arrays. We aim to 1) predict and 
fabricate 2D periodic plasmonic Bravais lattices capable of generating 
specific long- range (1-1000 𝜇m) thermal profiles at various spatial 
locations using different excitation wavelengths in the visible and 
near-IR spectral ranges combined with different angles of incidence 
and polarization states of light, and 2) extend to 2D periodic non-
Bravais plasmonic dimer lattices to control the thermal profile within 
each unit cell (≲100 nm) in addition to the long range global 
temperature control introduced by coupling light into the lattice’s 
diffractive modes. This work also requires careful examination of the 
photothermal responses of individual plasmonic nanoparticles (which 
form the basic elements of our plasmonic lattices) in the regime where 
they are large enough to both absorb and scatter, using single-particle 
photothermal absorption spectroscopy techniques. 
Relevance to MGI 
Our research combines insights from photonic band structure and 
design, heat diffusion, and optical microscopy to engineer new classes 
of 2D periodic metamaterials that are optimized for converting light into actively tunable heat and temperature 
distributions with desired spatial profiles. Synergistic effort and continuous feedback between theory and 
experiment accelerate the manufacturing of such materials and expand our understanding of their genome, 
significantly impacting future technologies that depend on nanoscale to micron-scale control over heat sources. The 
importance of our research lies in the rational, computational design of diffractively coupled metallic nanoparticle 
lattices can be used to create metasurfaces with actively controllable thermal gradients that can be fully manipulated 
by optical means despite the effects of heat diffusion. The control of heat flow across such distances through the 
wavelength/wavevector selective excitation of surface lattice resonance (SLR) modes opens the possibility of using 
plasmonic array substrates as heat sources for many applications, and for physical and chemical transformation such 
as phase transitions and chemical reactions/catalysis. Moreover, our work produces meaningful feedback between 
theoretical design principles and experimental validation, allowing iterative optimization of materials properties 
and improved understanding of experimental results.  
Technical Progress 
Over the past year, we have: (1) Theoretically investigated the effects of variable irradiation beam waist upon the 
excitation of the emergent surface lattice resonances (SLRs) of 2D plasmonic arrays, and its impact on mapping 
SLR energy-momentum dispersion; (2) Numerically implemented our theory, allowing for the calculation of SLR 
absorption responses from arbitrary 2D periodic nanoparticle arrays under varying spatial profiles of the 
illumination source; (3) Demonstrated that k-space hyperspectral imaging is capable of monitoring surface lattice 

Figure. (top) Illustration of the 
photothermal response of a plasmon 
lattice under optical illumination as a 
function of frequency, polarization, and 
wave vector.  (lower) Comparison of the 
momentum-resolved optical spectra of a 
plasmon lattice under (A) p-polarized 
plane wave excitation in a wide-field 
illumination geometry versus (B) a 
focused Gaussian beam illumination 
geometry. 
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resonances to understand the dependence of the lattice mode energy on the incident and scattered wavevectors; (4) 
Investigated the photothermal mechanism of DNA melting to understand why differences in sequence and 
environment lead to different extracted temperatures as a function of laser intensity; (5) Demonstrated a surface 
cleaning strategy to remove DNA from substrate-supported metal nanoparticles, allowing samples prepared by 
electron beam lithography to be reused for multiple experiments; (6) Implemented a wavefront imaging camera 
(Phasics) to detect wavefront distortions based on local refractive index changes; and (7) Quantified the absorption 
and scattering linewidth of single nanorods in conjunction with our theoretical models to understand the radiative 
and nonradiative properties of potential lattice unit cell elements. 
Future Plans 
We now have in place several crucial components to establish temperature profiles of plasmonic lattices. 
Specifically, we are able to fabricate arrays using electron-beam lithography and characterize the surface lattice 
resonances using Fourier space spectroscopy. We have also established a protocol to clean and therefore reuse the 
same samples after DNA nanothermometry, while understanding any outstanding differences between 
expected/simulated and experimental temperatures using this super-resolution technique. Finally, our wide-field 
photothermal imaging based on wavefront sensing is now working. Establishing all these components first has been 
crucial for investigating plasmonic lattices and is a major departure from temperature imaging of small coupled 
nanoparticle assemblies (dimers and trimers). We therefore plan to now combine our expertise and investigate 
theoretically designed plasmonic lattices for unique temperature profiles depending on lattice spacings as well as 
unit cell structure. In particular, we will measure diffraction-limited temperatures across large distances using a 
phase imaging camera. We will compare these temperature to those obtained at the sub-diffraction-limited level 
using the DNA nanothermometry tools. Throughout, theoretical predictions will be used to guide our choice of 
excitation wavelength, polarization, and angle of incidence to manipulate the thermal profiles within the arrays, 
with the ultimate goal to actively control temperature both at the mesoscale, covering the entire lattice, as well as 
nanoscale by resolving the individual unit cells. 
Broader Impacts and Workforce Development 
Because our research involves three groups at different universities, DMREF students gain valuable experience in 
collaboration, which is a key component for successful careers in STEM disciplines. The project has trained 
undergraduates, graduate students, and postdoctoral researchers in an array of disciplines including materials 
science, physical chemistry, physics, and nanotechnology. Additionally, by leveraging programs such as NSF REU, 
RET, and LSAMP, as well as several regional outreach programs that promote STEM literacy at the K-12 level, 
our DMREF program is not only upskilling and supporting the existing workforce but also growing the workforce 
for the next generation of scientists and engineers. 
Data Management and Open Access 
All DMREF related computer codes used to calculate the photothermal responses of individual plasmonic 
nanoparticles and arrays of plasmonic nanoparticles are freely available from our team website 
(https://faculty.washington.edu/masiello/dmref/). All relevant data needed to reproduce work from our publications 
is also made available at the same team website. 
Advancing Along the Materials Development Continuum and Partnerships to Translation 
The ability to control temperature at both nanoscale (<100 nm) and micron-scale (~1-1000 𝜇m) dimensions has 
important implications for a host of applications including heat-assisted magnetic recording for improved data 
storage, photothermal therapy for targeted treatment of disease, thermal stimulation of cellular processes, thermal 
encoding of encrypted data, and local control of thermally-initiated chemical transformations. Plasmonic 
nanomaterials have emerged as a promising candidate for these applications, due to their ability to transduce far-
field electromagnetic radiation into sub-diffraction-limited sources of heat via the non-radiative decay of localized 
surface plasmons. However, one challenge with these materials is thermal diffusion, in which heat, even when 
applied to a localized region of space, has the tendency to spread out and produce a temperature change that is 
spatially uniform throughout a material. This thermal diffusion severely limits the degree of spatial correlation 
between the heat power supplied via plasmon excitation and the temperature change that it induces, making it 
difficult to control the temperature profile of a material with the nanoscale precision needed to realize many of the 
applications cited above. Our unified predict-make-measure workflow has drastically accelerated the design of 
thermal metamaterials composed of 2D periodic plasmon lattices that are capable of localizing thermal gradients 
that are actively controllable using free space light of varying frequency, polarization, and wave vector.   
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Platform for the Accelerated Realization, Analysis, and 

Discovery of Interface Materials (PARADIM): An NSF Materials 

Innovation Platform 

Materials Innovation Platform: PARADIM DMR-2039380 

MIP Director: Darrell G. Schlom, Department of Materials Science and Engineering, Cornell University, 

schlom@cornell.edu. 

MIP Co-Director (or Associate Director): Tyrel M. McQueen, Departments of Chemistry/Physics and 

Astronomy/Materials Science and Engineering, Johns Hopkins University, mcqueen@jhu.edu. 

MGI PI Meeting Participant in 2024: Tyrel M. McQueen, Departments of Chemistry/Physics and 

Astronomy/Materials Science and Engineering, Johns Hopkins University, mcqueen@jhu.edu 

Participating Institutions: Cornell University, Johns Hopkins University 

Source of Support: NSF-DMR. 

Website: https://paradim.org. 

Keywords: Electronic materials, interface materials, quantum materials, materials-by-design, quantum fabrics. 

Project Scope 

 Creating new interface materials with unprecedented 

properties, by design rather than by serendipity, is accomplished 

in PARADIM through a synergistic set of user facilities dedicated 

to theory (figuring out where to put the atoms for useful behavior), 

synthesis (putting the atoms in the targeted positions), and 

characterization (seeing that the atoms are indeed in the desired 

positions). Each of these world-class user facilities is equipped 

with the latest tools, techniques, and expertise to realize this 

materials-by-design dream. Users from throughout the nation are 

using PARADIM to discover and create interface materials for the 

next generation of electronics and optoelectronics. These new 

materials are enabling novel ways for electrons to carry 

information in solid-state devices and efficiently interact with 

magnetic, electrical, and optical stimuli. 

Relevance to MGI 

PARADIM’s vision is to democratize materials discovery in the U.S.A. and to enable a more effective way of 

pursuing materials research, one that accelerates materials discovery by establishing a materials discovery 

ecosystem—a national community of practitioners—and equipping them with theoretical and experimental methods 

that enable them to reduce to practice the inorganic materials of which they dream. Discovering electronic 

materials—by design rather than by serendipity—is accomplished through a synergistic set of state-of-the-art 

facilities dedicated to theory, synthesis, and characterization. PARADIM’s bulk crystal growth facility at Johns 

Hopkins is the only location within the United States where all major optical floating-zone techniques are available 

at a single site, including the only location in the world where floating zone growths in supercritical fluids are 

possible. In PARADIM’s thin film facility users can select between a record 62 elements to synthesize the materials 

they envision by MBE, with integrated ARPES for precise electronic structure determination in quantum fabrics. 

PARADIM’s electron microscopy facility has enabled the highest spatial resolution scanning tunneling electron 

microscopy (0.39 Å) ever achieved on 2D materials, and is continuing to push the frontier with advanced pixel array 

detectors and state of the art data analysis techniques. PARADIM’s theory facility draws on expertise and 

computing capabilities across institutions to provide ground-breaking computational models and predictions, 

including through the PARADIM-developed tool specifically for interface materials: Mismatched INterface Theory 

(MINT). All PARADIM facilities electronically capture as much data as possible and is developing the big-data 

tools and techniques to extract insights from these data in real-time. PARADIM’s in-house research team leverages 

these facilities to develop quantum fabrics for the next generation of electronics. 
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Technical Progress 

During its eight years of operation, PARADIM has made several key accomplishments. Research enabled 

by the Platform led to a total of 291 peer-reviewed journal publications—including in Nature, Science, and 

Science Advances. Among all PARADIM works several have been recognized by Web of Science as highly cited 

papers: 9 publications acknowledging PARADIM, plus 3 additional papers acknowledging use of the Helios FIB, 

for which PARADIM was the largest contributor beyond the funds coming from Cornell University. External 

users’ work led to 80 publications in peer-reviewed journals and 45 publications report local users’ research.  

Exciting discoveries made by PARADIM users include: (i) a new material that is free of rare-earth 

elements yet has the highest magnetostrictive coefficient ever achieved at room temperature (10x higher than bulk 

FeGa and nearly twice as high as Terfenol-D); (ii) the most efficient transverse thermoelectric ever discovered, 

with performance comparable to commercial longitudinal thermoelectrics, but with drastically reduced energy 

loss at the contacts; (iii) a new layered nickelate superconductor—predicted by theory and experimentally 

realized; (iv) the first example of using biaxial strain to transmute a normal metal into a superconductor; (v) a 

method to peel single-crystal oxide films off their substrates to permit wafer-scale interfacing between high-

quality films of virtually any complex oxide, free of epitaxial constraints; (vi) Reduction to practice of a new 

theoretical prediction—utilizing colinear antiferromagnetic metals with low symmetry, rather than spin-orbit 

coupling—to achieve efficient spin-transfer torque switching; (vii) synthesis of a visible-light photocathode with 

unusually high efficiency (quantum efficiencies exceeding 2% at 532 nm) at film thicknesses as low as 4 nm. 

These epitaxial Cs3Sb films have an order of magnitude higher quantum efficiency at 650 nm than polycrystalline 

Cs3Sb films. 

Future Plans 

PARADIM will continue to update and enhance its world unique capabilities in synthesis, characterization, 

and theory to accelerate materials by design, and provide a nexus for the discovery and use of interfacial quantum 

materials, and hopes to expand towards activities that help bridge the “valley of death” between a material discovery 

and its translation to devices that improve society.  

Broader Impacts and Workforce Development 

Since its inception PARADIM has run 17 Summer Schools in various formats: purely remote, hybrid, and in-

person, for a total of over 400 selected participants. In recent years, thanks to webinar capabilities, all lectures were 

live streamed to the web and reached a wide audience. All recorded materials including from past years are available 

as part of PARADIM’s Materials-by-Design Toolbox (https://www.paradim.org/toolbox) to inform potential users 

about relevant capabilities available through PARADIM user facilities. Thanks to the grant REU-Site: Summer 

Research at PARADIM, DMR-2150446, PARADIM continues to offer REU programming at Cornell and Johns 

Hopkins for a total of 14 participants annually, who developed new protocols and systems to improve the MIP-

experience for future users of PARADIM. The program concludes with an in-person convocation at Cornell 

University with all participants (including from JHU) and many of the mentors. In addition, PARADIM together 

with all other members of the family of MIPs, co-organized or participated in several NSF-DMR Materials 

Innovation Platform Forums held at MRS Fall Meetings and the ACS Meeting, where current Platforms presented 

their capabilities, users shared their success stories and various flash talks highlighted the breadth of research 

pursued at DMR MIPs. 

Data Management and Knowledge Sharing 

All PARADIM facilities are open to all users via a proposal process, facilitating the use of world-unique 

capabilities by a broad range of scientists. In addition, significant material products from PARDAIM successes will 

be produced in bulk by REU interns and made available to other researchers via a proposal process. All data from 

PARADIM facilities is recorded and stored for future use. After a period of inactivity or completion of scientific 

publications by the primary users, all data associated with user projects is made publicly available. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Multiple commercial entities currently utilize PARADIM facilities for research directly related to 

commercialization and the entry into new markets. This is in addition to efforts designed to enhance the deployment 

of intellectual property (IP) being generated by the in-house research team. 
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Project Scope 
Quasi-direct semiconductors are indirect-gap materials with a direct transition slightly above the fundamental 

gap. In the conventional theory of indirect optical absorption, the direct transition appears as an intermediate state, 
and therefore the predicted absorption strength diverges when the photon energy reaches the direct transition. This 
project’s goals are to develop a theoretical framework that eliminates such unphysical divergences, to introduce 
new approaches to measure absorption coefficients that change by orders of magnitude over the critical spectral 
range, and to synthesize new quasi-direct materials that provide an additional test of the theoretical and experimental 
advances.  

Relevance to MGI 
This project was born as an experimental and theoreti-

cal team came together to address the lack of a satisfactory 
theoretical framework to model optical absorption and 
emission in quasi-direct semiconductors, including materi-
als as basic and technologically important as germanium. 
The idea was to start by developing such theory, to devise 
additional experimental methods to measure optical ab-
sorption over the critical spectral range, and to introduce 
improvements in an iterative fashion that will eventually 
make it possible to fit experimental data with methods 
based on a consistent theory. A parallel effort, which ex-
ploits synergistically the predictive capabilities of ab initio 
theory and the synthetic know-how of the experimental 
group, is the growth of new quasi-direct semiconductors for 
further test of the new optical theory.  

Fundamental progress has already been made in devel-
oping a theory that eliminates the divergencies of the tradi-
tional theory1 and in developing advanced methods2 to ac-
curately fit diode responsivities as a way to extract the ab-
sorption coefficient as it changes by orders of magnitude 
between the indirect and direct gap. 

Technical Progress 
At UT Austin a novel many-body theory of optical ab-

sorption and emission was finalized which includes both 
direct and indirect phonon-assisted transitions on the same 
footing.1 Instead of using the standard second-order perturbation theory approach, which leads to infinite indirect 
absorption at the resonant condition when the photon energy equals the direct gap energy, quasi-degenerate pertur-
bation theory was applied to the degenerate manifolds of electron-hole pairs and electron-hole-phonon triples con-
nected to the ground state by the electric dipole Hamiltonian. As shown in Fig 1, this theoretical approach can—for 
the first time— explain the temperature dependence of the Ge photoluminescence previously measured at ASU.  

Figure 1. Photoluminescence of Ge as a function of 
photon energy, for several temperatures: Calcula-
tions from the UT team (blue line) and experimental 
data from the ASU team (circles). The blue and ma-
genta shadings indicate the contributions of LO and 
LA phonons to the spectrum, respectively, and the 
orange shading indicates the contribution of direct 
processes. 
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Measuring the transition from pre-resonant to resonant 
conditions is critical for a stringent test of the new theory but 
difficult to carry out in practice because the absorption 
changes by orders of magnitude. One possible approach is to 
measure the optical responsivity of diode devices, but this 
requires a quantitative approach to extract the absorption co-
efficient from such measurements. We have succeeded in de-
veloping such an approach, as demonstrated in Fig. 2 with 
results from a GeSn diode grown and fabricated at ASU. 

Future Plans 
The next iteration of our work will be to develop versions 

of our codes that are numerically simplified to the point that 
can be routinely used by experimentalists to fit spectra, yet 
incorporate additional phenomena such as excitonic effects 
and empirical band parameters that enable such fits. On the 
experimental side, in addition to the responsivity method ex-
plained in Fig. 2, we will use traditional transmittance/reflec-
tance measurements as the most accurate way to extract the 
absorption coefficient of a material. Since measuring the en-
tire indirect-direct gap range requires ranges of thicknesses 
that are not compatible with mechanical stability, we will 
grow epitaxial layers of the interesting materials.  

We also plan to advance on the growth of quasi-direct 
materials not derived from Ge, such as for example SiS. This 
material will be pursued using the CVD precursor S(SiH3)2, 
which we used previously for S-doping of Si. 

Broader Impacts and Workforce Development 
This project supported the training of a postdoctoral researcher at UT and three graduate students at ASU. The 

Texas post-doc (Dr. Sabyasachi Tiwari) joined the EPW development team and has been elected a member of its 
steering committee. Two of the ASU graduate students (Dhruve Ringwala, and Aixin Zhang) have chemistry back-
ground and focus on synthesis and structural characterization, while the third student (Matthew Mircovich) has a 
physics background and focuses on devices and optical properties. 

Data Management and Open Access 
The methods and software developed at UT Austin are being made available to the community via the v5.8 

release of the EPW code and as a core module of the hugely popular Quantum ESPRESSO materials simulation 
suite. The EPW code (https://epw-code.org) is developed under continuous integration on the GitLab portal, and 
distributed under the GNU GPL open-source software license. The UT Austin team organized a computational 
Summer school at UT Austin, which gathered 130 in-person participants and 500 Zoom participants. During this 
event, Dr Tiwari demonstrated the use of the new quasi-direct perturbation theory module. The PDF files of this 
demo and the YouTube videos of his lectures are publicly available at https://epw2024.oden.utexas.edu/. A prelim-
inary version of the simulation code of for the optical properties of group-IV material diodes is also available to the 
public from ASU, and a formal release will be made once the optical module is added. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
The project represents an important step towards the full quantitative understanding of the optical properties of 

semiconductors. It will assist the discovery of new materials by improving the accuracy with which their optical 
properties can be predicted, and it will open up completely new perspectives for studies of the temperature depend-
ence of those optical properties. The release of the theoretical methods to the public domain has already been started 
and will also impact areas not directly related to the project, such as the optimization and design of optoelectronic 
devices. 

Figure 2. The left panel shows the current-voltage 
curve and the right panel the optical responsivity of 
a GeSn pin diode. The dotted blue lines show the 
predicted results for an ideal diode with no defects, 
whereas the solid blue line is a simultaneous theo-
retical fit of both curves incorporating dislocation-re-
lated and surface recombination traps. The simula-
tion code runs on a standard PC and will be made 
available to all interested parties. To the best of our 
knowledge, this is the first time that both the I-V and 
responsivity curves are fit simultaneously. This 
opens the door to devising rational approaches to the 
improvement of optical devices based on the simula-
tion of their basic properties. It is likely to have a 
broad impact well beyond the specific objectives of 
this DMREF project. 
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Project Scope 

 This project will create a new family of nano-quantum materials (nQMs), including two-dimensional (2D) III-
nitrides and extreme quantum dots (XQD). Our team predicted that the Coulomb interaction in 2D III-nitrides is so 
strong it binds electrons and holes into excitons with a binding energy exceeding 1 eV. We will establish an nQM 
platform with unique quantum functionalities by using the most accurate quantum theory to design the quantum 
optoelectronic properties of nQMs. Our breakthroughs will transform conventional low-efficiency AlGaN into 
high-brightness deep ultraviolet (UV) emitters and establish the first controllably interacting semiconductor qubit 
platform for quantum information science application. 
Relevance to MGI 

 We propose a focused theory-epitaxy-characterization-quantum optoelectronics collaboration. We are 
developing a systematic quantum theory that integrates three first-principles methods, including Density-Functional 
Theory, Many-Body Perturbation Theory, and 
Quantum-Dynamic Cluster Expansion, to precisely 
predict and determine the electronic, optical, excitonic, 
and entanglement properties of 2D III-nitrides and 
XQDs. Atomically thin III-nitrides and XQDs with 
superior quality are being realized by combining 
ultrahigh temperature molecular beam epitaxy and 
selective area growth with polarization, surface, 
polarity, and quantum engineering. The presence of 
disorder and spectral diffusion, deleterious effects that 
plague conventional QDs, are addressed by i) 
deterministically growing and positioning XQDs on 
hBN whose atomically smooth surface eliminates 
interface interdiffusion and disorder, and ii) creating 
interface excitons with well-aligned dipole and with 
identical emission that is largely determined by the 
band alignment of AlN/hBN. We combine time-
resolved deep-UV photoluminescence spectroscopy 
and differential transmission spectroscopy to 
demonstrate controllable XQD–XQD coupling and controlled formation of direct and indirect excitons, biexcitons, 
and dropletons at room temperature. The potential of the nQMs platform is realized by taking key steps toward 
extraordinary quantum optoelectronic devices, including deep UV light emitters, entanglement detectors, and 
coupled XQD systems. 
Technical Progress 

This project has four Thrusts, including Thrust 1 – Quantum Theory and Design, Thrust 2 – Epitaxy of III-
Nitride Monolayers and Extreme Quantum Dots, Thrust 3 – Optical Spectroscopy, and Thrust 4 – Quantum 
Optoelectronics. Quantum theory and design. As a key theory challenge, one needs to connect interaction chains to 
actual semiconductor quantum-system performance. This means developing a detailed and systematic analysis of 
quantum-dynamic processes that are mediated by multi-electron–photon–phonon interactions. Our focus has been 
exploring such interactions in nQM semiconductors, related to their nonlinear prosperities. Specifically, we have 
compared atomically thin CrSBr monolayer with bulk to explore exciton lifetime. We also have explored the 
complementary excitonic effects in 2D III-nitrides to quantify how their strong exciton binding can be leveraged to 
achieve room-temperature quantum. Epitaxy of III-Nitride Monolayers and Extreme Quantum Dots. We have 

Figure. Diagram of exciton binding energy vs. energy 
bandgap for various 2D semiconductors including the 
emerging 2D III-nitrides as well as conventional 2D 
TMDs.  
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developed the first method for the epitaxy of pristine, wafer-scale monolayer hBN on graphene. We discover that 
the in-plane hBN/G interface can be precisely controlled, enabling the scalable epitaxy of unidirectional monolayer 
hBN on graphene, which exhibits a uniform moiré superlattice consistent with single-domain hBN, aligned to the 
underlying graphene lattice. Interface engineering in heterostructures at the atomic scale has been a central research 
focus of nanoscale and quantum material science. Near-perfect quantum interfaces can be readily synthesized on 
the semipolar plane instead of the conventional c-plane of GaN/AlN heterostructures. 

Optical Spectroscopy and Quantum Optoelectronics.  We concluded that In clustering in InGaN leads to energy 
transfer from the high energy states near the center of the a nanostructure to the deeper states on the semipolar facets 
near the edge via intermediate states. We further studied the effect of geometry on bandgap tunability. Typically, at 
sub 50 nm dimensions, surface recombination reduces the PL quantum efficiency. However, we observed strong 
PL, indicating the dominance of excitonic properties. 
Future Plans 

Our future plans include: i) develop quantum theory and design of InN, GaN, and AlN extreme quantum dots 
on hBN, 2) study the epitaxy and structural, optical, and excitonic properties of the spontaneous formation of InN, 
GaN, and AlN extreme quantum dots, and study the two-photon absorption and entanglement detection utilizing 
these novel quantum nanostructures. 
Broader Impacts and Workforce Development 

This project will pioneer 2D III-nitride nQMs with quantum optoelectronic properties enabling novel 
applications ranging from high-efficiency deep UV light emitters to controlled qubit interactions. The broader 
impacts also include the highly interdisciplinary nature of this project and outreach to undergraduates, 
underrepresented minorities, and K-12. The education and outreach program includes 1) encouraging 
underrepresented minorities and women in careers in science and engineering through the appealing potential social 
impacts of the research, 2) involving undergraduate students in frontier research, and 3) communicating the research 
to the general public, including the MSHORE REU program at the University of Michigan and the recently 
established Midwest Quantum Collaboratory to reach out to the broader public. 
Data Management and Open Access 

During this project, data from quantum theory, design and modeling, epitaxy, structural and optical 
characterization and analysis, and device processing and measurements will be generated. Data that are of high 
impact results will be made available to the general public through peer-reviewed journal and conference 
publications (including supplementary material), seminars, and presentations. More detailed data analysis is also 
published after the completion of each project, which may take the form of final project reports, master and doctoral 
thesis, books, and book chapters.  
Advancing Along the Materials Development Continuum and Partnerships to Translation 

Some IP related to this project has been licensed to NS Nanotech, Inc., which was a spin-off from the University 
of Michigan with Mi being a co-founder.  
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GOALI: / DMREF: Multimodal design of revolutionary additive-

enabled oxide dispersion strengthened superalloys 

Lead Investigator: Michael Mills, mills.108@osu.edu 

Participating Institutions: The Ohio State University, University of Michigan, GE Aerospace Research, NASA 

Glenn Research Center, Air Force Research Laboratory 

Source of Support: NSF-DMREF 

Website: : https://github.com/mesoOSU 

Keywords: High temperature alloys, oxide dispersion strengthening, additive manufacturing. 

Project Scope 

This project will develop new knowledge and strategies for creating a new class of metallic materials for a wide 

range of demanding, high temperature applications in aerospace and power generation. We are exploiting a novel 

additive-processing route for creating oxide dispersion strengthened (ODS) metallic alloys as well as advanced 

novel machine learning approaches to characterize multiscale microstructure, develop property/processing linkages, 

and accelerate the iterative design of new additive ODS alloys.   

Relevance to MGI 

The capability to 

“directly-write” 

high-quality, 

additive ODS alloys 

is transformational, 

enabling the full 

power of the 

Materials Genome 

Initiative (MGI) 

approach to be 

harnessed (see the 

Figure) to enable 

the rapid 

development of 

ODS alloys.  We will extend the NASA additive ODS process for the first time to two-phase  ’ strengthened 

superalloys. The transformative attributes of this combination will motivate two structural application regimes: 

Design Objective 1 – intermediate/high temperatures for extended durations, which is of relevance for aerospace 

and power generation (and thus our GOALI partner GE Aerospace Research), and Design Objective 2 – extreme 

temperature for short duration, which are conditions relevant to hypersonics (and thus our AFRL collaborators).   

Technical Progress 

The additive ODS alloy GRX-810 developed by NASA, in collaboration with the DMREF team, has 

extraordinary creep strength at 1100°C compared with current commercial superalloys and equiatomic NiCoCr 

ODS alloy.  Multiscale electron microscopy characterization of the as-built and post-creep microstructures has been 

performed, including grain boundary precipitates, dislocation substructures, and oxide distribution, structure and 

chemistry.  A novel stereomicroscopy technique has been developed to quantify the dislocation density, oxide 

particle size distribution and volume fraction.  Remarkably, the profound strengthening provided by the oxides in 

GRX-810 occur for a volume fraction of only 0.5%, which is critical feedback for optimizing the oxide coating 

process of the metal powders.  The structure and composition of the oxides are distinctly different when comparing 

GRX-810 (monoclinic Y2O3) and NiCoCr-ODS (cubic Y2O3), which may affect the “pinning power” of the oxides.  

The dislocation substructure evolves after creep at 1073°C more distinctly for NiCoCr ODS, indicating that 

Figure. Overview of DMREF team, the integrated and collaborative approach and workflow, and 

the proposed roles for participants and partners. 
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recovery (softening) processes are more active than for GRX-810.  Static (no applied stress) oxidation studies have 

been performed at UM to explore the “weight gain” at 1100°C in dry air for additively processed GRX-810 and 

NiCoCr (both with and without oxides).  These studies have already yielded surprising results:  GRX-810 with 

oxides exhibits the most rapid weight gain, while NiCoCr-ODS the slowest.  Characterization of the oxidized 

surface layers will provide insight into the oxides formed at very high temperatures.  Further understanding of 

localized phase transformations (LPT) at deformation stacking faults in ’ superalloys has also continued.  The 

extension of LPT to Co-based alloys is also being studied in collaboration with colleagues at the University of 

Erlangen. The synergistic effects possible by combining ODS and LPT strengthening will be explored in the next 

phase of the program. 

Future Plans 

We will extend additive ODS processing to alloys strengthened by ’ (Haynes 282 and modified LPT alloy) 

and ’’ (IN 718) precipitates. These alloys are widely employed in industry, but their reinforcement with oxides has 

never been explored previously.  Recrystallization studies for the ODS alloys are in progress using gradient-shaped 

samples that will enable rapid assessment of strain and temperature combinations to achieve desirable grain 

structures.  Capabilites for mechanical testing of the additive ODS alloys at high temperatures (1100C to melt) have 

been developed, which will allow for monotonic and transient deformation experiments.  New screening tests for 

gathering high-temperature creep resistance over a range of stresses and temperatures in a single specimen have 

been developed and demonstrated on surrogate materials. Modeling of dislocation oxide interactions and 

substructure development in the presence of pinning oxide particles is also underway, as is the deployment of a 

novel AHVAE Network approach to merging characterization and property data for predication of alloy 

composition and processing to achieve desired properties (see Figure).     

Broader Impacts and Workforce Development 

At UM, a masters' student (Eli Rotman) will be graduating soon and George Vukovik is an incoming PhD 

student starting in August.  Two rising junior MSE students (Isabelle Hopf and Trevor Balduck) are quantifying 

grain growth in the ODS and non-ODS alloys, and are also creating art pieces that are related to their research work.  

At OSU, Jacob Pellicotte and Britton DeGarmo have been developing advanced mechanical testing methods. Jacob 

is on target to graduate in December and new PhD student Kojo Benefo will takeover testing. Ananya Kameswari 

is working with Laura Dial of GE Research on modeling the strain state in gradient cross-section samples for 

recrystallization studies of GRX-810.  Sugham Chattoraj will start as an incoming PhD in August.  Prof. Stephen 

Niezgoda is in the Air Force Summer Faculty Fellowship Program at AFRL during summer of 2024. Prof Calvin M. 

Stewart ran the MATX summer school a six-week program where high school and undergraduate students in central 

ohio, gained practical skills in in thermomechanical testing, 3D printing, and modeling/simulation. The summer 

schoolers participated in a thermomechanical test of GRX 810. Multiple graduate students and post-doctoral 

research associates participating in the program will be attending the TMS Spring Meeting in 2025. 

Data Management and Open Access 

Weekly Zoom meetings have brought together the academic team, GE Aerospace Research, AFRL, and NASA 

staff.  Cloud-based file sharing has utilized the OSU OneDrive system.  Research codes are being deployed at 

https://github.com/mesoOSU. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

This project is enabling a novel class of alloys that combines additive manufacturing, ODS, and superalloy 

precipitation. Research activities on individual or two of these approaches exist to date, but this is the first project 

to combine all three. The applications of advanced modeling, testing, processing and characterization tools will 
enable efficient and comprehensive understanding of these new materials. Engagement of NASA and GE Aerospace 

Research as collaborators will enable smooth transition and adoption of the technology to industrialization in the 

future. 
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Accelerated Data-Driven Discovery of Ion-Conducting Materials 
Lead Investigator: Dr. Yifei Mo, yfmo@umd.edu 
Participating Institutions: University of Maryland, Northwestern University, Lehigh University 
Source of Support: NSF-DMREF 
Website: none 
Keywords: ion-conducting materials, high-throughput materials discovery, rapid synthesis, microstructure design 

Project Scope 
The objective of this DMREF project is to integrate rapid ceramic synthesis with first-principles data-driven 

computation, high-throughput measurements, and microstructural modeling to accelerate the discovery of new 
ceramic oxide materials, using Na-ion conductors as model systems. The project targets developing an integrated 
framework for designing ion-conducting materials by optimizing composition, microstructure, and sintering 
conditions. The goal is to produce new Na-ion conducting oxides with optimized compositions and microstructures 
through the Ultrafast High-temperature Sintering (UHS) 
method. 

Relevance to MGI 
This project achieves the MGI objective by tightly 

integrating experiments, computation, and theory through a 
closed, iterative feedback loop. Loop 1 (Composition 
discovery) combines first-principles computation, high-
throughput screening, and machine learning to predict new 
Na-ion conducting compounds. These predictions are 
validated through rapid synthesis and characterization using 
UHS, with experimental results feeding back to refine 
computational models. Loop 2 (Microstructure design) 
iteratively connects UHS sintering, characterization, and 
modeling to understand microstructural evolution and 
develop Time-Temperature-Transformation (TTT) diagrams. 
Loop 3 unifies composition, microstructure, and synthesis 
conditions into a comprehensive framework for designing 
new ion-conducting materials. This collaborative process 
enhances each component, accelerates discovery, and builds 
a knowledge base for designing materials with specific properties. The iterative feedback ensures continuous 
improvement and effective collaboration across synthesis, characterization, and modeling, leading to significant 
advances in all aspects and faster materials development. 

Technical Progress 
Our project has made substantial technical and scientific progress toward accelerating the discovery and 

development of Na-ion conductors through our iterative close-loop approach of computational studies, experimental 
validations, and the synthesis of new materials for fast Na-ion conductors. We identified and established the design 
principles for Na-ion conductors by analyzing the structures of many Na-ion conductors. By applying our design 
principle in high-throughput computation, we discovered a few dozen novel Na-ion conductors. Many of these 
newly discovered structures have been examined by our iterative close-loop approach based on the rapid UHS 
synthesis method. Experimentally, multiple oxides are confirmed with high bulk ionic conductivity of 10-4 to 10-3 
S/cm at room temperature, comparable with current state-of-the-art oxide Na-ion conductors in bulk conductivity. 
We successfully synthesized this family of Na3xM2-xCl6-containing (M = La, Ce, Nd, Sm) halide Na+ conductors 
with high ionic conductivities of up to 1.4 mS/cm at 25 ℃ for this series of new Na-ion conductor family, which is 
the highest reported and is a significant improvement over the previous halide Na-ion conductor Na2ZrCl6 (0.02 
mS/cm). This discovery of a new chloride Na-SIC family with the highest reported Na ionic conductivity is a strong 
validation of our design principle for fast Na-ion conductors.  

Figure. Closed-loop approach for materials 
discovery and design integrating high-throughput 
rapid synthesis, measurements, computation, and 
modeling. 
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Future Plans 
Our iterative close-loop approach will be continued to identify novel materials with fast Na-ion conduction. 

Using our iterative close-loop approach, the computation predicted materials will be further synthesized and 
compared with the computation prediction. In addition, more advanced machine learning based approaches are 
employed to make better predictions of the new materials. Novel iterative close-loop are also being established in 
both computation and experiments for the wide composition space of the newly identified structures.  

Broader Impacts and Workforce Development 
The Na-ion conducting materials discovered in this project are pivotal for developing economical, 

environmentally friendly, and sustainable Na-ion and Na-metal batteries, offering alternatives to Li-ion technology 
and promoting renewable energy for transportation and grid storage. The project has provided extensive learning 
opportunities for students at UMD, NU, and Louisiana State University, where characterization techniques and Na-
ion conductors are discussed in various courses. Students gain hands-on experience in computational modeling, 
synthesis, and characterization of ion conductors, fostering the development of future MGI researchers. All PIs 
leverage their interdisciplinary expertise to create unique educational opportunities for a diverse range of students, 
including graduate, undergraduate, and K-12 students, with a focus on underrepresented minorities. Our education 
and outreach efforts emphasize the core MGI components, such as data-driven closed-loop materials design, as 
essential training for the next-generation workforce in conjunction with the research activities. By integrating MGI 
philosophy into educational programs and community outreach, we aim to convey the project outcomes and their 
significance beyond the immediate research community. This approach ensures that the knowledge and benefits of 
the project are widely disseminated, fostering a well-connected and highly trained materials R&D workforce 
capable of driving future innovations.  

Data Management and Open Access 
For the paper published, the data was shared through the publication. 

The code for the published version of the project is shared through the Github of Mo’s group 
https://github.com/mogroupumd and the data through the publisher website (DOI: 10.1038/s41467-023-43436-3) 
The current metadata from computation and experiment will be shared through the publication as both public 
depository and in a queryable database in the future.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
R&D of ion-conducting ceramic materials has largely been conducted in a slow, trial-and-error fashion impeded 

by three challenges: 1) long synthesis and processing times (~10–100 hours), leading to undesired side reactions 
and volatile elemental loss; 2) a limited number of available compounds that exhibit fast ion-conduction with 
mechanical and chemical stability; and 3) a lack of understanding and rational control of microstructures during 
conventional sintering. This project leverages the unique UHS method to rapidly sinter dense layers of oxide 
ceramics from precursors in ~10 seconds by simply sandwiching ceramic pellets between two Joule-heated carbon 
films. This simple yet effective proximity heating strategy, with a temperature up to 2000-3000K enables a 102–
104-fold acceleration in ceramic synthesis and sintering time; and provides a route for rapid verification and
feedback to first-principles computational predictions, enabling a truly computation-guided, closed-loop materials
discovery process. The UHS method is the fundamental technology behind the entrepreneurial start-up HighT-Tech,
LLC, founded to make UHS a commercially relevant technology.
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De Novo Proteins as Junctions in Polymer Networks 

Lead Investigator: Alshakim Nelson, alshakim@uw.edu (coPI: David Baker, Lucas Meza, Monica Olvera-de la 
Cruz) 
Participating Institutions: University of Washington, Northwestern University 
Source of Support: Enter NSF-DMREF, DOE-BES, DOE-EERE, NIST, AFRL, AFOSR, or other support source. 
Website: None 
Keywords: Polymer network, de novo protein, mechanochemistry, stimuli-responsive materials, additive 
manufacturing 

Project Scope 
The central objective of this proposal is to elucidate the design principles for de novo designed proteins as mechano-
responsive junctions in protein-polymer networks. The convergence of computational de novo protein design and 
materials science presents a unique opportunity to create protein-based thermosets that are superior to conventional 
synthetic materials. The structure and composition of designed proteins can be optimized to control the 
processability of the proteins (via additive manufacturing) and the bulk mechanical properties of the materials. This 
DMREF team will design and synthesize photocurable resins that form protein-polymer networks with de novo 
designed proteins as junctions, investigate de novo designed 
proteins as mechano-responsive junctions in polymer 
networks that unfold in response to a mechanical force, and 
create smarter/intelligent protein-polymer networks for the 
next generation of sustainable biomaterials. 

Relevance to MGI 
This project is developing new fundamental understandings 
of biohybrid materials by integrating protein design and 
engineering, polymer chemistry, and computational 
simulations. Thermosets are an important class of polymer 
network materials comprising polymer strands bound at 
their termini by covalent or noncovalent junctions. Proteins 
can serve as mechano-responsive junctions within 
thermosets, and these proteins can respond to extrinsic 
mechanical forces to release their stored length. The factors 
that determine the stored length include the nominal length 
of the outstretched protein, the number of strands per 
protein junction (junction valency), and the force required 
to mechanically unfold the protein. The topology of the 
protein-polymer network also serves an important role in 
the mechanical response of these materials. While the 
mechanical properties of these materials can be 
experimentally determined, computational simulations can 
provide critical insights into proteins unfolding and 
refolding in a network and ultimately accelerate the discovery of proteins for advanced materials. 

Technical Progress 
During Year 1 of this project, we have synthesized protein-polymer networks, characterized their mechanical 
properties, and used computational simulations to understand the response of these networks in response to 
mechanical loads. Our team has also established protocols for collaboration and material/knowledge transfer. 

We designed and produced a series of stable twistless helix repeat (THR) proteins for establishing the initial 
design rules for developing protein-polymer networks. Our approach is modular and allows for additional helix 
repeat units to be incorporated. For example, most of our studies have utilized a THR with 3 repeat units, but we 
have also designed and expressed 5 helix-repeat constructs as well. In order to begin to understand how proteins 
can be designed as junctions in a polymer network, we first controlled the number of lysines present on the protein 

Figure 1. Project overview: a) De novo designed 
proteins will be created as mechanophores that 
release their stored length; b) protein-polymer 
conjugates will serve as precursors to the formation 
of networks; c) the proteins will be present as 
network junctions that unfold in response to 
mechanical force, but can also refold; d) integrated 
feedback loop required for this project. 
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for functionalization. Our first design included lysines only at the C and N termini. The reason for selecting terminal 
functionalization is because extension of these chains will lead to the maximum release of stored length. These 
proteins were produced on the scale of 95 mg/mL (approximately 1 mL for each protein provided to the team). 

We are also investigating two approaches to synthesizing protein-polymer networks. In the first, we are using 
proteins conjugated with acrylate groups that are polymerized via a chain-growth mechanism. In the second, we are 
using thiol-containing proteins and telechelic PEG chains with terminal alkenes to fabricate networks via a step-
growth mechanism. During this award period we have focused on the chain-growth approach. We have successfully 
incorporated the THR with 3 repeat units into a PEG-diacrylate network. We have cast dogbones and performed 
tensile measurements on these samples and observed that the modulus and failure strain increased with increasing 
amounts of protein. Resin optimization for 3D printing on a Nanoscribe two-photon printer is ongoing.  

Simulations of the protein-polymer networks comprising the THR proteins are underway. Our initial 
simulations show that when the sample undergoes mechanical extension, mechanical failure occurs with the PEG 
portions of the network before the proteins can be mechanically unfolded. These results suggest that a larger fraction 
of protein is required in the network, a stiffer network structure is required in the network, and/or the energy required 
to unfold the protein is too high. 

Future Plans 
We will design and express THR proteins with additional functional group sites for attaching additional strands to 
the protein junctions. The additional attachment points may lead to more effective distribution of stress toward these 
proteins. Additional structural characterization by FTIR and SAXS is also in progress.  

Broader Impacts and Workforce Development 
The work proposed herein is, of necessity, interdisciplinary in nature and transcends protein engineering, 
biophysics, computer science, polymer science, mechanical engineering, and chemical engineering. The proximity 
of the Baker, Meza, and Nelson labs facilitates cross-pollination and training of DMREF trainees at the UW. The 
team has monthly Zoom meetings for providing scientific updates from each team member. This cross-disciplinary 
training will develop the next generation workforce with the scientific and digital literacy required for tackling 
future challenges. 

Data Management and Open Access 
A complete description of all synthetic procedures and characterization methods will be published along with the 
associated data. All data related to the characterization or processing of the polymers and proteins will also use the 
same labeling scheme, such that the source of the polymer or protein is always known. The interdisciplinary nature 
of our project will also produce a diversity of raw data, Foldit and Rosetta algorithms, functional gene and protein 
sequence information, on-line training videos, and presentations of a tremendous variety. We expect to produce 
massive computational protein design data, not all of which can or should be stored permanently. All directories 
and files will be kept on network drives that are backed up daily. Internal databases describing both validated and 
unvalidated designed proteins, design algorithms, and atomic coordinate files for protein designs will be maintained 
at the Institute for Protein Design.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
This project will accelerate the discovery and deployment of proteins as junctions in polymer networks for biohybrid 
plastics and engineering bioplastics. This project will also accelerate the identification and production of de novo 
proteins for advanced manufacturing processes such as additive manufacturing; additive manufacturing will 
accelerate application of these materials via rapid prototyping. The fundamental contributions of this project include 
a de novo protein design library that will enable the computational design of proteins that elicit a predetermined 
mechanical response. And finally, we will address the scaling issue of de novo proteins by designing polymer 
networks that can utilize as little as 5 w/w% proteins as network junctions. This project will also develop methods 
to evaluate the mechanical properties of protein-polymer networks on the microgram to milligram scale. Thus, a 
larger array of de novo designed proteins can be evaluated before a subset is selected for larger scale production. 

Publications and References 
N/A 
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Materials Architected by Adaptive Processing 
Lead Investigator: Thao (Vicky) Nguyen1, vicky.nguyen@jhu.edu, Gretar Tryggvason1, David Elbert1, Peter 
Olmsted2, David Kazmer3,  Kalman Migler4, Jonathan Seppala4, Hilmar Koerner5 
Participating Institutions: Johns Hopkins University1, Georgetown2, University of Massachusetts Lowell3,  

       NIST4, AFRL5 
Keywords: polymer processing, recycled polymer, immiscible blends, flow-induced crystallization. 

Project Scope 
The manufacturing of polymer materials from 
recycled feedstock is severely constrained by 
compositional uncertainties in the feedstock material, 
which can drastically alter the properties of the 
processed materials. The project seeks a data-centric 
approach for integrated materials design and 
manufacturing for application to polymer blends of 
recycled polyethylene (PE) and polypropylene (PP). 
We first characterize real recycled polyolefin blends, 
then investigate the ability to manipulate the melt 
streams through layer-multiplying elements and 
novel shape-multiplying elements to improve and 
assure the material properties.  

Relevance to MGI 
An instrumented multi-layer extrusion process with modular shape-multiplying elements is designed with modeling 
studies to investigate the controllability of the architected blends. Multiscale modeling is being used to study the 
flow-induced crystallization of the multi-component melt, the stability of the melt streams, and the formation of 
phase domains during processing to determine how the measurable processing parameters control the crystalline 
morphologies and domain architecture. To tie these activities together, we are creating event-driven, microservices 
data layer to automate the contextualized data flow between the different processing, characterization, and modeling 
tasks of the project. This approach maximizes productivity and collaboration with machine learning advances while 
reducing uncertainty from design to production. The same data and data infrastructure applied for materials design 
is harnessed for process monitoring and control to ensure consistent production of materials with targeted properties. 

Technical Progress 
Our studies have thus far focused on 3 interrelated tasks: 1) developing an events-driven data service to automate 
the contextualized data flow from the various process, characterization, and modeling tasks; 2) characterizing the 
effect of compositional variability of a recycled polyethylene feedstock on the thermomechanical properties of 
manufactured polymer film; and 3) modeling the flow behavior of the multicomponent melt.  

The data team, led by Elbert, has expanded the OpenMSI Stream architecture to perform extract-transform-
load (ETL) polymer film processing data from UMass, Lowell (UML). Data from the film extruder is now streaming 
live to the data infrastructure at JHU and consumed as both archived CSV files and loaded into a SQL database 
available through REST API in the SciServer data system. The data includes over 91,374 rows of temperature, 
pressure, and flow rate from different locations of the melt stream, as well as from a video camera to estimate the 
thickness and properties of the cooled film in real time during processing. We have updated the schema and created 
a bespoke data consumer (https://github.com/openmsi/dmrefplastics) to respond to format changes from the process 
controller. The team has also contributed to the first release of the OpenMSIModel Python package 
(https://github.com/openmsi/openmsimodel) to create an automated instantiation of the graphical data model 
developed in year one. The graph model provides a unifying semantic description between the processing, 
characterization, and modeling portions of the project. The data team is also working with our NIST collaborators 
to develop machine learning methods to accelerate data reduction and understanding of crystallization processes.  

A primary challenge of working with recycled polymer feedstock is the inherent variability and uncertainty in 
the recycled feedstock, which must be characterized and controlled during processing to ensure consistent 

Figure 1. Schematic of the automated data interactions 
of the processing, characterization, and modeling tasks 

through an event-driven microservices data layer. 
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production. The processing and characterization teams, led by Kazmer and Nguyen, are investigating methods for 
characterizing the rheological and thermomechanical properties of recycled polyolefin feedstock and the effect of 
compositional variability on the mechanical properties of the extruded films. We are working with two recycled 
polypropylene supplies containing unknown quantities of polyethylene. Through a series of experiments, we 
determined that DSC provides a straightforward and reproducible method for identifying the relative weight fraction 
and type of PE (e.g., HDPE, LDPE, etc.) in the PP recyclate. The Kazmer team also identified FTIR as a promising 
high-fidelity approach for online identifying compositional variations in the PP recyclate. Kazmer also showed that 
melt flow rate (MFR) of a material/blend was a poor predictor of its processing behavior. Large variations were 
observed in the processing of different polyolefins blends with relatively similar MFR and viscosity behaviors. 
Characterization experiments by the Nguyen team showed that the weight fraction of PE significantly affected the 
degree of crystallinity and the strength and ductility of the films in the perpendicular direction to the flow.  We are 
performing DSC and wide-angle x-ray scattering studies with NIST and AFRL collaborators to investigate the role 
of the degree of crystallinity and dispersion of the PE domains (from polarized light microscopy) on the properties. 

The Tryggvason team’s modeling effort is ongoing to investigate the effect of blend rheology on the melt flow.  
We have conducted several simulations examining the mixing of two polymer melts at low Reynolds numbers for 
a variety of volume fraction ratios and Weissenberg numbers. Current results for pressure driven parallel flows 
containing a dispersion of drops of one polymer in another show that while the mixing is relatively uniform across 
most of the channel, the continuous polymer forms a pure film at the walls. We are currently examining the effect 
of the drop size and the Weissenberg number, as well implementing material models for the cooling. 

Future Plans 
In the coming year, the processing and characterization tasks will begin to evaluate the ability of the layer 
multiplying elements to redistribute and homogenize the components of the melt blend and alter the degree of 
crystallinity of the PE and PP components. Computational modeling of the multicomponent melt will incorporate 
cooling and crystallization. The data team will continue to develop ML methods to analyze data from NIST and 
discover the crystallization kinetics of multicomponent melts. Following model development and training, the 
learner will be deployed at NIST on the streaming backbone to provide data extraction in real-time.   

Broader Impacts and Workforce Development 
This project has supported for 4 graduate students and 2 postdoctoral fellows, all are either women or from groups 
underrepresented in engineering. Alex Watson Jones successfully submitted her Master's thesis, and both Becca 
Olanrewaju and Sixtus Nzeh passed their PhD candidacy exams. The data and methods of this project has also 
supported outreach efforts at JHU and UML through the WISE program and the plastics sustainability forum. 

Data Management and Open Access 
Our project plan includes use of a single, unified semantic description of data. This allows use of a single database 
of metadata to describe and provide access to the entire project. Structured data will be hosted in SQL databases, 
while unstructured data (e.g., image files) will be curated in cloud-based storage. During the lifetime of the project, 
data will be maintained and hosted at Johns Hopkins University (JHU) by the Institute for Data Intensive 
Engineering and Science (IDIES). In MAAP-DESc, files are processed by an asynchronous data broker triggering 
metadata harvesting, the population of our sample description database, creation of DOIs, and movement of files to 
SciServer’s petabyte-capable cloud storage. The automatic population of our metadata database makes data 
immediately findable, accessible, and reusable to the project.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
A core strength of the project is the integration between designing the material and process control for the 
constituent production of the material. This will facilitate the translation to support commercial recycling. 
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Project Scope 

NPNEQ develops several open-source softwares designed for the simulation of materials under different conditions. 

Among these, INQ is specifically designed to solve the Density Functional Theory (DFT) and Time Dependent 

Density Functional Theory problems on graphic processing units (GPU). Besides the GPU support INQ makes use 

of modern code design features and results in a concise but complete DFT/TDDFT implementation of roughly 

12000 lines of C++ code. 

These new developments open the way for a fully ab-initio description of the dynamics of electrons and spins 

and their coupling to the atomic degrees of 

freedom. This is relevant to a wide range of 

applications, including the design of 

switching, memory and optoelectronic 

devices, in addition to new materials 

processing methods. 

Relevance to MGI 

Recent advances in high performance 

computing (HPC) have provided a new 

platform to model materials at the atomic 

scale using DFT and ab-initio Quantum 

Molecular Dynamics (QMD). 

The possibility to simulate the evolution of 

materials in real time under different 

conditions can be used to guide experiment 

design. This idea of extreme interconnection 

between experiments and theory has lead to 

the development of the multi-disciplinary 

Center for Non-Perturbative Studies of 

Functional Materials under Non-Equilibrium 

Conditions (NPNEQ). 

The center focuses on the development of 

scalable software to help interpret complex 

experimental data and it supports the 

development of ab-initio studies of materials 

far from equilibrium driving advances in 

areas like non-equilibrium dynamics of 

quantum materials, strong field attosecond 

physics and warm dense matter.  

The case of warm dense matter is particularly striking. This is an extreme state of matter at the confluence between 

the solid state and the plasma state. The electrons in the warm dense regime are not free particles and cannot be 

treated as a gas of classical particles. Correlation effects are still important in this regime and on the theory side we 

need to account for quantum effects. 
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At the same time, on the experimental side, the difficulty to create such extreme state of matter in the laboratory 

requires the experiment to be constantly informed by theory. Our unique capabilities to describe such extreme states 

of matter will have a huge impact in the field and provides information useful to the design of new experiments. 

Technical Progress 

We can list the following recent developments: (1) The implementation of real time dynamics using hybrid 

functionals; (2) the inclusion of spin non collinear effects with important implications for spin dynamics and the 

study of out of equilibrium spin dynamics; (3) Support for Nvidia GPU (Lassen at LLNL and Perlmutter at NERSC) 

and AMD MI250 GPU (Frontier at Oak Ridge) MI300 APU (El Capitan at LLNL); (4) Interactive user interface 

including ASE (Python). 

Future Plans 

We are working on a more complete description of spin dynamics. This requires the implementation of spin orbit 

coupling and other non collinear effects like more accurate exchange-correlation fields. We will focus on the 

implementation of magnon spectra and on the effects of decoherence coming from the coupling between spins and 

phonons[2,3,4] in addition to the direct coupling between spins and light. 

Broader Impacts and Workforce Development 

One of the main purpose of the INQ code development is to make the use of DFT and TDDFT for material 

simulations easily accessible to a wide range of researchers within the community. The code is designed around 

algorithms and numerical libraries rather than around specific implementations, making its use simpler and a perfect 

interface for higher level post-processing tools. 

Data Management and Open Access 

The INQ code can be directly accessed from: NPNEQ / inq · GitLab 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The numerical methods we are developing allow to simulate material properties with much higher level of accuracy 

compared to non ab-initio methods. Many of these properties are difficult to obtain directly from experiments, in 

addition, the complexity of such experiments often requires additional interpretation of the results. The combination 

of such accumulated numerical and experimental data will produce a wealth of information from which target-

specific experiments and simulations can be further planned. 
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Project Scope  

The overarching goal of the proposed 

research is the development of a new type 

of experimentally guided and validated 

multi-scale direct and inverse sintering 

model taking into account specifics of 

micro- and macro structure in the SAAM 

processes (Fig. 1). The solution to this 

fundamental inverse sintering problem 

enabling the determination of the optimal 

green state processing conditions; pre-

sintering components’ shape, and micro- 

and macro-structure; and sintering 

conditions required to obtain the desired 

shape and microstructure, - is the ultimate 

objective of this project. 

Relevance to MGI 

The proposed integration of computation 

and experiments in a data-driven 

predictive framework addresses the 

complex interplay between green-state 

processing conditions and anisotropic 

microstructure. The conducted research projects aimed to provide fundamental, basic knowledge and a novel 

practical approach to design and optimize the manufacturing of advanced ceramic systems with programmable 

macroscopic characteristics and microstructure and hence properties and performance. 

Technical Progress 

The effects of powder bed creation and powder spreading in binder jetting technology have been studied through 

experiments and models. An experimentally validated discrete element method (DEM) model was developed to 

observe how powder spreading parameters influence the formation of distortions in printed parts [1]. Additionally, 

a DEM model for powder deposition and spreading has been used to study how the process and particle size 

distribution affect the generation of non-uniformities, such as density variation and particle segregation [2]. 

The micro- [3-6] and macrostructure [7-8] evolution of 3D-printed metallic materials have been investigated 

experimentally. Models for different process steps have been developed to provide both real and "virtual" 

experimental data for machine learning algorithms. 

High-resolution synchrotron X-ray computed tomography (SXCT) analysis of binder jetting (BJT) 316L samples 

from ex-situ interrupted sintering tests highlighted, for the first time, the presence of periodic density fluctuations 

along the building direction. These density fluctuations in the porous body and the microstructural evolution during 

sintering can be linked to the anisotropic shrinkage typical of components manufactured through binder jetting 

technology [3,4]. 

The macrostructure evolution during sintering, besides being influenced by anisotropic shrinkage, is also affected 

by external factors such as gravity and friction [7-10]. The influence of these factors has been investigated both 

experimentally and analytically through the creation of a sintering model, which includes these influences and has 

Figure 1. The project overall schematics
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shown the potentiality to be used in the development of strategies to compensate for distortion in sintered 

components [10,11]. 

Different Machine Learning algorithms were compared for image-based porosity classification from a diverse and 

complex porosity image set. Within them Deep Convolutional Neural Network (DCNN) performed with the highest 

accuracy, shown simplicity of the model, and a variety of materials and defects can be easily included in the model 

by simply adding a new training dataset [12].  

An image based automated porosity detection methods on a limited dataset has been developed. A generative 

adversarial neural network (GAN) has been used to augment the dataset and then two CNNs - Faster R-CNN and 

YOLOv5 – have been trained [13]. A grain boundary detection for sintered 3D-printed metal parts based on UNets 

machine learning method has been developed. The developed methods showed an accuracy around 90% for unclear 

GB images and 92% for clear GB images [14]. 

To augment the experimental data of green component microstructures, we employed generative learning 

techniques for construction of digital twins. We found that training of a Wasserstein GAN with gradient penalty 

can be further stabilized by using an adaptive discriminator. We have investigated the capabilities of WGAN-GP 

when applied to images of anisotropic porous ceramics. We have leveraged images of hierarchical anisotropic 

porous electrodes manufactured in PI Bordia’s lab at Clemson.  

For research on robocasting of ceramics, a new machine designed by our partner, Robocasting Enterprises., has 

been installed and is operational at Clemson University. We have been investigating the isotropic densification 

behavior of slip cast ceramics as a baseline against which the robocast samples will be compared.  

Future Plans  

• The development of a new constitutive model of sintering of AM ceramics based on the mutual calibration of the

meso-scale sintering simulation code, experiments, and the machine learning of the specifics of the green and

sintered microstructure of the SAAM produced parts.

• Development of constrained generative AI models that allow selective generation of virtual microstructures for

specific processing conditions which will ultimately enable prediction of microstructures for

unknown/unexplored processing parameters.

• The solution of the “inverse” problems of sintering enabling the determination of the optimal AM conditions, and

green components’ shape and micro- and macro-structure required to obtain the desired shape and micro-structure

of the sintered component.

• Validation implementation of developed simulation platforms for SAAM produced components of interest to

AFRL and industrial partners.

Broader Impacts and Workforce Development  

Since the beginning of the project, at SDSU 7 Ph.D. students were involved in the project, including one African, 

one Hispanic female, one Iranian female, one Asian, one Spanish and one American. Moreover, two postdoctoral 

fellows from Europe, France and Ukraine, were involved. At Clemson University, one Asian female PhD student 

and two male Asian postdoctoral scholars have contributed to this project.  One Asian female graduate student in 

Schiller’s group was supported by this award in 2022-2023. One Asian male PhD student was hired in January 2024 

at University of Delaware to continue the work on the implementation and deployment of generative machine 

learning approaches. 

Data Management and Open Access  

The primary analyzed data will be published in the form of peer-reviewed journal articles, theses, and other print 

or electronic publishing formats (e.g., pdf format). In addition, the associated metadata that describes the theoretical 

models and data analysis methods, experimental setups, fabrication procedures, will be made available in materials 

databases and repositories for re-use by the scientific community. Accompanying workflow descriptions will be 

released as educational materials through the NSF sponsored Nanohub platform. Co-PI Schiller, in collaboration 

with The Carpentries, has developed and taught the Data Carpentry Curriculum on Image Processing with Python, 

which is openly available on the Data Carpentry website [15-16]. To aid citation of software and data, the PIs will 

secure digital object identifiers (DOI) where possible.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Our team has close interaction with two industrial partners (California Nanotechnologies and Robocasting 

Enterprises). Both partners have shown significant interest in translating the research in this fundamental project to 

their programs. In order to conduct this focused developmental work, we have submitted two GOALI supplemental 

funding requests. 

225



Publications and References 

1. O.P. Maidaniuk, A.L. Maximenko, D. Olumor, E. Torresani, M.B. Shtern, E. Olevsky, Modeling of Powder

Bed Deformation in the Binder Jetting Technology. Powder Metallurgy and Metal Ceramics, 61(1), 1-8, (2022)

2. T. Grippi, A. Maximenko, A. Cabo Rios, E. Torresani, E. Olevsky, Non-uniformity of spread layers in binder

jetting additive manufacturing, (in preparation)

3. A. Cabo Rios, E. Hryha, E. Olevsky, P. Harlin, Sintering anisotropy of binder jetted 316L stainless steel: part

I–sintering anisotropy, Powder Metallurgy, 65(4), 273-282 (2022)

4. A. Cabo Rios, E. Hryha, E. Olevsky, P. Harlin, Sintering anisotropy of binder jetted 316L stainless steel: part

II–microstructure evolution during sintering, Powder Metallurgy, 65(4), 283-295, (2022)

5. A. Cabo Rios, E. Olevsky, E. Hryha, M. Persson, R.K. Bordia, Analytical models for initial and intermediate

stages of sintering of additively manufactured stainless steel. Acta Materialia, 249, 118822, (2023)

6. A. Cabo Rios, T. Mishurova, L. Cordova, M. Presson, G. Bruno, E. Olevsky, E. Hryha, Ex-situ characterization

and simulation of density fluctuations evolution during sintering of binder jetted 316L. Materials & Design,

238, 112690 (2024)

7. E. Torresani, R.M. German, R. Huff, E.A. Olevsky, Influence of gravity on sintering of 3D‐printed powder

components. Journal of the American Ceramic Society, 105(1), 131-146 (2022)

8. A. Cabo Rios, M. Persson, E. Hryha, E. Olevsky, Phenomenological sintering model and experimental

validation of gravity-induced distortions in binder-jetted stainless-steel components. Ceram. Int. (2024). DOI:

https://doi.org/10.1016/j.ceramint.2024.04.427

9. T. Grippi, E. Torresani, A. Cabo Rios, A. L. Maximenko, M. Zago, I. Cristofolini, A. Molinari, R.K. Bordia,

E.A. Olevsky, Mitigation of gravity-induced distortions of binder-jetting components during rotational

sintering. Additive Manufacturing Letters, 10, 100215, (2024)

10. E. Torresani, A. Cabo Rios, T. Grippi, A.L. Maximenko, M. Zago, I. Cristofolini, E.A. Olevsky, Sintering

Model for Predicting Distortion of Additively Manufactured Complex Parts, Rapid Prototyping Journal

(submitted)

11. M. Zago, T. Grippi, A. Cabo Rios, E. Torresani, A.L. Maximenko, I. Cristofolini, E.A. Olevsky, Sintering

Compensation Strategies of 316L Pipe Tee Connectors Printed by Binder Jetting Additive Manufacturing (in

preparation)

12. N. Satterlee, E. Torresani, E. Olevsky, J. Kang, Comparison of machine learning methods for automatic

classification of porosities in powder-based additive manufactured metal parts, Int J Adv Manuf Technol, 120,

6761–6776 (2022).

13. N. Satterlee, E. Torresani, E. Olevsky, J. Kang, Automatic detection and characterization of porosities in cross-

section images of metal parts produced by binder jetting using machine learning and image augmentation.

Journal of Intelligent Manufacturing, 35(3), 1281-1303, (2024)

14. N. Satterlee, R. Jiang, E. Olevsky, E. Torresani, X. Zuo, J.S. Kang, Robust image-based cross-sectional grain

boundary detection and characterization using machine learning. J Intell Manuf, 1-29, (2024) DOI:

https://doi.org/10.1007/s10845-024-02383-6

15. Schiller, U., Image Processing with Python. Zenodo (2024) DOI:  https://doi.org/10.5281/zenodo.10547352

16. The Carpentries; M. Meysenburg, T.D. Brooks; R. Burks.; D. Palmquist; U. Schiller, Data Carpentry Image

Processing Data. figshare. Dataset (2023). DOI: https://doi.org/10.6084/m9.figshare.19260677.v3

226

https://doi.org/10.1007/s10845-024-02383-6
https://doi.org/10.5281/zenodo.10547352


MatSciLLM leaderboard: An evaluation of Large Language 
Models in

Material Science

Vineeth Venugopal, Aleyna Beste Ozhan, Elsa Olivetti

Massachusetts Institute of Technology

Lead Investigator: Elsa Olivetti, elsao@mit.edu

Participating Institutions: Massachusetts Institute of Technology

Source of Support: NSF-DMREF

Website: NONE

Keywords: Large Language Models, NLP, Data, Artificial Intelligence, Knowledge Graph

Project Scope

The DMREF project aims to accelerate materials discovery and synthesis through the integration of 
data-driven methods and experimental validation. We have developed a precursor recommendation engine 
and machine-learning models to predict synthesis conditions, focusing on solid-state synthesis and zeolitic 
materials. Our project leverages a comprehensive synthesis database, created through advanced 
text-mining techniques, to provide accurate and efficient recommendations for novel material synthesis. 
We have validated these recommendations experimentally, achieving high success rates in synthesizing 
target materials. Additionally, our zeolite synthesis work includes the creation of an Organic SDA 
Database for high-throughput binding energy calculations, facilitating the selection of optimal 
structure-directing agents. This project not only advances the understanding and application of synthesis 
science but also contributes to the broader research community by providing open access to our data, 
algorithms, and tools. Our ultimate goal is to streamline the synthesis process, reduce costs, and enhance 
the efficiency of materials development, thereby significantly advancing the field of materials science.

Relevance to MGI

The DMREF project aligns with the 2021 MGI strategic plan by integrating experiment, computation, and 
theory in a closed, iterative feedback loop. We combine machine-learning models, data extraction 
methods, and experimental validation to enhance synthesis science. The synthesis recommendation 
engine, developed through collaboration between MIT, UC Berkeley, and UMass Amherst, exemplifies 
this integration. Our project involves continuous interaction among synthesis, characterization, and 
computational modeling. Data-driven insights from literature mining inform experimental designs, while 
experimental outcomes refine our algorithms, ensuring accurate predictions. The zeolite synthesis case 
study showcases this iterative process, where data analytics, simulation, and experimental validation work 
synergistically. Our Organic SDA Database and high-throughput synthesis platform exemplify how 
computational predictions guide experimental efforts, leading to efficient synthesis of desired materials. 
This approach has significantly advanced our understanding of precursor selection and synthesis
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conditions. By building a robust synthesis database and developing predictive models, we accelerate
materials discovery and development. The project's outputs—open-access datasets, algorithms, and
tools—foster a collaborative research environment, enabling the design of materials with specific
functions or properties. This iterative, integrative approach ensures continuous improvement and
contributes to a fundamental knowledge base, driving innovation in materials science.

Technical Progress

In the past year, the MatSciLLM Leaderboard project has made significant strides in benchmarking the
performance of Large Language Models (LLMs) in Materials Science. We have developed a robust
evaluation framework that systematically assesses the capabilities of various LLMs on critical tasks such
as property prediction, ontology understanding, and semantic analsysis. This framework ensures
consistent and fair comparisons between different models, thereby providing a clear understanding of
their strengths and limitations. We develop several novel datasets collected from several sources including
over 5 Million materials science papers using advanced text-mining techniques. This dataset serves as the
foundation for our benchmarking efforts, offering a comprehensive and diverse set of examples for model
evaluation.

Future Plans

The MatSciLLM Leaderboard project aims to expand its scope and impact by enhancing the
benchmarking framework and increasing community engagement. In the coming year, we plan to extend
our evaluation framework to cover a broader range of materials science tasks, including advanced
property prediction and process optimization. This will involve the integration of more diverse datasets
and the inclusion of newer LLMs as they become available. A significant focus will be on developing a
community-driven platform where researchers can contribute data, models, and insights, fostering
collaboration and continuous improvement.

Broader Impacts and Workforce Development

The MatSciLLM Leaderboard project aligns with the MGI Strategic Plan's goal of educating, training,
and connecting the materials R&D workforce. To educate and train the next generation of scientists, we
have developed comprehensive tutorials and training materials that cover the use of LLMs in materials
science. These resources are designed to help researchers, students, and industry professionals understand
and apply advanced AI techniques to their work. By hosting regular workshops and webinars, we provide
hands-on training and foster a collaborative learning environment.

Data Management and Open Access

In alignment with the MGI Strategic Plan's objective to harness the power of materials data, the
MatSciLLM Leaderboard project implements All project data, code, and results will be made openly
accessible to the community through public repositories. Our datasets, benchmarking results, and
predictive models will be available on platforms such as GitHub and the Materials Project, ensuring that
researchers worldwide can access and utilize our resources.
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Accelerating Discovery of High Entropy Silicates for Extreme 

Environments  

Lead Investigator: Elizabeth J. Opila, opila@virginia.edu 

Participating Institutions: University of Virginia, University of Texas, Dallas, Rolls-Royce Corporation 

Source of Support: NSF-DMREF 

Website: none 

Keywords: Rare earth silicates, high entropy, thermal conductivity, thermal expansion, thermochemical stability 

Project Scope 

 A systematic exploration of fundamental stability, structure, and bonding of the individual rare earth silicates 

as well as multicomponent rare earth silicates was undertaken to accelerate materials discovery, and enable the 

opportunity to simultaneously tailor and optimize desired properties. We focus on determining melting temperature, 

thermal expansion, high temperature steam stability, stability with respect to molten siliceous debris, and thermal 

conductivity as a function of rare earth (RE) cation size for single and multiple RE cation silicates. We further 

investigate whether rule of mixtures can be used to predict properties for multicomponent RE silicates using both 

experimental and computational approaches.  

Relevance to MGI 

 The computational methods utilized for predicting phase 

stability, bond strength, and resulting properties are at the 

core of our collaboration.  Each property is calculated and 

explored experimentally with information provided back to 

the computational models.  In addition, phase stability and 

properties are compared/contrasted between materials 

synthesized via solid state and sol-gel routes.  Finally, 

correlations between properties as a function of rare earth 

cation size, average rare earth cation size, or standard 

deviation from rare earth cation size are correlated.  For 

example, high modulus correlates with thermal conductivity 

and inversely with thermal expansion.  The validity of these 

correlations is evaluated for mixed rare earth silicates to 

determine whether rule of mixtures suffices or other relationships govern behavior. Efforts to find additional 

iterative feedback between the collaborators are ongoing.  Eighteen papers have already been published that 

illustrate this collaboration.   

Technical Progress 

Due to the many competing phases in the rare earth disilicate systems, predicting the formation of high-entropy 

single phases from first-principles is computationally challenging.  We are currently training machine-learning 

models to predict phase formation on a combination of experimental and computational data.  Initial models based 

on decision trees indicate that important features include the mean and standard deviation of ionic radii.  We are 

currently calculating formation enthalpies for all of the component phases to enlarge the feature set. 

Neutron pair distribution function analysis reveals that Yb2Si2O7 has triclinic symmetry in the short range while 

Er2Si2O7 has monoclinic symmetry.  The local triclinic structure is hypothesized to lead to the rotation of the thermal 

expansion principal axes in Yb2Si2O7 and other rare earth disilicates that exhibit rotation. 

Sol-gel synthesis of phase-pure rare earth disilicates requires control of the hydrolysis reaction of silica. This is 

facilitated by low pH chemistries with the only water needed for hydrolysis provided by the rare-earth nitrate 

precursors.  A triclinic phase was observed to nucleate for Yb2Si2O7, Er2Si2O7, and Y2Si2O7 prior to converting to 
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the equilibrium monoclinic phase. The phase transformation is accompanied by a 10% volume change, which may 

be problematic for mechanical integrity of coatings made by this synthesis route. 

Melting temperatures of single RE mono- and di-silicates were determined via laser melting, and monitoring 

the temperature of thermal arrests on cooling using a spectropyrometer.  Finally, periodic trends for CMAS 

interactions with individual and multicomponent REMS are explained by the varying dissolution and 

thermodynamic stability of precipitated RE silicate apatite phases. 

Future Plans 

In the final year, we will continue to work on training machine-learning models to directly predict phase 

formation in multi-component rare-earth disilicates.  The formation enthalpies will be calculated using DFT and 

corrected using the coordination-corrected enthalpies approach. The minimum, maximum, mean and standard 

deviations of the corrected formation enthalpies for the sets of single-component disilicates for each composition 

will be added to the feature vector, and used to train improved machine-learning models. Once the new feature 

vectors have been generated, they will also be used to train machine-learning models based on different methods, 

including gradient boosted decision trees, random forests, neural networks, and Gaussian processes. Gaussian 

processes are particularly useful when dealing with small data sets, as they can give an uncertainty associated with 

the predictions. This can then be used to identify new compositions that can be tested in an effort to improve the 

accuracy of the model predictions. Finally, we will attempt to train models to try to predict the structural phase most 

likely to be formed by a composition, and not just whether it will form a single-phase or multiple phases. 

Broader Impacts and Workforce Development 

Throughout this project, efforts have been made to educate, disseminate the methods and results of this effort.  

Multiple online AFLOW workshop tutorials have been offered to train current and future users in the operation of 

the AFLOW software and its associated APIs and data access tools.  Eighteen papers have already been published 

with additional publications planned.  More than 20 seminars, conference presentations, webinars have been given 

related to this collaboration.   At least three postdoctoral associates/research scientists, thirteen graduate students 

have been sponsored by this project.  Many have graduated and now have positions at government institutions such 

as Oak Ridge National Lab, Naval Research Lab, Nuclear Regulatory Commission, as well as at small companies 

and academic institutions.   

Data Management and Open Access 

All the results of this study are made available via FAIR (findable, accessible, interoperable, reusable) practices.  

Computational data generated in this project are made available through the aflow.org web portal, and using the 

AFLOW REST-API and AFLUX Search-API.  

Experimental data are made available on UVA’s Libradata system, for example: 

https://dataverse.lib.virginia.edu/dataset.xhtml?persistentId=doi:10.18130/V3/XI7QGF  

Dissertations are made available on UVA’s Libra system, for example: 

https://libraetd.lib.virginia.edu/public_view/x920fx56f. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

This project accelerates materials discovery and development over trial and error, empirical experimental 

studies which would otherwise be required for compositions utilizing optimized combinations of the eighteen rare 

earth elements in rare earth mono- or di-silicates.  The project’s outputs are most likely to be adopted, integrated, 

or deployed into high temperature coatings intended for application in hot-section turbine engines.  The open-access 

databases developed and made available via AFLOW enable wide adaptation. This project is funded as a Grant 

Opportunities for Academic Liaison with Industry (GOALI), enabling rapid adaptation of results by Rolls-Royce 

Corporation.  Rolls-Royce has recently translated SiC-based ceramic composites with rare earth silicate coatings 

from materials research to engine development status.  The promise of “high-entropy” rare earth silicates as coatings 

for ceramic composites has been translated to an ARPA-E-funded project of “high-entropy” rare earth oxide RE2O3 

“HERO” coatings for refractory alloys that have higher thermal expansion than SiC-based ceramic composites. 
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The vision of the Materials Project (materialsproject.org/) is to leverage the continuing developments in 
materials theory to compute many of the basic properties of all known materials and beyond, in order to a) 
rapidly screen for novel materials with interesting properties; b) accelerate the development of quantitative 
higher length scale models; and c) form a well-tested and curated dataset on which to develop and test 
machine learning and materials informatics methods to extract insights. In parallel, we demonstrate how 
such an information-driven approach serves the materials research community and accelerates materials 
design. Within the BES-MSE core program, we apply our approach on novel functional electronic 
compounds, alloy systems and interfaces exhibiting magnetic, elastic and/or electric coupling, and 
topological materials – which provide foundational support to several DOE BES priority research areas 
including e.g. Liquid Solar Fuels, Microelectronics, QIS and Artificial Intelligence and Machine Learning. 

The Materials Project
Kristin Persson

235



Spin Dynamics and Transport Properties of solids from Ab-
initio Density-Matrix Dynamics (ADEPTS)  

Lead Investigator: Yuan Ping, yping3@wisc.edu 
Participating Institutions: University of Wisconsin-Madison, Rensselaer Polytechnic Institute 
Source of Support: DOE-BES 
Website: https://adepts.engr.wisc.edu/ 
Keywords: computation, quantum dynamics, quantum materials, spintronics, quantum information science 

Abstract: Ab initio spin dynamics and transport simulations are critical for predicting new materials and realizing 
the potential of spintronics, spin-based quantum information science, and spin-selective photo-chemistry. In 
particular, simulations would be invaluable to predict key physical parameters including spin lifetime, spin diffusion 
and coherence length, magneto-optical spectra, and (spin)-photocurrent. In this presentation we will introduce our 
recently developed real-time density-matrix dynamics approach with first-principles electron-electron, electron-
phonon, electron-impurity scatterings and self-consistent spin-orbit coupling. We are developing a computational 
framework and an open-source implementation targeting exascale GPU-based computing resources for simulating 
spatio-temporal quantum dynamics and transport accounting for a range of quantum degrees of freedom (e.g., 
charge, spin, orbital, lattice) in arbitrary device geometries. We leverage exascale computing capabilities to pioneer 
the simulation of spin and charge dynamics and transport, from DC to terahertz, in disparate materials with arbitrary 
geometry up to micrometer length scales, which is essential to study complex chemical systems. 
We show our methods can accurately predict spin and carrier lifetime, spin diffusion length, and pump-probe Kerr-
rotation signatures for general solids, with examples of Si, GaAs, 2D materials, and halide perovskites. We show 
our recent study of how g factor fluctuations lead to spin dephasing in halide perovskites under external magnetic 
field and their distinct electron-phonon contribution to spin and carrier relaxations. We next will introduce our recent progress of developing methodology for spin-optotronic signatures, such as circular dichroism and 
circular/spin photogalvanic effect to chiral and broken-inversion-symmetry solids. Importantly, with our real-time 
density matrix dynamics, we can explicitly include excitation, scattering, simulated and spontaneous emission 
processes from ab-initio calculations (a full quantum kinetics formalism), at presence of quantum scatterings. Such 
formalism can also be applied to computing various transient and steady-state photocurrents or nonlinear optics. 
Finally, we will present initial results on accurate ab-initio prediction of spin diffusion length in graphene and 
related systems.  We show that materials with a unique symmetry and spin-orbit coupling, in which a Persistent 
Spin Helix occurs, are immune to the dephasing from different path length in spatial transport. Our results provide 
important insights for spin-optotronic properties and spin transport in chiral or non-centrosymmetric systems.  

Project Scope 
We propose to develop a fully general, massively parallel computational platform for first-principles quantum 

dynamics and transport with a density-matrix formalism with both coherent and incoherent dynamics of spin, 
electrons, phonons and photons. We will develop our tools for both optical and X-ray probes with circular 
polarization in ultrafast dynamics, and include spatial inhomogeneity for quantum transport. In this program, we 
will have a particular focus on developing tools for simulating spin and spin-orbit related photochemistry through 
controlling optical orientation and chirality of materials - a rising field of  “Spin Chemistry”. We then simulate spin-
selective excited electron generation, relaxation and decoherence, as well as transport in molecular and hybrid 
materials, in particular chiral systems, to answer the outstanding questions of fundamental mechanisms on chiral-
induced spin selectivity (“CISS” effect) and spin-dependent photocatalysis. 

Relevance to MGI 
This project will be in close collaboration with experimentalists from SLAC, DOE EFRC CHOISE center and UW-
Madison on ultrafast spin dynamics. We will apply our developed computational techniques to predict new 
materials properties and interpret experimental spectroscopic data. In particular we will form a closed loop between 
experiments, theory and computation. The data generated from this project will serve important guidelines to 
experimental synthesis and measurements.  

Technical Progress 
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We developed the methodology in several fronts: 1. Extending our open quantum dynamics methods to complex 
materials requires the treatment of temperature-dependent phonons due to anharmonic effects. 2. We have 
developed key components to leverage GPU supercomputers for the entire ab initio quantum dynamics pipeline. 
We have implemented GPU-scalable AIMD in the open-source QimPy software. 3. We have extended our 
theoretical formulation of open quantum dynamics to treat spatial transport of first-principles density matrices 
(FPDM) on the same footing. In this formalism, each spatial grid point evolves the previously developed FPDM 
dynamics treating spin, valley etc. fully generally for any material symmetry or dimensionality, allowing integration 
of quantum dynamics and transport into a single framework. 4. We implemented both Kubo formula with a finite 
difference approach at DFT (similar to our circular dichroism implementation),which effectively avoids the 
Wannierization step. More importantly we have implemented the real-time photocurrent calculations with light 
absorption, emission, and scattering. 

Future Plans 
We will implement our existing FPDM quantum dynamics method as the collision integral in this transport 
framework in order to couple ab initio scattering kernels for arbitrary materials into the device simulations. In 
particular, we will investigate the chiral induced spin selectivity mechanism in our simulations. We will formulate 
and implement spin photocurrent in our real time density-matrix dynamics framework and use it to discover and 
characterize novel topological quantum materials’ properties. 

Broader Impacts and Workforce Development 
This project involves close interdisciplinary collaboration between two institutions, facilitated by two hour-long 
video conference meetings each week. These meetings facilitate close interactions between 4 graduate students and 
3 postdocs in the field of chemistry, physics, and materials science, providing broad training in fields they would 
not have encountered in core research-group projects. The research meetings also provide regular presentation 
opportunities for students and 
postdocs, facilitating training for 
effective dissemination of research 
results. In Feb. 2023 and  Mar. 
2024, we organized a 3-day 
research and code-development 
workshop which significantly 
advanced the method formulation 
and code developments, and 
facilitated more extensive 
communications between the 
members of the two groups. 

Data Management and Open 
Access 
All research data generated by this 
project will be preserved and 
disseminated through publications 
and publicly-accessible databases. 
Importantly, beyond just sharing data with the research community, we will emphasize all aspects of FAIR 
(Findability, Accessibility, Interoperability and Reusability) data principles. Critical to this is the central role of 
widely-adopted open source codes with standardized and open data formats, which will make all published data 
reusable by and interoperable with other research efforts. This project will not generate or use Personally 
Identifiable Information (PII), and any data with national security implications, business confidentiality or 
intellectual property concerns will not be released in accordance with all laws and DOE regulations, orders, and 
policies. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
N/A 

Figure. Spin generation, transport, and spin-selective chemistry at solid-liquid 
interface described by first-principles. We develop computational methods to 
quantitatively predict out-of-equilibrium quantum dynamics and transport, 
targeting spin-selective chemistry through this project.  
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Collaborative Research: DMREF: Transforming Photonics 
and Electronics with Digital Alloy Materials 

Lead Investigator: Viktor Podolskiy (viktor_podolskiy@uml.edu), Evgenii Narimanov, Daniel 
Wasserman, Seth Bank, Avik Ghosh 
Participating Institutions: University of Massachusetts Lowell, Purdue University, University of Texas 
at Ausitn, University of Virginia.  
Source of Support: NSF-DMREF, AFRL. 
Keywords: Metamaterials, Nonlocal Electromagnetism, Semiconductors, Digital Alloys 

Project Scope 

We consider the implications of optical hyperbolic response, that is known to enable sub-diffraction 
light compression, combined with engineered electronic response in a new class of digital alloy materials, 
for new frontiers in photonics and electronics.  

Relevance to MGI 

The team includes experts in “pen and 
paper” theory, computations, and 
experiments. The team works together, 
iterating the experimental designs around the 
theoretical predictions. Together, we are 
exploring a fundamentally new regime of 
light-matter interaction, designer nonlocal 
electromagnetism, where simultaneous 
confinement of optical light and engineering 
of charge movement can yield novel 
electromagnetic materials, materials where 
polarization field at a given point depends on 
electric field at a different point. 
Electromagnetic response of such materials 
would deviate from predictions of “textbook” 
local Maxwell equations, opening new 
directions for opto-electronics. In less than 
two years, we already have developed 
theoretical framework that qualitatively 
describes electromagnetic response, and 
experimentally verified existence of optical 
nonlocalities. We are in the process of fine-
tuning numerical models that would quantitatively describe light-matter interaction in our materials.  

Technical Progress 

Previous studies of hyperbolic metamaterials primarily considered binary layered composites 
comprising doped (plasmonic) layers whose electromagnetic response is dominated by the dynamics of the 
free charges, and dielectric “barrier” layers. While optical response of plasma is known to be nonlocal, the 
presence of barriers prevented observation of nonlocal electrodynamics in bi-layer composites. We have 
also considered transition of optical signatures of bi-layered materials in the regime where plasmonic layers 

Figure. Please Experimental (a,b) and theoretical (c,d) 
transmission spectra of local (a,c) and nonlocal (b,d) 
semiconductor metamaterials. Insets in top figures illustrate 
material composition. Nonlocality results in additional transmission 
minima 
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become increasingly thinner, confining, and eventually quantizing electromagnetic response of free 
charges, demonstrating emergence of ballistic resonances.  

In this work we explore fundamentally new regime where homogeneous barrier layers are replaced 
with engineered multi-layered structures, enabling tunneling of charges between neighboring plasmonic 
layers, and thereby enabling strongly nonlocal optical response – while preserving optical hyperbolicity. 
We have explored the transition between local and nonlocal electromagnetism experimentally and 
developed theoretical understanding of the underlying processes. We are in process of fine-tuning first-
principles calculations aiming for quantitative description of the phenomena.  

Future Plans 

As mentioned above, we are currently working on developing a first-principles-based description of 
the underlying optical response. In parallel, we are using our theoretical framework to understand non-
monochromatic behavior of light in our nonlocal media, including propagation of ultrafast pulses and 
analyzing the potential for using our material for ultrafast pulse-shaping at mid-infrared frequencies.  

Broader Impacts and Workforce Development 

The students involved in the project obtain unique convergent training in all aspects of materials 
science, from solid state theory, to electromagnetism, to computational materials science, to molecular 
beam epitaxy, to characterization, to data analysis. The geographically diverse team holds bi-weekly zoom 
progress meetings where students typically report on their progress, with (when needed) faculty advisors 
putting individual pieces of the puzzle together. We are planning the visit of UML students to UT to learn 
first-hand skills with experiments and to illustrate our theory tools to our experimental colleagues.  

Data Management and Open Access 

When the manuscripts get published, the relevant numerical codes are deposited to GitHub (see, e.g. 
https://github.com/viktor-podolskiy), with relevant characterization data added as supplementary materials. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Our team is working on semiconductor materials that are “workhouses” of infrared electro-optics. We 
envision that the novel materials that are designed in the course of our project will be integrated in this 
existing pipeline and will be readily transitioned to the commercial sector. We are collaborating with our 
partners at AFRL on exploring the opportunities of our new materials for AFRL needs 
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DMREF: Computational Chemistry to Accelerate 
Development of Long Wave Infrared Polymers 

Lead Investigator: Jeffrey Pyun, University of Arizona (all Co-PIs at UArizona) 
Participating Institutions: AFRL 
Website: https://live-azs-dmref-lwir.pantheonsite.io/ 
Keywords: infrared optics, infrared spectroscopy, optical polymers, machine learning 

Project Scope 
We propose to develop a new class of high refractive index, optical polymers that will enable the first use 
of low cost, plastic optics for long-wave infrared (LWIR) thermal imaging. The key to accelerating 
materials design and optical-element fabrication will be the development of high-throughput computational 
methods combined with machine learning and the application of an integrated feedback loop with synthesis, 
processing, and optical characterization.   

Relevance to MGI 
The key to this advance will be 
the use of computational 
chemistry to rapidly simulate 
the infrared vibrational 
characteristics of candidate 
organic molecules, which 
when copolymerized with 
elemental sulfur, to enable 
creation of the desired IR 
optical polymers.  Density 
functional theory (DFT) and 
machine learning (ML) will be 
utilized to create spectral 
databases from the “bottom 
up” with candidate molecules 
of interest that will possess 
limited vibrational absorption 
in the LWIR spectrum from 7-
14 µm. Understanding the 
solubility parameters of molten 
liquid sulfur calls for 
computational studies on the chemical nature of molten elemental sulfur using molecular dynamics (MD). 
We have developed the first comprehensive training set for viable molecular dynamics simulations of 
dynamic liquid sulfur and polymeric sulfur processes using reactive force field (ReaxFF) methods in 
collaboration with the van Duin group at Penn State. 

Technical Progress 
1) The Brédas group in collaboration with the Van Duin group (Penn State) has developed the first viable

reactive force field (ReaxFF) molecular dynamics simulations for the ring-opening polymerization of
elemental sulfur.  (Figure 1).  The Brédas and Lichtenberger groups have developed and submitted
for publication the first report on using DFT calculations for simulating IR vibrational spectra (in terms
of both frequencies and intensities) with B3LYP functionals for large libraries of organic molecules
(+30,000)  along with DFT modeling of conjugated π-systems for LWIR transparency.1,2

Fig. 1:  Proposed research concept using computational chemistry & machine 
learning to accelerate the materials discovery of the first examples of LWIR 
polymers as optical components for LWIR thermal imaging.   
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2) The Njardarson group has synthesized over 6 new organic compounds in the past year that include
sulfur-richorganophosphorous (dithiophosphoric acids) compounds and cyclic olefins with novel
molecular architecture.3,4  The Njardarson, Pyun, Brédas, Norwood and AFRL groups collaborated
on the first synthesis of perdeutero styrenic monomers to enable the first comparison of structure-
property effects in sulfurated proteo vs deutero polymers with respect to IR transparency.5

3) The Pyun group has led the synthetic and optical fabrication efforts in this DMREF team to prepare
new sulfur polymers and fabricate IR plastic optics with these new materials.

4) The Norwood group has developed polymer processing and nanofabrication methods for the first time
including the fabrication of a LWIR sulfur plastic lenses, along with sulfur polymer integrated photonic
devices in the form of polymer waveguides, microring resonators and phase shifted Bragg gratings.
Pyun and Norwood just submitted the first comprehensive review of IR plastic optics and polymeric
integrated photonics with sulfur containing polymers made by inverse vulcanization.9

Future Plans 
1) RexaFF  studies on liquid sulfur:  The Brédas group will continue to develop methods and optimize

the training sets for the chemical speciation of molten sulfur and for the first time explore the solubility
parameter for liquid sulfur.

2) New LWIR polymers from inverse vulcanization:  The Njardarson and Pyun groups will continue
the synthesis of new candidate molecules, an effort that has already demonstrated a five-fold increase
in new candidate monomers that have been screened for inverse vulcanization.  The deployment of a
new family of norbornadiene-based sulfur polymers is anticipated for Yr-4.

3) Prototype LWIR imaging systems and LWIR imaging standards:  The Norwood group will create a
true broadband visible-NIR-SWIR-MWIR-LWIR sulfur plastic lens based on a new Frensel lens design
incorporating broadband diffractive elements and demonstrate the benefits of the full spectrum optical
transparency unique to sulfur polymers that cannot be achieved with state-of the-art inorganic IR optical
materials.

Broader Impacts and Workforce Development 
The UArizona DMREF team is strongly committed to the professional training of researchers on the project 
with strong industrial mentoring from Gerald Uyeno (Engineering Fellow, Raytheon Missile System, 
Tucson, AZ) and partnerships with AFRL through the McConney group.  From a training standpoint, the 
computational aspects of the project are led by two women research scientists (Dr. Eunkyung Cho, Dr. 
Maliheh Tameh) and currently supports three women graduate students from the Pyun (Lindsey Holmen, 
Katie Martin) and Norwood (Kate Newcomer) groups.  In 2023, an ambitious new undergraduate mentoring 
effort over 20 UArizona undergraduates are mentored EVERY SEMESTER with a total exceeding 50 
students by the end of Spring 2024.   

Data Management and Open Access 
New digital data and software for the T3ML tool are still being developed, so broader dissemination of this 
digital output is pending for 2024.  We anticipate initially filing new IP on this software, followed by initial 
disclosure of results and data through publication in peer-reviewed scientific journals. Posting of IR 
databases for use by the general public on the UArizona DMREF site is planned for Fall 2024 and linked 
to the NIST IR databases per future coordination.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
The UArizona DMREF team is well-positioned for industrial engagement and translation of the work from 
this project with leading IR camera OEM’s through NSF I-Corps.  UArizona has a strong IP position on 
new optical materials through support of new IP by the State of Arizona through the UArizona technology 
transfer office, TechLaunch Arizona (TLA).  Furthermore, the UArizona DMREF team has existing 
projects, or collaborations with multi-national companies from the optical and defense industrial sectors 
(PPG, LG CHEM, MOBASE, Raytheon, Hoya).   
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Collaborative Research: DMREF: Active Learning-based 
Material Discovery for 3D Printed Solids with Heterogeneous 

Electrical and Mechanical Properties 
Lead Investigator: H. Jerry Qi, qih@me.gatech.edu  
Participating Institutions: Georgia Institute of Technology, Florida International University 
Source of Support: NSF-DMREF  
Website: none 
Keywords: Active learning; additive manufacturing; 3D printing; conductivity; heterogeneous properties. 

Project Scope 

This proposed work is to establish an active learning (AL) approach for discovering resins composed of 
different monomers suitable for vat photopolymerization additive manufacturing of robust materials wherein the 
conductivity can be locally controlled from conductive to non-conductive. 

Relevance to MGI 

Additive manufacturing (AM; or 3D printing) has seen 
exponential growth in recent years. One emerging area is 
to use AM for functional devices, such as sensors. 
However, the current AM techniques face challenges for 
fabricating functional devices due to the lack of 
multimaterial capability. Grayscale digital light processing 
(g-DLP), where light intensity (grayscale) controls the local 
mechanical properties within a monolithic part, has shown 
promising potential. PI group also explored g-DLP printing 
conductive structures for functional devices. To further 
expand the field, more resins should be developed. 
However, due to the large number of available monomers 
and the large range of material properties, resin 
development is a significant challenge. This research will 
develop advanced multi-task active learning approaches to 
discover monomers for g-DLP printing where the 
conductivity of the printed part can be locally controlled 
from conductive to non-conductive. The active learning 
(AL) loop begins by training machine learning (ML) 
models on experimental data of material properties and 
their standard deviations. The ML models then suggest new 
compositions that have the largest potential to improve the 
prediction accuracy. New experiments are conducted to 
validate and train ML models. This loop will continue until 
the ML models can give accurate predictions.  

Technical Progress 

Since the start of this project in October 2023, our team has made some significant progresses. 
First, we have developed an AL approach to efficiently recommend multi-monomer resins to provide desired 

materials properties (also see Figure). Our method seeks to build an accurate predictive model while minimizing 
the number of experiments required to explore a composition space for targeted materials design. To test our 
approach, we select a design space consisting of three free radical polymerizing monomers (Figure a) ranging from 
rigid to elastomeric. The properties of interest are Young’s Modulus (E), peak engineering stress (σ), ultimate strain 

Figure. Active learning (AL) for the discovery of 3D 
printable photopolymers with targeted properties. a) 
Three monomers were used and the targeted 
properties. b) The process of active learning. c) 
Resin compositions suggested the AL to targeted 
Young’s moduli of 1100MPA and 3MPa. d) The 
locations of these compositions in modulus chart. 
e,g) A 3D printed hand with soft (skin) and hard 
(bone) regions. 
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(ε), and Shore A hardness. Our AL approach detailed in Figure b begins with an initial training dataset, which are 
used to train a Gaussian Process Regression (GPR) model. The GPR model is used to predict the specified material 
characteristics of all possible monomer compositions in the design space (Section 2.2). Next, we use Noisy Expected 
Hypervolume Improvement (NEHVI) model to select several high-quality compositions to synthesize and 
characterize. The selected compositions are then added to the dataset, and the cycle is repeated for five iterations, 
followed by a final uncertainty-based exploration selection to preclude regional inconsistencies. Moreover, we 
demonstrate the ability to accurately predict and subsequently recommend monomer compositions using fine-tuned 
hierarchical ML models and an exploitation recommendation (Figure c,d). This method recommends compositions 
with desired numerical values of Young’s moduli within 10% accuracy. Finally, we demonstrate a potential 
application of this technique to additive manufacturing through the multi-material fabrication of a hand with “skin” 
and “bones.” (Figure e-g). This work confirms our assumption in our proposal that active learning is a promising 
method to explore a multi-monomer design space, revealing new materials that can satisfy a breadth of applications. 
One paper is published in ACS Applied Materials & Interfaces[1]. 

Second, we made significant progress in developing the first 3D printable resin where, when lithium salt is 
added, we can use light intensity to control the conductivity. The conductivity contrast reach about 2000 times, 
which gives the opportunity of creating conductive traces within a non-conductive body. The print quality is high. 
We also developed molecular dynamic (MD) simulation models and confirmed the glass transition temperature and 
conductivity of the thermoset polymers that are cured at different degree of conversion. This work confirms our 
proposed hypothesis and paves the road to expand our active learning approach to discover new resins with 
heterogeneous mechanical and conductive properties.   

Future Plans 

We have formed our research team, including recruiting students and have started our monthly meeting. The 
team work collaboratively. Our future plan is to 

• Conduct nanoindentation experiments to detect mechanical properties at high throughput.
• Conduct Raman spectroscopy experiments for molecular compositional analysis.
• Conduct NEXAFS experiments to verify ion transport in polymers at different degrees of conversion.
• Expand monomer selections and improve mechanical properties whilst maintaining conductivity contrast.
• Develop the automated resin deposition and testing system for high throughput material development.
• Integrate the automated resin testing system into the active learning loop.

Broader Impacts and Workforce Development 

Our team has recruited five Ph.D. students, including two female students. Additionally, two Ph.D. students in 
Qi’s group participated GT’s ENGAGES starting this summer. Each of them is paired with a high school student 
from underrepresented groups. These two students will work in Qi’s group for two years.  

Data Management and Open Access 

Since the start of this project, our team has generated a significant amount of data. These data are stored in 
https://github.com/Ramprasad-Group/polyVERSE/tree/main/Other/Thermoset_DMREF_Project  
maintained by Ramprasad group. We also developed protocols to pass data to Ramprasad group. For example, 
resins developed in Qi group (including failed ones) were sent to Ramprasad group and stored in the github. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Our work during the first ten months of the project has confirmed two important hypotheses in our proposal: 
active learning can accelerate the development of thermosetting polymers for 3D printing and local conductive 
properties in thermosetting polymers can be controlled by light intensity. Currently, we are also working on 
investigating several high throughput property testing methods, developing an automated polymer synthesis lab, 
including the automated lab into the active learning loop. We envision these efforts will create an automated 
polymer discovery system that can accelerate the development of new polymers with a variety of applications.    
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AI-enabled Automated Design of Ultrastrong and Ultraelastic 
Metallic Alloys 

Lead Investigator: Liang Qi, qiliang@umich.edu 
Participating Institutions: University of Michigan, Arizona State University, University of North Texas 
Source of Support: NSF-DMREF 
Website: None 
Keywords: AI-enabled automated research workflow, ultrastrong and ultraelastic, complex concentrated alloys, 
dislocations, local lattice distortions and chemical composition fluctuations,  

Project Scope 
The project objective is to develop an AI-enabled automated research workflow (ARW) to revolutionize the design 
and manufacturing of metallic alloys with ultra-high yield strengths and elastic limits. We focus on single-BCC-
phase complex concentrated alloys (CCAs) that contain refractory metals. A two-stage ARW transitioning from a 
data-driven approach to a physics-based one will be constructed to identify and integrate the critical features from 
each step of materials design (computations, syntheses, characterizations, and testing) to achieve the objective 
efficiently. The hypothesis is that manipulating local lattice distortions and composition fluctuations can increase 
the critical stress/strain to move dislocations. 

Relevance to MGI 
To align with MGI, the two-stage ARW will incorporate 
electronic/atomistic structure features identified through AI 
techniques derived from each step of materials design. The 
first-stage ARW is to train and apply surrogate models to guide 
synthesis experiments for the initial screening of 
ultrastrong/ultraelastic alloy candidates, which then will be 
synthesized combined with in-situ characterization feedback, 
followed by comprehensive mechanical and structural 
characterizations using advanced nanomechanical 
measurements, spectroscopic techniques, and cutting-edge 
electron microscopy. Statistical methods on dimensionality 
reduction and feature learning will be applied to extract key 
features from simulations and characterization results. These 
key features facilitate the construction of the second-stage 
physics-based ARW, where Monte Carlo-based simulations 
will be performed to produce representative structures to 
describe lattice distortions and local chemical concentration 
fluctuations. The stochastic dislocation model to predict the 
critical stress/strain will be derived based on atomistic 
simulations to advance the knowledge of plastic deformation initiation in CCAs. This physics-based ARW will be 
used to fine-tune compositions and processing parameters to accelerate alloy design & development. 

Technical Progress 
We utilized existing machine learning (ML) surrogate models, including those from the PI’s group, to predict the 
yield strengths and mechanical properties of multicomponent refractory alloy systems. Co-PI Yang Chen at the 
University of Michigan (UM) collaborated with the PI to analyze the results and enhance these models with 
improved statistical methods. We then used these ML models to identify non-equimolar alloys with the potential 
for maximum strength through enhanced lattice distortions. The results were sent to Co-PI Yan at Arizona State 
University (ASU) for synthesis. Additionally, atomistic simulations were conducted to investigate dislocation 
motion mechanisms in multicomponent alloys. Parameters such as generalized stacking fault energies, Peierls 
barriers, and nucleation barriers of screw dislocation lines were studied. Hybrid Monte Carlo and Molecular 
Dynamics simulations generated atomistic structures with short-range ordering (SRO), whose effects on double 

Figure. Components of the AI-enabled 
Automated Design of Ultrastrong and Ultraelastic 
Metallic Alloys  
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kink nucleation barriers were also examined. On experimental perspective, co-PI Yan at Arizona State University 
(ASU) initiated the synthesis of designed alloys using sputtering, arc melting, and flash alloying. Refractory alloy 
candidates included Ta-W-Nb-Mo, Ta-W-Nb-Mo-Re, Ta-Mo-Nb, and Ta-Mo-W systems. Synthesis conditions 
(pressure, temperature, and time) were added to the AI training database, and crystalline structures were analyzed 
using X-ray diffraction. Samples were then sent to Co-PI Yufeng Zheng at the University of North Texas (UNT) 
for structural and chemical composition characterization via scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). We studied multiscale structural and compositional non-uniformities in BCC 
refractory CCAs (RCCAs) using various techniques. The first group of samples, WMoNbTa and W10Mo25Ta25Nb40 
RCCAs, were analyzed to identify structural and compositional non-uniformities, and the impact of Nb content. 
Microstructures were studied using SEM, TEM, and STEM, and properties were tested with microhardness and 
nanoindentation techniques. The second group, WMoNbTaRe and WMoNbTa RCCAs, fabricated using flash 
alloying, focused on the influence of Re and processing methods. 

Future Plans 
From a computational and statistical standpoint, Qi and Chen will enhance the first-stage ARW using physics-
informed surrogate models and refined feature parameters obtained by advanced statistical techniques from 
atomistic simulations and experimental characterizations. Gaussian-Process (GP) based sequential designs and 
iterative methods will explore chemical compositions and synthesis parameters for ultra-strong and ultra-elastic 
alloys efficiently. For the second-stage ARW, refined Monte-Carlo simulations will generate representative 
structures matching key features from advanced characterizations. Techniques such as hyperdynamics combined 
with reinforcement learning will investigate long-term dislocation behavior in CCAs under low strain rates. A 
stochastic dislocation model will be constructed to predict critical stress/strain in CCAs, considering oxygen 
impurities. From the synthesis and characterization perspective, Yan will develop a high-throughput synthesis 
strategy based on in-situ and ex-situ characterization feedback to expedite the search for ideal alloy candidates. 
Zheng will characterize nanoscale structural and compositional non-uniformities using atomic resolution 
aberration-corrected scanning transmission electron microscopy (STEM) and atom probe tomography (APT). 
Zheng will also establish a remote-control station at UNT to operate aberration-corrected S/TEM at The Ohio State 
University’s CEMAS, enabling atomic-resolution characterization to determine lattice distortion and 
solute/impurity distributions using HAADF-STEM and STEM-XEDX techniques. 

Broader Impacts and Workforce Development 
This project aims to recruit and train four graduate students across various aspects of materials design, including 
simulations, statistics, syntheses, characterizations, and testing. The project will also provide training opportunities 
for a diverse group of undergraduate and high school students, preparing them as future workforces in the MGI. For 
example, Zheng has organized lab tours for local high school students to showcase the advanced materials 
characterization facilities at the UNT Materials Research Facility. Zheng also offered a summer internship to a local 
high school student, Ishan Wakade, providing hands-on materials characterization training using a tabletop SEM 
and facilitating Zoom meetings/discussions with DMREF-funded graduate students. 

Data Management and Open Access 
We plan to share the data on Materials Commons, which is a data repository and collaboration platform for the 
metallurgy and material design community. A new project will be initialized on Materials Commons to record and 
update descriptions for the experimental and computational processes during the whole DMREF project. Data and 
scripts related to the published papers will be shared through Materials Commons with unique DOIs. Qi and Chen 
will also share the ML and simulation codes on GitHub after the user-friendly interface is developed. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
Ultrastrong and ultraelastic metallic alloys hold substantial potential for transforming advanced manufacturing and 
various industrial sectors. The methodologies developed for achieving ultraelastic properties can be extended to 
other material systems, enabling the tuning of functional properties through significant elastic strain. The PI and 
co-PIs are also actively search collaboration opportunities with industrial entities on alloy design and developments. 

Publications and References 
As this project commenced in September 2023, there have not yet been any publications resulting from it. 
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The Status and Impact of DOE’s Energy Materials Network on 
Hydrogen Technology 

Lead Investigator: Michael Rawlings, mrawlings@tms.org 
Participating Institutions: The Minerals, Metals, and Materials Society 
Source of Support: DOE-EERE 
Website: 
https://www.tms.org/portal/PUBLICATIONS/Studies/Energy_Materials_Network__EMN/portal/Publications/Stu
dies/EMN/emnStudy.aspx?hkey=dafbe1c4-ea60-42c0-888b-f33f540f60ea 
Keywords: Hydrogen, Clean Energy, Infrastructure, Energy Storage, Sustainability 

Project Scope 

The Minerals, Metals and Materials Society (TMS) conducted a 20-month science and technology accelerator 
study on the DOE Energy Materials Network (EMN) to assess the status, impact, and future opportunities of four 
EMN consortia on hydrogen technology: (1) HydroGEN - Advanced Water Splitting Materials Consortium, (2) 
Electrocatalysis Consortium (ElectroCat), (3) Hydrogen Materials Advanced Research Consortium (HyMARC), 
and (4) Hydrogen Materials Consortium (H-Mat). This work is intended to identify areas where materials 
development is needed to fully realize the potential of a clean hydrogen economy and provide recommendations 
for improving the U.S. energy infrastructure readiness to incorporate this transformative technology. 

Relevance to MGI 

High performance materials are critical to innovation across many energy technologies vital to national 
priorities in clean energy, economic growth, and environmental justice. However, to meet the national targets for a 
clean power sector by 2035 and a net-zero emissions energy sector by 2050, the traditional 15-20 years-to-market 
timeframe for materials innovations needs to be accelerated.  

As a result, the U.S. Department of Energy (DOE) has established the Energy Materials Network (EMN) as a 
community-of-practice in state-of-the-art materials research and development (R&D) specifically aimed at 
advancing clean energy technologies. The network comprises core consortia focused on different high-impact 
energy technologies, each leveraging world-class capabilities at the DOE’s National Laboratories to better integrate 
all phases of materials R&D, from discovery to scale-up and qualification. These consortia help facilitate 
stakeholder access to the National Laboratories’ capabilities, tools, and expertise to accelerate the clean-energy 
materials development cycle, and enable U.S. manufacturers to deliver innovative, made-in-America products for 
achieving our energy and environmental justice goals. Each consortium maintains and operates a data repository 
with the aim of leveraging a MGI-type approach to integrate experiment, computation, and theoretical data to 
accelerate the development of the novel materials infrastructure needed to support a clean hydrogen economy. 

Technical Progress 

To equip the broader hydrogen materials community with the knowledge and resources necessary to fully 
address the DOE’s goals for a clean hydrogen economy, this project aimed to accomplish the following: (1) provide 
an overview the background and current status of the hydrogen-related EMN consortia; (2) assess the impact of the 
consortia on progressing the materials infrastructure needed to support a clean hydrogen economy; (3) identify the 
key materials-related challenges and barriers inhibiting development of this economy; and (4) outline recommended 
areas of focus to improve the readiness of clean hydrogen technology to become a more integral component of the 
U.S. energy portfolio.  

These objectives were accomplished by assembling a team of 14 internationally renowned experts from various 
materials backgrounds across government, academia, and industry was assembled to lead this effort. The group's 
insights were collected during eight (8) separate professionally facilitated two-hour (2 hr), live workshops (held in 
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September and December 2022) as well as virtually via asynchronous online meetings and homework assignments 
to address the objectives and goals. During these workshops, the study team discussed and prioritized a wide range 
of topics including the value proposition for both clean hydrogen and the EMN model, the current materials 
challenges impeding the hydrogen economy, and recommendations for effective future investment. The outputs 
from these workshops, along with the outcomes of related discussions and activities, were captured and synthesized 
into a final report. Moreover, input was obtained from the hydrogen-related EMN consortia leadership teams, as 
well as several other subject matter experts, through small group interviews and/or independent surveys to assess 
(1) progress towards measurable impact to date, (2) metrics for consortia to measure and share best practices, (3)
remaining challenges/barriers to materials development, and (4) opportunities for future growth. The outputs from
these activities have been incorporated into a final report.

Future Plans 

The final report has been published and is currently available for free download at www.tms.org/studies. 

Broader Impacts and Workforce Development 

The foundational MGI-like philosophy of the EMN consortia combined with their wide-reaching collaborative 
nature organically results in the MGI philosophy being conveyed to a broad range of stakeholders outside the 
immediate materials and/or hydrogen communities and across various sectors. Moreover, each consortia has 
impacted the next generation of scientist and engineers through REU programs, PhD projects and the hiring and 
training of post-docs.  

Data Management and Open Access 

Each of the EMN consortia maintain and operate a data repository which can be access via their consortia 
websites. A list of their respective websites can be found at:  

https://www.energy.gov/eere/energy-materials-network/energy-materials-
network#:~:text=Toward%20this%20end%2C%20the%20U.S.%20Department%20of%20Energy,%28R%26D%
29%20specifically%20aimed%20at%20advancing%20clean%20energy%20technologies 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

As the mission of each EMN consortia is to “accelerate the discovery, development, and deployment of new 
materials” in their respective fields, they each have established R&D methodologies and industrial partnership to 
achieve this goal. This report aims to clearly articulate and broadly disseminate (1) the value proposition of a clean 
hydrogen economy, (2) the mission, capabilities and on-going work at these various consortia, and (3) 
recommended engagement and collaboration opportunities for academic, government and industrial stakeholders 
to engage with the EMN consortia to develop, advance and/or adopt innovative materials technologies.  

Publications and References 

Please see the Reference section of The Status and Impact of DOE’s Energy Materials Network on Hydrogen 
Technology final report (available for download at www.tms.org/studies) and/or the various consortia websites for 
a comprehensive list of relevant publications. 
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NSF NSF BioPACIFIC Materials Innovation Platform 
Materials Innovation Platform: BioPACIFIC MIP 
MIP Director: Javier Read de Alaniz, javie@chem.ucsb.edu 
MIP Co-Director (or Associate Director): Heather Maynard, maynard@chem.ucla.edu 
MGI PI Meeting Participant in 2024: Javier Read de Alaniz, javie@chem.ucsb.edu  

Participating Institutions: University of California Santa Barbara and University of California Los Angeles  
Source of Support: NSF-DMR 1933487 
Website: biopacificmip.org  
Keywords: MIP, Bio-based polymers, Data driven discovery, Automated polymerization and synthetic biology  

Project Scope 
BioPACIFIC MIP operates a state-of-the-art user facility that interfaces automation and high-throughput 
experimentation with synthetic biology and material synthesis. As a knowledge hub for biomaterials innovation, 
the BioPACIFIC MIP interconnects four primary components: (1) Open-access Facilities; (2) In-House Research, 
(3) Knowledge Sharing, and (4) Education and Workforce Development.

BioPACIFIC MIP’s in-house research served as a hub for 
four interconnected research elements: (1) living 
bioreactors, (2) automated synthetic tools for the 
production of bio-derived materials, (3) hierarchical 
computational tools and (4) a state-of-the-art 
characterization facility to enable determination of 
structure-property relationships. All in-house research 
projects are driven by the MGI approach, leveraging the 
integration of simulation/modeling, synthesis/fabrication, 
and property characterization.  

Relevance to MGI 
BioPACIFIC MIP's in-house research program is dedicated 
to advancing materials research using the MGI approach by 
integrating high-throughput experimental methods, cutting-
edge characterization tools, and data science. To 
accomplish this goal, the program is structured around four 
fundamental research projects, called Synergistic 
Exploratory Thrusts (SETs).  

SET 1: Bioderived Materials. SET 1 aims to harness natures exquisite biosynthetic machineries to produce 
valuable molecular entities, some of which are out of reach using traditional synthetic chemistry. The SET is focused 
on the discovery, engineering, and application of these machineries to produce natural products, monomers, and 
polymers with tunable properties. 

SET 2: Sequence-defined Materials. SET 2 is a launch point for the development and understanding of sequence-
defined polymers as novel functional soft materials. In its longevity, SET 2 endeavors to apply the relationships 
between monomer sequence and nanoscale structure to control macroscopic material properties at will, developing 
next-generation functional materials such as lithographic photoresists.  

SET 3: Functional Biomimics. SET 3 focuses on creating guidelines for soft materials used in tissue-device 
applications, including biosensors, drug delivery systems, soft implants and stimuli-responsive materials. This work 

Figure. Roadmap of BioPACIFIC MIP. 
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strives to develop robust synthetic platforms using bio-derived building blocks and high-throughput methods to 
study the interactions between materials and living systems. 

SET 4: Degradation-optimized Materials. SET 4 seeks to develop new bio-derived monomers and degradable 
polymers, coupled with novel strategies for facilitating and monitoring degradation. Emphasis is placed on high-
throughput methods and analyses to characterize polymer degradation in different environments, from dilute 
solutions to bulk samples subjected to a range of conditions. 

Development Projects: The in-house research program also aims to enhance the impact of the BioPACIFIC MIP 
facility by improving tool capabilities and refining standard operational procedures for MIP tools and users. This is 
achieved through development projects conducted by in-house researchers and project scientists. When in-house 
SETs or development projects establish a workflow on MIP tools, the process can be replicated with significantly 
less effort. These pre-existing methods serve as templates to construct a distinct workflow on the MIP tools, which 
are then made available to users. 

Technical Progress 
Technical developments in research, the user program, workforce development and knowledge sharing are available 
to the broad community via the BioPACIFIC MIP website (https://biopacificmip.org/).  

Future Plans 
BioPACIFIC MIP is focused on leveraging the entire MIP facility and integrating the MGI approach to accelerate 
research discoveries in bio-based materials.  

Broader Impacts and Workforce Development 
BioPACIFIC MIP focuses on building a strong and collaborative community through various knowledge-sharing 
and workforce development activities, including sharing tools, codes, samples, data, and know-how with both the 
in-house and user communities. 

Data Management and Knowledge Sharing 
The BioPACIFIC MIP shared experimental facilities serve as an interdisciplinary research nexus that promotes a 
culture of knowledge sharing through collaboration and scientific discourse. These facilities are deliberately 
managed and staffed with technical experts that impart knowledge by training researchers on the proper setup and 
use of equipment to properly carry out and analyze experiments, and moreover, expand and retain the MIP’s 
institutional knowledge base through hands-on interaction with the users.  

This research infrastructure provides the foundational framework to sustain and strengthen the future impact of the 
BioPACIFIC MIP, with the scientific community benefiting from shared knowledge, methods, and materials. 
Sharing is not a one-way flow of information out of the MIP but rather a collaborative partnership between 
BioPACIFIC MIP and its users. Users bring new knowledge to the MIP while also learning from it. This knowledge 
sharing is tightly integrated with the development of the Biosynthetic Pathways and Monomer Libraries and with a 
comprehensive Laboratory Information Management System (LIMS). BioPACIFIC MIP’s LIMS system was 
created from the ground up as a mechanism to streamline the collection of instrument data across the center into a 
single data repository.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
BioPACIFIC MIP’s mission is to integrate high-throughput synthetic biology and synthetic chemistry 
methodologies to develop advanced bioderived materials. This is accomplished through the operation of a national 
user facility for sustainable materials research that integrate cutting-edge, lab of the future research infrastructure 
and collaborative expertise to catalyze innovation and foster the sharing of knowledge and data. 
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Accelerating the Commercial Readiness  
of Organic Semiconductor Systems (ACROSS) 

Lead Investigator: Chad Risko, chad.risko@uky.edu  
Participating Institutions: University of Kentucky (UK), Wake Forest University (WFU), Princeton University 
(PU)  
Source of Support: NSF-DMREF Award Nos. 2323422, 2323423, 2323424 
Website: https://oscar.as.uky.edu/  
Keywords: organic semiconductors; processing–structure co-design; thin-film transistors; radiation dosimeters 

Project Scope 
The multi-scale and multi-parameter natures of electronic and optical processes in organic semiconductors (OS) are 
critical features that determine materials function. These characteristics, coupled with the need for material 
uniformity over large areas and environmental and operational stability, currently inhibit the widespread adoption 
of OS in commercial applications. ACROSS is developing data structures and machine learning (ML) models that 
bring together insights from theory, materials synthesis and characterization, and device development and operation 
with the goal to produce OS for applications that span prototype thin-film transistors (TFT) and radiation dosimeters 
to TFT arrays and radiation imagers. 

Relevance to MGI 
The ACROSS mission is to determine the factors and derive the associated data structures and tools for machine-
informed discovery of molecular OS with prescribed properties, yielding operationally stable electronic devices 
with uniformity over application-relevant device areas. ACROSS has as 
its cornerstone a team with more than a decade of collaboration of over a 
decade that has established highly integrated feedback loops between 
materials synthesis and characterization, modeling, data infrastructure 
development, ML, and device testing and implementation efforts across 
three universities. An example of our team’s success is OCELOT 
(Organic Crystals for Electronic and Light Oriented Technologies; NSF 
DMREF Award Nos. 1627428, 1627453, 1627925), a publicly accessible 
data infrastructure to deposit and access experimental and computational 
data for π-conjugated molecules and OS that is further enhanced with easy 
to access and use ML models to predict molecular electronic, redox, and 
optical properties and OS charge-carrier transport properties. ACROSS 
will build on this success by: Expanding OCELOT and increasing access 
for the user community; developing and integrating software to capture 
OS characterization and device data into structured formats to enable ML 
models geared towards prescribed property prediction and optimization; 
synthesizing ML-guided OS optimized for high charge-carrier mobilities, 
radiation sensitivity, and operational stability; and prototyping ML-
guided OS deposition and processing conditions for prototype TFT and 
radiation dosimeters and larger-area TFT arrays and radiation imagers. 

Technical Progress 
Efforts over the first year of ACROSS have focused on three key areas. 
While our initial ML developments focused on predicting properties of 
molecules or OS for which structures are known, we have turned our 
focus to developing ML models that allow us to predict new molecular 
structures that could be of interest as OS building blocks and packing 
configurations in the solid state. These developments include the use of active learning approaches to both expedite 
model training and allow for model training on small data sets. As an example of workflow, ACROSS has also 
developed a new OS building block that aims to limit the impact of low-energy phonon modes in OS. These so-

Figure. OCELOT provides 
experimental and computational 
data and access to ML models for 
property prediction. 
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called “killer” phonon modes impact the intermolecular electronic couplings, critical descriptors for OS charge-
carrier transport. These OS are now being tested in TFT, and the processing parameters are being refined to ensure 
reliable and large-area processing. 

Future Plans 
OS present tremendous potential, though several challenges remain to realize widespread commercialization. 
ACROSS bridges the elucidation of fundamental chemical, materials, and physical insights with the development 
of data-informed, machine-based discovery models to enable the practical production of large-area and stable OS-
based devices through solution or melt processing. With a focus on TFT arrays and radiation sensing as application 
testbeds, ACROSS will leverage and expand on the achievements of our highly multidisciplinary team to create 
knowledge and tools for the global OS community that, given the problems to be addressed, will expand beyond 
the discipline. The ACROSS research objectives are to: 1) Expand machine-informed OS-design tools and access 
through extension of an already-comprehensive data infrastructure and associated machine-learning (ML) 
infrastructure; 2) co-design molecular and crystal/material structures and processing parameters to facilitate the 
development of OS that are spreadable over large areas with uniform and stable prescribed properties; and, 3) apply 
optimized OS and process conditions to create uniform, high-performance, stable TFT arrays and X-ray detectors 
across large areas. Through these objectives, ACROSS will demonstrate how the convergence of materials synthesis 
and characterization, theory, data science and ML, and device implementation can enable stable OS that can be 
fabricated over large areas and maintain prescribed and uniform metrics in different application testbeds. 

Broader Impacts and Workforce Development 
The ACROSS research and infrastructure sets the foundation for our broader impacts. The ACROSS team has a 
strong track record of collaborative publication, invited presentations, and conference organization. Key milestones 
will be available on the ACROSS website. ACROSS seeks to develop a diverse MGI-ready workforce 
knowledgeable in experimentation, computation, data infrastructures, and device implementation. Three ACROSS 
PIs work in regions adjacent to Appalachia, a region whose inhabitants are significantly underrepresented in the 
scientific community. We are collaborating with academic colleagues in these rural regions (e.g., eastern KY, 
western NC) to bring undergraduates into the ACROSS team and prepare them for employment in today’s highly 
technical and collaborative workplace. Risko and Anthony (UK) have also worked with faculty in these regions to 
assist them in preparing and submitting proposals to federal funding agencies. Undergraduate Edy Mackenzie 
(WFU; Jurchescu) is participating in a summer internship at PU with Loo. ACROSS PIs participate in meetings and 
tours with Federal and State officials, members of local industries, and K-12 students and teachers. All PIs have 
modules for K-12 audiences, and ACROSS PIs are members of consortia to include high school students in research. 

Data Management and Open Access 
The OCELOT (https://oscar.as.uky.edu/) web-user interface (WUI) and Python-based application programming 
interface (API) interact with OCELOT, a MongoDB database. OCELOT is FAIR compliant. Snapshots of OCELOT 
and raw computational data are regularly backed-up on network-attached storage. The WUI provides interactive 
and programmatic access to the database, where the schema are documented for data interoperability; data can be 
downloaded in several formats. Copies of OCELOT data are available through the NIST MDF. Select OSCAR 
experimental data are provided on OCELOT. All OSCAR papers provide data both in the manuscript and supporting 
information (SI), and example input computational files are provided in SI and on OCELOT. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
ACROSS seeks to accelerate OS commercialization by combining necessary advances in fundamental chemical, 
materials, and physical insights with the development and implementation of data-informed, machine-based 
discovery models that bridge molecular design and materials processing to enable the production of large-area and 
stable OS-based devices. The combined expertise of the ACROSS team is distinct in the field, and the team has 
already moved the limits of what can be achieved through our efforts. The ACROSS team is also highly 
collaborative, counting numerous academic and national laboratory collaborators. ACROSS will continue to expand 
our reach through collaborations with several partners in NIST, whose focus is on commercialization, and through 
efforts to identify entrepreneurship opportunities and new industrial partnerships. The ACROSS team has also made 
all of our data and data infrastructures, software, and ML models open access. We foresee opportunities to use our 
insights in other fields, broadening the reach the ACROSS vision. 
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Collaborative Research: DMREF: Living biotic-abiotic materials 

with temporally programmable actuation 

Lead Investigator: Rae Robertson-Anderson, randerson@sandiego.edu 

Participating Institutions: University of San Diego (R.M. Robertson-Anderson, R. McGorty), Rochester Institute 

of Technology (M. Das), Syracuse University (J.L. Ross), University of Chicago (M. Rust), University of California 

– Santa Barbara (M.T. Valentine, M.Gu)

Website: www.livingbam.org

Keywords: Active Matter, Synthetic Biology, Biomaterials, Cytoskeleton, Programmable, Soft Matter

Project Scope: We will develop foundational technologies, predictive models, and formulation libraries to pioneer 

a new class of autonomous reconfigurable materials with self-generated spatiotemporal control. Guided by multi-

scale modeling, and leveraging advances in synthetic biology and active matter, we will integrate biological circuits 

into biotic-abiotic composites to engineer materials that self-actuate programmable work cycles. Our design 

paradigm couples hydrogels to living cytoskeleton layers infused with bacteria that secrete cytoskeleton-modifying 

proteins on a programmable schedule. Our proof-of-concept design target will be a gap-closing micro-actuator that 

photo-responsively closes and autonomously re-opens at times and locations programmed into the cells.  

Relevance to MGI: We will capitalize on our team’s unique expertise and strong collaborative track record to 

engineer living biotic-abiotic materials (BAMs) that unite microbes, proteins, biopolymers, and hydrogels, for in 

situ bioproduction and self-regulation to autonomously drive actuation and perform work. Our proof-of-concept 

photo-responsive devices and materials will serve as a powerful testbed that can be leveraged by us and the broader 

MGI community to manufacture and deploy autonomous BAMs. We will use iterative design, build, test, learn 

(DBTL) cycles to accelerate discovery–linking theory, fabrication, computation, and characterization to establish a 

broad phase space of structure-mechanics-function relationships. We will partner with NSF BioPACIFIC Material 

Innovation Platform (MIP, DMR-1933487) to develop high-throughput screening schema and formulation libraries 

to rapidly optimize and publicly share our material blueprints and technologies. Our strong team and dissemination 

plans, along with robust training opportunities for the next generation of MGI researchers–from high school students 

to postdocs–will empower the MGI community to leverage our discoveries to engineer programmable dynamic 

devices and materials.  

Technical Progress: Progress under each Aim is described below. 

Aim 1. Curate and disseminate a comprehensive platform to design, 

build, test, and learn from active biotic-abiotic material (BAM) 

actuators optimized for stiffness, strength, and contractility. We 

have focused much of our efforts on developing the tools and 

workflows for screening, characterization, and dissemination of 

active, soft and biological materials for the broader MGI 

community. We are developing high-throughput screening software 

that can ‘fingerprint’ complex dynamic materials by key features of 

their dynamics and structure. The development of this software, 

BARCODE (Biomaterial Activity Readouts to Categorize, 

Optimize, Design and Engineer) has been accelerated through two 

hackathons with 5 faculty and 20 trainees (2 high school students, 8 

graduate students, 4 undergraduates, 2 postbacs, 4 postdocs) funded 

by our 2022 DMREF supplement. We are also developing a 

searchable database SMARTBANK (Soft, Multicomponent, 

Active, Resilient, Tough, Biomaterials to Advance New 

Knowledge) to share materials compositions and properties of soft, 

biological and active materials. The development and deployment 

of this database was driven by 2 high school students working 

cooperatively within our team, and we are now testing it internally 

to share data across campuses and with BioPACIFIC staff to 

optimize the design before launch. We continue to develop in vitro and in silico Active Cytoskeletal Composites 

BAM prototypes demonstrating performance targets. (Top) 

ACCs can be tuned to have strong cable-like structure (left), 

active dynamics (middle), and compatibility with cells (right) 

needed for Aim 3. (Middle) deformation of hydrogels 

(green) in contracting ACCs can read-out force. Right 

images are zoom-ins of the boxed regions in each image in 

the time-series. (Bottom) Bulk contraction and rupture of 

light-activated ACC. 
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(ACCs) including: optimizing protocols for reproducibility, extending lengthscales of contractile dynamics, 

introducing light-activation of myosin and kinesin motors, expanding the toolkit of binding proteins to optimize 

performance, and improving hydrogel sensing and coupling capabilities. We presented these results at APS March 

Meetings (2023, 2024) and 2023 Biophysical Society (BPS) Meeting. 

Aim 2. Develop cyanobacteria as a programmable synthetic biology platform able to deliver molecules according 

to a user-defined schedule. We have engineered cyanobacteria to include the gene that expresses thymosin, a protein 

which depolymerizes actin upon secretion and should be small enough to allow for efficient secretion. We have 

developed assays and experiments to determine required concentrations of depolymerizing cofactors and time scales 

for actin network depolymerization. We presented these results at the 2023 APS March and BPS Meetings. 

Aim 3. Integrate biotic-abiotic actuators and living bioproduction elements to create programmable autonomous 

materials. We have assessed the properties of ACCs in the presence of varying concentrations of cells to determine 

the extent to which ACCs maintain their robust properties, and the impact cells have on the structure and dynamics. 

We have determined that for a wide range of ACC compositions, cells remain uniformly dispersed throughout the 

ACCs which themselves remain connected with minimal structural alteration. We presented these results at the 

2024 APS March Meeting, and are currently developing in-silico models informed by these experiments.  

Future Plans 

1. We will curate and disseminate a comprehensive DBTL platform of active BAM actuators optimized for stiffness,

strength, and contractility. We will optimize and disseminate BARCODE and SMARTBANK as powerful tools for

the MGI community. We will build on BARCODE to develop advanced data-driven analysis algorithms, informed

by predictive modeling that we will be optimizing in the coming months. We will continue to build the formulation-

mechanics library of our ACCs and work towards optimal coupling to abiotic hydrogels. We will test and iteratively

optimize predictions from multi-scale mechanistic models and new active matter theories.

2. We will develop cyanobacteria as a programmable synthetic biology platform to deliver molecules within

materials according to a user-defined schedule. We will pioneer foundational advances in the synthetic biology of

cyanobacteria to enable living cells to generate programmable waves of gene expression and secretion of

cytoskeleton-modifying proteins, driven by their circadian clock, to empower living biotic-abiotic materials.

3. We will integrate biotic-abiotic actuators and living bioproduction elements to create programmable autonomous

materials. Employing the design strategies and tools developed in Aims 1 and 2, we will engineer materials that can

execute designed yet autonomous actions on a programmable schedule through in situ production of material-

modifying proteins. We will incorporate bacteria with genetically-encoded timing circuits into BAM actuators (to

program ACC disassembly via timed secretion of the depolymerization factors (e.g., thymosin), providing a

programmable off-switch to BAM actuators. Through iterative DBTL cycles, and leveraging multiple engineered

cells with different oscillator frequencies, we will construct complex temporal programs of self-actuated material

restructuring and force-generation, and decode and encode design rules for programmable living materials.

Broader Impacts and Workforce Development: We engaged a diverse team of high school students, 

undergraduates, postbacs, graduate students, and postdocs, broadening participation of URM, women and first-

generation researchers, and providing rich professional development opportunities including presenting at virtual 

and in-person project meetings and national conferences. Trainees across campuses collaborate through our project 

slack channel, trainee-led sidebar meetings, collaborative projects, and in-person workshops and hackathons to arm 

students with skills to lead a world-class materials workforce. We have also developed a strong track record of co-

mentoring trainees to provide experiences in true team approaches to discovery and professional networking. 

Data Management and Open Access: BARCODE and SMARTBANK are both in testing phases, to be optimized 

and launched publicly within the year. Characterization code is available via GitHub and results disseminated via 

conference presentations, publications and PI websites and www.livingbam.org. 

Advancing Along the Materials Development Continuum and Partnerships to Translation: Our materials 

platform will result in novel technologies and predictive design paradigms for temporally-encoded autonomous 

materials with applications in self-propulsive and self-sensing materials, programmable prosthetics, micro-robotics, 

adaptive optics, and self-healing infrastructure. The synthetic biology tools, models, HTP screening software, and 

materials database we develop will transform future studies of active soft materials, enable use of engineered 

cyanobacteria for material modulation, and provide critical inputs to ML algorithms for material design. We 

continue to partner with local industry and foundation sponsors to host annual symposia (www.sdsoftmatter.com) 

where we share our results with the academic and industrial active matter and synthetic biology communities. 
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Uncovering Mechanisms of Grain Boundary Migration in 
Polycrystals for Predictive Simulations of Grain Growth 

Lead Investigator: Gregory S. Rohrer, gr20@andrew.cmu.edu 
Participating Institutions: Carnegie Mellon University, The University of Michigan 
Source of Support: NSF-DMREF 
Website: none 
Keywords: Grain growth, Grain boundaries, Polycrystals, Microstructure 

Project Scope 

Grain boundary network structures are determined by grain boundary migration when the material is processed 
at high temperature.  Therefore, controlling materials properties is predicated on understanding and controlling 
grain boundary migration.  X-ray microscopy has been used to measure microstructure evolution in ferritic iron, 
nickel, and strontium titanate.  The results are compared to mesoscale and atomistic simulations of grain boundary 
migration to refine existing models.  Understanding the mechanism of interface migration will make it possible to 
better predict microstructure evolution, a necessary step in 
accelerating the development of polycrystalline materials. 

Relevance to MGI 

It has been common practice for designers to 
incorporate metallic and ceramic components into 
structures and devices assuming uniform and fixed bulk 
properties.  However, a material’s properties are sensitive 
to the types of interfaces within the material and this is a 
result of materials processing.  To make materials part of 
the design process, it is necessary not only to know the 
range properties available, but also how to achieve them 
though processing.  This project’s aim of developing 
accurate predictive simulations for microstructure 
evolution will accelerate the incorporation of 
polycrystalline components by defining processing 
conditions to achieve specific microstructures and 
properties.  This is integral to the broader goals of the 
Materials Genome Initiative. 

Technical Progress 

We have combined experimental measurements with 
continuum and atomistic models to study grain boundary 
migration and grain growth.  Both simulations use 
experimental data as input so that a direct comparison can be made to the experiment. 

The continuum simulation uses a threshold dynamics model of grain growth that accounts for the anisotropy in 
the grain boundary energy.  The simulation reproduces several aspects of the observed microstructural evolution 
that are not found in the results of simulations assuming isotropic properties.  For example, the relative areas of the 
lowest energy twin boundaries increase as the grains grow and the average grain boundary energy decreases with 
grain growth. This decrease in energy occurs because the population of higher energy grain boundaries decreases 
while the population of lower energy boundaries increases as the total grain boundary area decreases. This 
phenomenon emerges from the assumption of anisotropic grain boundary energies without modification of the 
energy minimizing algorithm.  These findings are consistent with the experimental observation that in addition to 

Figure. Illustration of the project activities and how 
they are related.  We have measured grain boundary 
velocities and their correlations with grain boundary 
properties.  The same data are used to instantiate 
atomistic and continuum simulations will be used to 
interpret the observed microstructure evolution. 
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the decrease in grain boundary area, additional energy is dissipated during grain growth by a decrease in the average 
grain boundary energy. 

Molecular dynamics simulations of grain growth in polycrystalline nickel were executed to investigate the 
relationship between grain boundary curvature and velocity.  A bidirectional method for converting data between 
voxelized and atomic structures was developed and validated.  The outcomes of the MD grain growth simulation 
broadly matches the characteristics of grain growth observed in the experiment.  Most significantly, the simulation 
result contributes additional evidence supporting the reported absence of a correlation between velocity and 
curvature during grain growth in polycrystals, and confirms that this is not related to solutes, precipitates, processing 
route, or characterization method.  The implication is that features of the 3D grain boundary network interfere with 
the velocity/curvature relationship. 

The main findings from our combined experiments and simulations follow.  First, based on experiments 
conducted on SrTiO3, a-Fe, and Ni, the grain boundary curvature has been shown to be a poor predictor of the 
direction and speed of migration of grain boundaries in polycrystals, demonstrating a significant deficiency in the 
conventional theory.  This experimental finding is substantiated by the simulations.  Second, polycrystalline 
microstructures dissipate energy by changing the types of boundaries in the population, accumulating low energy 
boundaries and annihilating higher energy boundaries.  This provides an additional driving force for grain boundary 
migration that is ignored in the conventional theory.  Third, most aspects of this new migration phenomenon can be 
reproduced only if the simulations account for the anisotropy of the grain boundary energy.  This indicates the 
important role that grain boundary energy anisotropy plays in determining the driving force for migration.    

Future Plans 

While we now have ample evidence that there is a driving force for migration that is related to the grain 
boundary energy anisotropy, we do not have an analytic expression for this.  Our current and future work is to 
develop a model and analytic expression to predict grain boundary migration.  We are currently analyzing the 
experimental and simulation data to find coarse grained descriptors to correlate the motion of grain boundaries with 
their energies.   

Broader Impacts and Workforce Development 

We annually hold a workshop on 3D microstructure studies.  The workshop consists of three types of 
presentations.  Roughly one third of the presentations are about state of the art 3D materials research. Another third 
are tutorials illustrating the capabilities and uses of Dream.3D.  The final third of the workshop consists of practical 
sessions in which participants work on individual projects with the guidance of the speakers.  Each year, about 50 
participants from industry, government labs, and universities learn about 3D microstructure characterization tools 
developed and used as part of this project.  See: http://mimp.materials.cmu.edu/rohrer/3DMS_workshop_24/ 

Data Management and Open Access 

The experimental data, analysis code, and simulation code used in this project are available in internet 
repositories, listed below: 
Data: http://mimp.materials.cmu.edu/~gr20/Grain_Boundary_Data_Archive/ 
Analysis code: https://github.com/gr20cmu/gbXstallography 
Examples of using analysis code and data: http://mimp.materials.cmu.edu/rohrer/gbXstallography/ 
Grain boundary energy reconstruction code: https://github.com/Yufeng-shen/TJ2GBE 
Simulation code: https://github.com/JadeXiaoyaoPeng/GrainGrowth_TD_iso 
Simulation code: https://github.com/Kiana-Naghibzadeh/TD_aniso_BRK 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

We have collaborated with NIST on developing accelerated EBSD data collection strategies and Xnovotech 
and the interpretation of 3D X-ray microscopy data.  These projects are ongoing. 
Publications and References1-16 

All peer-reviewed publications associated with this project are listed on the next page. 
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Data Driven Design of High Entropy Oxides:  
A Collaboration of Two NSF Materials Innovation Platforms 

Materials Innovation Platform: GlycoMIP 
MIP Director: Maren Roman, maren.roman@vt.edu 
MIP Associate Director: Robert J. Woods, rwoods@ccrc.uga.edu 
MGI PI Meeting Participant in 2024: Sanket A. Deshmukh, sanketad@vt.edu 
Participating Institutions: Virginia Tech, University of Georgia, Brandeis University, Rensselaer Polytechnic 
Institute 
Source of Support: NSF-DMR. 
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Keywords: glycomaterials; carbohydrates; data driven design; composite machine learning. 

Project Scope: GlycoMIP is an NSF Materials Innovation Platform that accelerates the discovery and development 
of glycomaterials, broadly defined as materials that contain or consist of carbohydrates. GlycoMIP advances the 
goals of the Materials Genome Initiative (MGI) through several multidisciplinary efforts, integrating experimental, 
theory-based, and data driven approaches to advance manufacturing, process automation, molecular design, 
material discovery, and outcome prediction. This report highlights one of these efforts, a collaboration between 
GlycoMIP and the NSF Platform for the Accelerated Realization, Analysis, and Discovery of Interface Materials 
(PARADIM), testing the transferability of a data driven design method developed for glycomaterials design to high 
entropy alloys and oxides (Figure 1). The successful effort demonstrates the broader impact of the method. 

Relevance to MGI: GlycoMIP has established both physical and digital infrastructures to foster glycomaterials 
innovation. Specifically, GlycoMIP operates physical national user facilities at Virginia Tech and the University of 
Georgia, housing state-of-the-art equipment for the synthesis, characterization, and modeling of glycomaterials. 
Additionally, GlycoMIP has developed a digital hub, 
accessible at https://glycodata.org to facilitate data sharing, 
data science approaches, and provide access to online tools. 

Efforts by the GlycoMIP team to harness the power of 
data and integrate experimental and computational 
approaches have resulted in a number of impactful methods 
and tools, including a closed-loop additive manufacturing 
method,1 autonomous/high-throughput/robotically directed 
characterization methods,2-4 a theory-guided deep learning-
enhanced biosensing method,5,6 methods for data driven 
molecular design7 and discovery,8 and a chemical reaction 
prediction tool employing composite machine learning,9 to 
name a few. 

Technical Progress: The collaboration highlighted here, 
between Sanket Deshmukh (GlycoMIP, Virginia Tech) and 
Tyrel McQueen (PARADIM, Johns Hopkins University), 
tested the transferability of a data driven design method, 
developed by Deshmukh, to the design of high entropy 
oxides with desired properties. In the initial stage, the project 
focused on designing multi-principal component alloys 
(MPEAs). MPEAs composed of more than two principal 
elements and multiple non-principal elements offer 
enhanced corrosion resistance, mechanical properties, 
radiation resistance, and wear resistance. Given the vast 
design space offered by metal elements and their possible 

Figure 1. Flowchart illustrating the four-stage hybrid 
modeling approach. This hybrid approach integrates 
MD simulations for initial data generation (Stage 1), 
ML/DL algorithms as surrogate models (Stage 2), 
optimization to efficiently explore the design space 
(Stage 3), and experimental validation via MD 
simulation (Stage 4). 
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compositions, using existing trial-and-error experimental methods to design an MPEA with desired properties is 
challenging. Using inverse design principles, the team designed FeNiCrCoCu MPEAs with superior mechanical 
properties compared to the equimolar MPEA with high unstacking fault energy (USFE, γusf), while understanding 
the role of individual elements and their chemical short-range order (CSRO) on these properties. Machine learning 
and deep learning models were trained using high-quality data from molecular dynamics (MD) simulations to 
predict USFE and bulk modulus of MPEAs (Figure 1). These models were integrated with evolutionary algorithms 
to guide and accelerate the exploration of the design space for FeNiCrCoCu MPEAs. A selected composition of the 
newly designed MPEAs, when experimentally synthesized and tested, showed excellent agreement with 
computational predictions. The SHapley Additive exPlanations (SHAP) analysis of ML models revealed the 
relationships between the local arrangement of atoms in an alloy and its mechanical properties. This insight is useful 
for developing accurate predictive models for designing new MPEAs with desired properties. The data design 
framework is currently being optimized for the design of new high-entropy oxides. 

Future Plans: Current, highly successful efforts to leverage data science approaches to accelerate glycomaterials 
discovery and development will be continued, while efforts to advance theory-based simulation and prediction 
methods for seamless integration with experimental approaches will be intensified. 

Broader Impacts and Workforce Development: GlycoMIP employs multiple approaches to train the next 
generation of glycomaterials researchers in accelerated glycomaterials development. Undergraduate students are 
trained through the GlycoMIP-associated, NSF-funded GlycoTREE Research Experiences for Undergraduate 
program, currently in its second year. GlycoMIP-affiliated graduate students and postdocs work in multidisciplinary 
teams and receive feedback on their research in monthly, team-wide work-in-progress meetings. GlycoMIP holds 
annual education events, such as Summer Schools and Short Courses, open to U.S. researchers of all career stages 
and research institutions. To increase diversity within the glycomaterials workforce and user community, GlycoMIP 
offers grant programs to facilitate participation by researchers from non-R1 and HBCU/MSI institutions in the 
GlycoMIP user program and education/training events. 

Data Management and Knowledge Sharing: The GlycoMIP data sharing platform, glycodata.org, launched in 
February of 2023, has been accessed more than 8,500 times from locations around the globe (Figure 2). 

Advancing Along the Materials Development Continuum and Partnerships to Translation: GlycoMIP 
engages with industry through its user program, education/training program, and External Advisory Committee 
with the goal to establish several long-term collaborations with industry partners. 

Figure 2. Global map of GlycoData.org visitors. 
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Project Scope 

This program aims to develop a new class of fully biodegradable bioplastics with performance comparable to 

commodity plastics, produced sustainably. We use high-throughput methods to analyze processing, spectroscopic, 

and morphological features, identifying key factors 

controlling the transformation of biological matter to 
bioplastics. Molecular dynamics simulations and high-

fidelity experiments will validate these findings. 

Comprehensive structure and property measurements, 

alongside high-throughput FEA, will form a second dataset 

for developing structure-property relationships. An 

integrated machine learning framework will then optimize 

the bioplastic processing from whole organisms. 

Relevance to MGI 

This project aligns with the 2021 MGI strategic plan by 

combining high-throughput data capture, multiscale 

modeling, and machine learning to understand and optimize 

the bioplastic formation process from biomatter. Our key 

hypothesis is that thermomechanically-driven reactions, 

kinetically-driven structure formation, and 

microstructurally-controlled properties govern this 

transformation. To validate this, we have created an 

analogue system with representative building blocks (long 

and short carbohydrates, proteins, and lipids). We have 

analyzed the structure, mechanical properties, and 

molecular interactions, and developed an MD model to 

elucidate intermolecular interactions. Additionally, we 

have initiated a machine learning (ML) model for image recognition of critical structural features, enabling 

classification linked to the structure-property relationships.  

This iterative process enhances each component of the research: synthesis and processing inform 
characterization, which in turn refines computational models. This synergy accelerates materials discovery and 

development, contributing to a fundamental knowledge base for designing bioplastics with specific, desired 

properties, thus advancing the goals of MGI. 

Technical Progress 

To understand the fundamental mechanisms governing the formation of biomatter plastics, we have developed 

both experimental and simulated analogues for algal bioplastics. Traditional chemical analyses (like Fourier 

transform infrared spectroscopy (FTIR)) of algal bioplastics are constrained by the compositional complexity of 

natural tissues and cells. To circumvent this limitation, we constructed simplified physical and computational 

biomatter models comprising pure carbohydrates, proteins, and lipids. The analogue composites are designed not 

for practical application but to enhance the fundamental understanding of biomatter plastics.  

Figure. A) Photographs of algal bioplastics 
processed using different conditions and their 
corresponding microstructure images using SEM. B) 
Examples of classification if different bioplastic 
samples based on their microstructural features 
using GLCM and VAEs. C) Flow chart depicting the 
application of different data types to develop and 
verify multiple ML models designed to connect first 
processing and structure, and then structure to 
properties for algal bioplastics. 
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By varying the ratios of each component, we formed materials that emulate the composition of algal bioplastics. 

Evaluation of  scanning electron microscopy (SEM) images and mechanical performance isolated the role of each 

class of macromolecule. Spectroscopic analyses, such as FTIR, reveal that cohesion in biomatter analogues is 

dictated by protein aggregation during thermomechanical processing. MD simulations support these findings, 

suggesting that changes in protein conformation and intermolecular hydrogen bonding induce the formation of a 

cohesive, proteinaceous matrix. These simulations also corroborate experimental measurements, emphasizing the 

crucial role of hydrogen bonding and self-assembly among small molecules.  

In addition, we are developing a ML model for image recognition of critical microstructural features, enabling 

classification linked to the structure-property relationships. We have successfully extracted useful features from the 

SEM images that represent the quality of the self-bonding through both the texture extraction method Gray-Level 

Co-occurrence Matrix (GLCM) and Variational AutoEncoders (VAEs) without relying on the labeled bonding 

conditions. Moreover, we have evaluated the extracted features using a dimension reduction (DR) method for data 

visualization called Pairwise Controlled Manifold Approximation (PaCMAP). We observe clear separations among 

samples with qualitatively “good”, “medium” and “poor” bonding within this DR projection. 

Future Plans 

We plan to further advance the understanding and optimization of biomatter plastics through a series of targeted 
experimental and computational efforts. Currently we are focusing on the development of a high-throughput 

manufacturing tool designed to scan a wide range of transformation conditions. This tool will enable us to 

systematically generate a large volume of data very rapidly. Simultaneously, we will collect more high-fidelity data 

using Transmission Electron Microscopy (TEM) and Atomic Force Microscopy (AFM). These techniques will 

provide detailed insights into the nanoscale structure and morphology of our bioplastic analogues and help to 

implement finite element analysis (FEA).  

Moreover, we will further expand our analogue model system to include the effects of carbohydrate molecular 

weight and branching, as well as the structure of lipids, on the properties of the bioplastic. This will involve 

evaluating our model system through MD simulations, complemented by targeted experiments to validate the 

simulation results.  

The data generated will contribute to a comprehensive ML framework for the design and manufacturing of 

high-performance, sustainable bioplastics. Our integrated approach will provide the necessary insights to develop 

bioplastics that meet the performance standards of traditional plastics while offering significant environmental 

benefits. 

Broader Impacts and Workforce Development 

The project is a collaboration across three institutions and multiple research groups, and has already 

significantly contributed to the education and training of the next generation of scientists and engineers. Currently, 

5 Ph.D. students, 3 undergraduate students, and XX master's students are actively engaged in this interdisciplinary 

research, learning the principles and applications of the Materials Genome Initiative (MGI) in a highly collaborative 

environment. The implementation of this research is also being utilized as a tool to better communities in eastern 

Washington. The development of sustainable materials derived from natural, local resources like algae, have the 

opportunity to foster sustainable economic development for indigenous communities. To that end, an ongoing 

partnership has been developed with the Chief Leschi Schools of Puyallup, Washington.  

Data Management and Open Access 

This project has augmented the MaterialsMine Knowledge Graph ontology to connect to additional terms that can 

describe the composition and processing of hot pressed spirulina bioplastics. We will use these terms to curate 

existing and new bioplastics data.

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The data from this project will be integrated into an open source data resource, MaterialsMineTM. We have 

been improving the ontology to accommodate the terms appropriate for this work, and developing new data 

ingestion approaches that will make it easier to accommodate this work.  Ultimately this work will enable a deeper 

understanding of how to optimize the properties of bioplastics made directly from biomatter.   

Publications and References 

1. I.R. Campbell, Z. Dong, P. Grandgeorge, A.M. Jimenez, E.R. Rhodes, E. Lee, S. Edmundson, S.V.

Chinmayee, K.G. Sprenger, E. Roumeli, The role of biomolecular building blocks on the cohesion of

biomatter plastics, Under revision
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Demystifying the role of excipients in whole viral vaccines
Lead Investigators: Sapna Sarupria, sarupria@umn.edu. Sarah L. Perry, perrys@engin.umass.edu. Caryn L.
Heldt, heldt@mtu.edu.
Participating Institutions: University of Minnesota, University of Massachusetts Amherst, Michigan
Technological University
Source of Support: NSF-DMREF
Website: https://www.umass.edu/perry/DMREF/
Keywords: vaccine, excipients, amino acids, thermostabilization, active learning

Project Scope

Viral vaccines require refrigeration throughout their distribution cycle. Excipients are added to formulations to
enhance vaccine stability, with the hypothesis that they stabilize viral vaccines by creating a favorable solvent
environment. Our objective is to develop a framework integrating experiments, modeling, and machine learning to
identify molecular features that confer stability. We aim to discover and optimize excipient mixtures for vaccine
formulations, focusing on their effects on water structure and stability of viral components. Success will be
measured by predicting and validating stabilizing excipients through experimental and computational methods.

Relevance to MGI

Understanding the subtleties of how the molecular structure of excipients affects water structure and thus
modulates the stability of biomolecules, such as proteins and viruses, remains a grand challenge with significant
implications for both the biophysical and biochemical communities. To address this, we aim to develop a
framework that integrates experimental and computational approaches to identify molecular features that impart
stability and discover complex excipient mixtures for enhanced vaccine thermal stabilization. Our research
combines experiments on individual excipients' ability to stabilize model protein lysozyme and porcine parvovirus
(PPV) against thermal denaturation with molecular simulations exploring excipient effects on a model
hydrophobic polymer, lysozyme, and a part of the capsid. By training machine learning (ML) models to predict
stabilizing excipients for lysozyme, we establish a feedback loop where experimental data informs computational
models, and these models, in turn, guide further experiments. This approach fosters a synergistic interaction
between synthesis, characterization, and theory, leading to the design of excipient formulations.

Technical Progress

Figure 1: (a) Concentration-dependent
direct-indirect stabilization mechanism
switch observed in arginine solutions.[1]
(b) Closeness centrality among water
molecules in excipient solutions
indicates that increased connectivity in
arginine-containing solutions enhances
the stability of a model linear
hydrophobic polymer.[2] (c) SHAP
analysis of an RF model trained on
lysozyme in excipient experiments
reveals that lysozyme stabilization is
influenced by a specific hydrophobicity
range in the excipients.

We started our investigations by
focusing on arginine. Arginine has been reported to have unique stabilizing and denaturing properties in different
contexts. Through molecular dynamics (MD) simulations of coarse-grained polymers, lysozyme, and part of the
PPV capsid, we proposed a novel explanation for arginine effects based on competing direct and indirect
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mechanisms (Fig. 1a).[1] Additionally, mechanistic studies on excipient mixtures of arginine, glutamate, and lysine
revealed the solvent network's role in synergistically enhancing stability in certain combinations (Fig. 1b).[2]

The thermal stability studies on the effect of arginine revealed that high concentrations of arginine in liquid state
destabilize PPV. Similar results were obtained by MD simulations of a charged polymer. The direct interaction
between positively charged arginine and the negatively charged residues on the surface of the virus is believed to
be the reason for the destabilizing effect of arginine. Lysine, another cationic amino acid, exhibited similar
destabilization behavior, which indicates the dominance of charge interactions over hydrophobic interactions in
the thermostability of PPV. Strikingly, arginine destabilized lysozyme at low concentrations but was stabilizing at
high concentrations. Furthermore, both lysine and glutamate were stabilizing at all concentrations, suggesting that
stability may be due to a convolution of effects.

For high-throughput screening of excipient combinations, we trained Random Forest and Gaussian Process
Regression models to predict stability measures of lysozyme and PPV in diverse excipient solutions. While our
models accurately identified stabilizing excipients for lysozyme, we are still working on improving their
performance for PPV. Further analysis using Shapley additive explanation (SHAP) highlighted the significant
impact of excipient hydrophobicity in lysozyme stabilization (Fig. 1c).

Future Plans

Future steps involve performing experiments on an additional small model cationic protein (thaumatin), green
fluorescent protein (GFP) as a model anionic protein, and apoferritin as a larger anionic protein that could help
bridge the length scales between protein and virus. We will also study an additional virus (minute virus of mice,
MVM) to broaden our study of how the surface features of viruses interact with excipients and drive changes in
stability. We are also developing a multi-fidelity model to assess the usefulness of other protein experiments in
predicting the stability of a new protein or virus.

Broader Impacts and Workforce Development

Community outreach has focused on using 3D-printed and/or hand-crafted viruses to demonstrate different
aspects of viruses and vaccines. The first project connected kinetics and thermodynamics to capsid assembly, and
was accompanied by a discussion of the challenges associated with the formulation of vaccines and other
biologics. A second project involved the creation of crafting instructions to create the capsid of the human
rhinovirus using needlepoint and plastic canvas. Each PI has leveraged local high school outreach programs as a
platform to describe the importance of chemistry to the stability of viral vaccines. The viruses have been printed,
and multiple demonstrations have been completed. Altogether, four graduate students are involved and are being
trained in this team. Two graduate students gave a talk at the 2024 APS March Meeting held in Minneapolis, MN.

Data Management and Open Access

Data and code will be available on our DMREF website upon publication

Advancing Along the Materials Development Continuum and Partnerships to Translation

The goal of this project is to provide a computational framework to increase the discovery of excipients for viral
vaccines. This framework will be available for industrial partners to use to help narrow their experimental space
and increase the stability and time to market in the area of formulation. As we get closer to developing the
framework, we will reach out to industrial partners to explore their interest in the tool.

Publications and References
1. J.W. Zajac, P. Muralikrishnan, I. Tohidian, X. Zeng, C.L. Heldt, S.L. Perry, S. Sarupria, Flipping Out: Role of

Arginine in Hydrophobic Interactions and Biological Formulation Design, arXiv:2403.11305v1 (2024)
2. J.W. Zajac, P. Muralikrishnan, C.L. Heldt, S.L. Perry, S. Sarupria, Impact of Co-Excipient Selection on Hydrophobic

Polymer Folding: Insights for Optimal Formulation Design, arXiv:2407.00885 (2024)
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Design of energy storage pseudocapacitive materials 
Lead Investigator: Philippe Sautet, sautet@ucla.edu 
Participating Institutions: University of California Los Angeles, Stanford University 
Source of Support: NSF-DMREF 
Website: none 
Keywords: Energy storage, Pseudocapacitive properties, descriptors, transition metal oxides 

Project Scope 
 Electrical energy storage is essential to the energy transition and to the reduction of greenhouse gas 

emissions. Capacitors represent a class of electrical energy storage devices that can be charged very quickly. 
The realization of capacitors that could store a large amount of electrical energy could have an enormous 
impact on energy storage for the electricity grid, for electric mobility solutions, and for consumer electronics. 
This project aims at designing novel capacitive materials that can greatly increase the energy storage of 
electrochemical capacitors with fast charging and discharging. The project’s societal impact lies in its 
contributions towards the decarbonization of the transportation sector which accounts for 29% of all 
greenhouse gas emission in the United States today.  

Relevance to MGI 
The scientific approach will be based on a material design loop including experiments and modeling in 

order to define the features of pseudocapacitive materials enabling high storage ability, in the spirit of the MGI 
and on a large computational screening of prospective materials to obtain candidates that will be tested 
experimentally. 

The aim of this research program is to tightly combine experimental and computational methods to 
identify a new generation of electrochemical energy storage materials based on pseudocapacitance, defined as 
a charge storage mechanism which uses fast and reversible surface or near surface redox reactions, and to 
construct a prototype device integrating the energy storage materials. While the underlying principles of 
pseudocapacitance are understood, there is currently no ability to predict or design materials that display 
pseudocapacitive behavior. A double design loop is 
proposed. The first one will operate at the atomic scale 
and will combine first principle electronic structure 
calculations with synthesis and testing. It will provide 
thermodynamics and kinetic information to the second 
level of design that will involve optimization of energy 
storage device configurations, combining continuum 
modeling and experimental synthesis and 
characterization. From this approach, an energy storage 
device will be demonstrated based on the developed 
pseudocapacitive materials. The project will bring 
fundamental understanding of the factors governing 
pseudocapacitive material performance and provide 
practical guidelines for the design of high performance 
energy storage materials and devices. 

Technical Progress 
Since the start of the project in Fall 2023, we have 

defined the lists of core real materials and of initial 
attributes for the database. We have also prepared a 
structure for that database. We have initiated the 
construction of the data by using an example material, 
TiO2(B), a bronze polymorph of titanium dioxide. We 

Figure 1: Cyclic voltammetry of Li+ intercalation into 
TiO2(B) nanoparticles, nanowires and nanosheets. 
The pseudocapacitive response varies according to 
the different crystal facets exposed to the electrolyte 
interface. Insert: calculated structure (Li green). 
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synthesized it in three morphologies, studied the details its pseudocapacitive properties, and performed first-
principles calculations of its bulk and surface structure and of Li intercalation processes. This activity has also 
allowed us to train post-doctoral and graduate students on the methods and to precisely define the characterization 
and computational approaches, both at the atomic scale and at the mesoscopic scale. The approach has been 
extended to other oxides including T-Nb2O5, MoO2 and VO2(B) to start building the required database, and will 
soon include dichalcogenides such as TiS2 and MoS2. We have planned out the synchrotron experiments including 
high resolution diffraction and absorption spectroscopy to characterize structure and chemistry of synthesized 
materials in the database.   

Future Plans 
The first objective of the project is to complete an initial version of the real system database, to evaluate the 

capacitive behavior and to determine all the attributes for each system. This will demand a large effort of synthesis, 
characterization and computation. Indeed, some of the attributes are obtained by experiments, while others are better 
obtained from simulations. As soon as a reasonable amount of data is obtained we will start to evaluate various 
machine learning models first to select discriminative attributes, called descriptors, and then to build a performance-
structure model. From the computational screening of an extended materials database, we will obtain a 
number of candidate materials, distinct from the pseudocapacitive solids known today, and the best ones in 
terms of energy density and potential range will be synthesized and evaluated. 

A second task will consist of modeling interfacial and transport phenomena in porous electrodes and 
optimizing the geometry of the energy storage device at the macroscopic scale. This task will be based on our 
state-of-the-art multiphysics model accounting for ion electrodiffusion in the electrolyte, finite ion size, 
electrical double layer formation, redox reactions, near-surface ion intercalation, and resistive losses. Transport 
properties (e.g., ion diffusion coefficient, electrode conductivity) and redox reaction rate constants will be 
obtained from our atomic scale simulations or from the literature. The model will be rigorously validated 
against electrode and/or device experimental characterization. The final task will be to construct the device 
based on incorporating pseudocapacitive materials. 

Broader Impacts and Workforce Development 
The project integrates research and training of three Ph.D. students and one post-doctoral researcher at the 

frontier of materials design and discovery. Each student will have a major topic and a minor topic, thus leading 
to a new generation of student with broad knowledge of both experimental and computational materials 
science. The project will also be used as a platform for the training of undergraduate students in topics related 
to energy storage and modeling. We will take advantage of the existing infrastructure at UCLA and Stanford 
University to attract talented, ethnically and culturally diverse undergraduate student populations in cutting-
edge research.  With the development of a web-based simulation app, the graduate students supported by the 
program will participate in our successful outreach program that enables high school science teachers to bring 
exciting science into their classrooms.   

Data Management and Open Access 
The database is being defined and constructed. It will be shared broadly after publication. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
Despite the potential significance of pseudocapacitive materials for high energy/high power electrical 

energy storage, the approach used to date to identify appropriate materials has involved the tedious process of 
synthesizing and characterizing materials one-by-one.  In this light, it is hardly surprising that relatively few 
pseudocapacitive materials have been identified. The current project aims at the rational design of 
pseudocapacitive materials from a MGI approach and should accelerate the discovery of high energy and high 
power storage devices. 

Publications and References 
No peer-reviewed publications associated with this project at the moment. 
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DMREF/Collaborative Research: Designing Mutable 
Metamaterials with Photo-Adaptive Meta-Atoms

Lead Investigator: M. R. Shankar, ravishm@pitt.edu. 
Participating Institutions: M. R. Shankar (U. Pitt), M. Brongersma (Stanford), H. Noh (Stanford), K. Dayal 
(Carnegie Mellon), R. Lipton (Louisiana State) 
Website: none. 
Keywords: Active Metastructures, Machine Learning, Liquid Crystal Elastomers, Inverse Design, Plasmonics 

Project Scope 
The goal of this research is to design and fabricate adaptive, topologically optimized polymer-composite 

plasmonic metastructures, whose interaction with light can be modulated using light itself. A focus will be on 
endowing plasmonic structures with mechanical adaptivity using photochromic switching in a macromolecular 
network with which they are composited. The driving hypothesis is that plasmonic structures can couple photons 
into photomechanically responsive polymers on which they are resident. This photomechanical response controls 
the topology of the plasmonic structures and enables dynamic optical responses (beam steering, wavefront shaping). 

Relevance to MGI 
This research integrates analytical models by Lipton, computational methods from Brongersma to design 

libraries of nanoscale plasmonic structures that couple photons with photochromic switches. These forward models 
map the optical responses to the adaptive topology of the nanostructures. In parallel, inverse models by Noh and 
Dayal utilize machine learning to design nanostructures for optical functionalities. The models are used to design 
an experimental thrust to fabricate plasmonic structures on photoresponsive liquid crystal elastomers (LCE). This 
effort involved the development of new strategies for compositing inorganic materials among molecularly 
programmed soft matter using a range of emerging patterning and nanofabrication techniques. Characterization of 
the optical properties can then validate computational methods and refine the machine learning based approaches 
for inverse designs. The iterative coupling between theory and experiments (Figure 1) accelerates the discovery of 
active plasmonic structures, which can offer device level functionalities to manipulate light using light itself.  
Technical Progress 

The project developed a suite of techniques for fabricating nm-
scale films of molecularly ordered LCE on a range of substrates. 
These include quartz, glass, Au and Au/Ti multilayers. One 
approach involved the development of a blade coating technique 
to create thin layers of LCE monomer mixtures on substrates (e.g., 
quartz). The focus was on utilizing canonical liquid crystalline 
monomers (e.g. RM82) in combination with optimized mole 
fraction of chain extenders, which also provide functionality as a 
chain transfer agent (e.g., 1,4 benzenedimethane thiol). Optimized 
compositions allowed for the blade coating of thin films. The 
monomer films ordered on alignment layers were polymerized to 
create the LCE on a range of substrates. In parallel, a soft 
lithography-based approach was developed for creating nanometer 
scale LCE films on gold substrates. This approach utilized a ~ T 
magnetic field to enforce molecular alignment by exploiting the 
anisotropic diamagnetic susceptibility of the reactive mesogens. 
Optimized compositions were developed to inherit the alignment, 
while allowing for patterning of thin layers using soft lithography. 
The samples were decorated with nanoparticles to explore the 
effect of the responsiveness of LCE substrates on the scattering 
response. Nanostencil lithography was developed for solvent free 
patterning of nanostructures on polymer films using SiNx hard 
masks. These masks were placed directly on substrates to transfer 
ultrafine features through evaporation of metal layers. The 
experimental campaign was complemented by analytical models 

Figure 1. Integrating computational, analytical and 
machine learning approaches with experimental 
methods to accelerate the discovery of photo 
adaptive metastructures.  
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to understand the effect of geometry and material properties on the interaction of multicomponent impedance 
surfaces with incident electromagnetic radiation. A new analytic model for plasmonic particles patterned on very 
thin film coatings was established. It modeled the metal on film layer as an effective impedance layer sensitive to 
periodic localized plasmon resonances. The forward models were used to train a neural network to capture the 
essential features of the optical response as a function of geometry and material properties. The physics informed 
deep learning model developed alleviates the issue of non-interpretable result that is often encountered in case of 
predictions with deep learning models.  

Future Plans 
The frameworks for modeling the interaction between light and the nanostructures, as well as the development of 
fabrication techniques will be brought to bear for realizing designs of the active metastructures.  

Broader Impacts and Workforce Development 
This project supports two PhD students at the University of Pittsburgh, who are developing methods for creating 

nanostructured thin films with optimized photoactive compositions. Carnegie Mellon University has hired one PhD 
student to work on the machine learning. This student is co-advised by Prof. Noh and Dayal. Stanford has hired one 
PhD student to work on the nanofabrication of the plasmonic structures and characterization of the photomechanical 
responses. Lousiana State University has recruited one PhD student to develop the analytical models. Students 
supported by the grant at the Pittsburgh and Louisiana were also embedded at the Air Force Research Laboratory 
via the AFRL/DMREF supplement. This allowed their exposure to research in a non-academic setting, while 
broadening the network of collaborations. 

Data Management and Open Access 
Our team is committed to sharing the codes on open-source platforms and disseminating the results via 

publications and conference presentations.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
The experimental and theoretical breakthroughs positioned the PIs to accelerate the translation of the designs 

into practical applications. These include an array of follow-up grant applications and the pursuit of system design 
opportunities to demonstrate the optical adaptivity.  

Publications and References 
The following papers and presentations acknowledge support from this grant: 
1. Gao, Junfeng, et al. Advanced Materials Technologies 7.5 (2022): 2100979.
2. Clement, Arul, et al. Mechanics Letters 47 (2021): 101362.
3. Wang, Zhijie, and M. Ravi Shankar. Diamond and Related Materials 121 (2022): 108763.
4. Robert Lipton and R. Perera. Journal of Differential Equations 332 (2022): 1-49.
5. Li, Wei, Robert Lipton, and Matthias Maier. Proceedings of the Royal Society A 477.2256 (2021): 20210609.
6. Adili, Abiti, et al. Proceedings of the Royal Society A 478.2263 (2022): 20220194.
7. Sarkar, Sulagna, et al. “Physics-Guided Machine Learning Framework for Simultaneous Inverse Design and

Optical Response Prediction of Photonic Metamaterials”, SIAM Annual Meeting (2022).
8. Sarkar, Sulagna, et al. “Physics based Machine Learning for inverse design of metasurfaces”, Mechanistic

Machine Learning and Digital Twins for Computational Science, Eng. & Tech.: An IACM Conference (2021).
9. Lipton, R., et. al. European Society of Applied and Industrial Mathematics: Math- emtical Modeling and

Numerical Analysis. 56.5 (2022): 1483-1519.
10. Giudici, A., et al. Europhysics Letters 140.3 (2022): 36003.
11. Wang, Zhijie, and M. Ravi Shankar.  Diamond and Related Materials 130 (2022): 109482.
12. Jha, Prashant K., Timothy Breitzman, and Kaushik Dayal. Archive for Rational Mechanics and Analysis 247.2

(2023): 29.
13. LoGrande, Kevin, M. Ravi Shankar, and Kaushik Dayal. Soft Matter 19.45 (2023): 8764-8778.
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16. Khandagale, Pratik, et al.  Physical Review E 109.4 (2024): 044501.
17. Shrivastava, Ankit, et al.  Mathematics and Mechanics of Solids 27.7 (2022): 1336-1357.
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Programmable Design, Synthesis, and Forensics of Soft Materials 

Lead Investigator: Sergei S. Sheiko, sergei@email.unc.edu 

Participating Institutions: University of North Carolina at Chapel Hill and Carnegie Mellon University 

Source of Support: NSF-DMREF 

Website: none 

Keywords: Polymer networks, programmable properties, forensics. 

Project Scope 

The project pursues the development of programmable soft materials by integrating molecular codes, automated 

synthesis, and forensic structural analysis. Structurally encoding physical properties and retroactively deciphering 

network structure from mechanical response is a major intellectual challenge. Theory and computer simulations 

define a set of codes, encompassing the composition, architecture, and property evolution in time. These descriptors 

are implemented into an AI-guided in-flow synthesis, wherein real time characterization and feedback loops enable 

iterative property optimization. The design-by-architecture approach will accelerate the synthesis of elastomers, 

gels, and thermoplastics with tailored combinations of orthogonal properties encoded in molecular structure. 

Relevance to MGI 

The stated goal aligns with NSF 10 Big Ideas: Growing Convergence Research and Harnessing the Data 

Revolution. Specifically, this DMREF project will converge polymer chemistry, soft matter physics, and data 

science to build a foundation for an open-source Big Data search engine that will provide protocols for molecularly 

programmable design and synthesis of soft materials. This engine will include an AI-driven and forensically verified 

library of molecular codes, quantitative inputs for software-enabled continuous flow synthesis, and protocols for 

high throughput materials characterization. 

Technical Progress 

The ability to synthesize elastomeric materials with programmable mechanical properties is vital for soft matter 

applications. Due to inherent complexity of hierarchical structure-property correlations in polymer networks, the 

application of conventional theory-based, so-called Human Intelligence (HI) approaches becomes increasingly 

difficult. By synergistically combining HI and AI tools, we developed a design strategy, which allows precise 

Figure 1. Workflow of HI and AI network design encoded by monomer projection length l, and excluded volume v, 
and Kuhn length b of bare backbone and side chains, and (or density ρ=v-1, and network architecture A=[nsc,ng,nx]. 
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encoding of mechanical properties with network architectural parameters (Figure 1). Implementing a multi-layer 

feedforward artificial neural network (ANN), we took advantage of model-predicted structure-property cross-

correlations between coarse-grained system code including chemistry specific characteristics, network architecture, 

and network equilibrium mechanical properties. The ANN was trained by minimizing the mean-square error with 

Bayesian regularization to avoid overfitting using a data set of experimental stress-deformation curves of networks 

with brush-like strands of poly(n-butyl acrylate), polyisobutylene, and polydimethylsiloxane having structural 

modulus G < 90 kPa and 0.01 ≤ β ≤ 0.9. The trained ANN predicts network mechanical properties with 95% 

confidence. 

Future Plans 

Leibfarth and Dobrynin are developing a method for real-time characterization of molar mass that operates at 

high concentrations, where polymerization is typically conducted, providing instantaneous feedback on reaction 

progress. The closed-loop of theoretical and experimental efforts will enable real-time synthetic adjustment to 

accelerate materials optimization and scale-up. In parallel, the Matyjaszewski group will synthesize libraries of 

macromolecules with varied mass, architecture, and composition to validate the predicted universal viscosity 

representation. Sheiko and Dobdrynin are working on merging AI and forensics methodology for non-invasive 

evaluation of network topology, which is vital for verification of the structural codes.  

Broader Impacts and Workforce Development 

Implementing digital codes in soft matter design will drive new synthetic pathways, stimulate new physical 

models, and catalyze fundamental shifts in various technologies, including personalized medicine, soft robotics, 

and sustainable materials fabrication. We collaborate with the Ackland Museum of Art to educate students on the 

connection between Materials Science concepts and Art in different cultures across human history. Building on this 

knowledge, participating students will create artwork merging Materials Science and Art, publicly displayed during 

the “Second Fridays” at Ackland. In addition, our team will develop the CREATE (Consider, Read, Elucidate the 

hypothesis, Analyze and interpret data, and Think of the next Experiment) method to give undergraduate students 

creative ownership of the research design and execution, as well as build an inclusive environment. Finally, several 

innovative programs will support the inclusivity culture in materials research: (i) reverse site visits by the DMREF 

team to HBCUs and MSIs to advertise center activities and recruit broad participation, and (ii) a partnership with 

the Chancellors Science Scholars program to increase the participation of undergraduate students from URGs. 

Data Management and Open Access 

Each research thrust will produce data domains, including (i) HI/AI-generated and forensics-verified structural 

codes for targeted properties, (ii) reactivity ratios for predicting comonomer sequences, and (iii) calibration curves 

for in-situ molecular characterization. Specifically, we create a Data Bank of architectural codes that mimics the 

mechanical response of biological tissues from ultra-soft fat tissue to highly resilient skin. The data will be cross-

correlated to build a fully integrated platform for automated materials design based on prediction-implementation-

verification of structure-property correlations. The UNC is building a centralized FAIR data depository, which will 

allow for the data sets, ML models, codes and training data sets generated by the DMREF team members to be 

freely accessible. Currently the data are available from https://tarheels.live/dobryningroup/data-request/. These data 

include: (i) computer simulation data (input files for LAMMPS, simulation trajectories, tables with analyzed data 

sets); (ii) experimental data (synthetic protocols, molecular characterization, thermal and mechanical data). 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Closed-loop programming of material properties, automated synthesis, and structural forensics is pivotal to 

accelerating and enhancing the efficiency of materials discovery. This approach is particularly vital for technologies 

that require an array of soft materials with customized combinations of distinct physical properties such as stiffness, 

damping, swelling, and adhesion. In collaboration with AbbVie, our group is working on the development of soft 

tissue implants for reconstructive surgery. The first batch of materials is currently being tested at the AbbVie 

research facility. If successful, licensing and joint product development will be considered. 
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The National High Magnetic Field Laboratory 

The National High Magnetic Field Laboratory (NHMFL) provides access to static and pulsed high magnetic 

fields to the community of users. The magnetic field is a thermodynamic variable that affects the Gibbs free energy 

of a system, and therefore allows tuning of ground state. With electrons coupling strongly to the magnetic field, 

probing and tuning the electronic ground state of a system/material is possible. The NHMFL has the expertise to 

probe the electronic ground state of materials and provides a suite of measurement tools and capabilities. The 

NHMFL is home to scientists and engineers who develop measurement tools for electronic properties of materials, 

that include low temperatures and high magnetic field behavior. Large amounts of data are acquired that need to be 

stored and processed.  

The Ion Cyclotron Resonance facility (ICR) analyzes the mass of molecular compounds that are present in 

complex mixtures including biological, environmental, and petroleum samples with ultrahigh resolving power and 

precision. The number of observations in this case is very large, requiring an extensive data management strategy. 

Relevance to MGI 

The characterization of materials is an important part of the MGI strategic 

plan. Curated data of high quality is required for the feedback loop to work. 

The NHMFL has developed tools that ensure high data quality as well as 

provide user support and training in the use of these tools.  

The NHMFL Theory Winter School as well as the Experimental Summer 

School both serve to train students and postdocs in theory and experimental 

techniques.  

Example: Flat bands at the Fermi level promise high thermoelectric 

response due to large dN/dE values. DFT calculations identified the primitive 

cubic AuCu3-type PbPd3 and SnPd3 as promising candidates, where the Fermi 

level coincides with a flat band between the  and the X point in reciprocal 

space. We set out to synthesize and grow single crystals using the Bridgman 

technique to test these materials and the prediction based in DFT computations. 

The determination of the Fermi surface as well as the thermoelectric properties 

of the compound serve to assess the feasibility of the materials.  

Technical Progress 

The NHMFL as a national user facility aims at serving a large user base. Established users have an excellent 

understanding of the application process and do have a well-functioning network of user support scientists to rely 

on. For groups without prior experience, an on-boarding process has been implemented that includes the 

measurements of initial data that can be used for magnet time applications. For this, SCM5 and SCM6, a Quantum 

Design MPMS and Quantum Design PPMS are available to measure magnetic susceptibility and electronic transport 

properties, as well as thermodynamic properties. If needed, additional characterization tools such as optical 

microscopy and spectroscopy, electron microscopy, as well as diffraction methods are available. 
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Development of measurements methods and new measuring capabilities are ongoing projects that address the 

needs of the user community. Integration of different measurement techniques provide unique opportunities to study 

material properties under extreme conditions (e.g. high magnetic fields, pressure, low temperatures) and provide 

feedback to computational methods. Examples are the combination of diffraction with high magnetic fields, 1.5GHz 

NMR techniques, thermal transport, contact-less electronic transport measurements, measurements of very small 

samples processed with focused ion beams (FIB). 

Future Plans 

New and improved measurement techniques will be made available to users on an ongoing basis. In-house 

research serves to develop new materials measurement capabilities. Data management techniques are under 

development to ensure  FAIR data management for all products of research. 

Broader Impacts and Workforce Development 

The theory winter school and the experimental summer school for graduate students and postdocs develop the 
workforce in materials theory and materials characterization. Furthermore, the NHMFL research faculty, FAMU 

and FSU affiliated faculty train graduate students and postdocs in a collaborative environment, where they often 

interact with external users and assist in user support. In addition, the Applied Superconductivity Center (ASC) is 

leading efforts in developing high Tc superconductors coils for potential application in research devices as well as 

fusion reactors. This is reflected in the high demand of graduates of ASC by external companies.  

Data Management and Open Access 

The NHMFL has adopted a data management plan and policies that require users to make data, publications, 

and other products of research publicly available after an embargo period. The ability of the NHMFL to enforce 

practices that make data FAIR is limited as the responsibility for data stewardship ultimately lies with users. 

However, the MagLab is developing new cyberinfrastructure that will facilitate the automated capture of FAIR data 

and metadata. 

The ICR facility recently established a collaboration with the Computer Science Department at Florida State 

University to develop workflows for the exploitation of facility data. An important facet of this project is the 

development of a database solution designed for long-term storage and public availability of facility data while 

enabling its use for artificial intelligence and machine learning applications. After development and implementation 

in the ICR facility, this solution will be applied to other NHMFL facilities. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Materials and device developments at the NHMFL are ongoing. The expertise in magnet design is made 

available to outside customers (example: NHMFL - ORNL and NHMFL – Cornell collaborations). Development 

of Bi2212 superconducting round wire is an ongoing process at ASC. Such wire will allow easier-to-realize coil 

designs. Research into precipitation hardened copper alloys is carried out to improve the lifetime of copper coils 

and their mechanical behavior under high stress condition during operation. 
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DMREF: Engineering the On-the-Fly Control of 3-D Printed 
Block Bottlebrush Assemblies via Dynamic Bonds and Materials 

Processing 
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Source of Support: NSF-DMREF 
Website: non. 
Keywords: Polymer architecture, self-assembly, additive manufacturing, dynamic bonds, structural color. 

Project Scope 
This DMREF program will establish the fundamental science and design rules for harnessing the versatility of 

process-directed, 3-D printed bottlebrush block copolymer (bBCP) materials. Processing variables such as flow rate 
can manipulate and pattern self-assembled morphologies at the molecular level. Bottlebrush block copolymers are 
an ideal platform because they self-assemble rapidly, and they can be synthesized with a wide range of architectures 
and dynamic interactions that provide a large parameter space. We will efficiently explore this parameter space via 
an experimental/computational approach that is informed by machine learning; we seek to engineer processing-
dependent assembly by controlling molecular shape and interactions. 

Relevance to MGI 
This research program 

uses a combined approach of 
synthesis, characterization, 
modeling, and machine 
learning to realize material-
processing approaches for 
advanced additive 
manufacturing. This is 
intended as an integrated 
approach to materials design, 
utilizing the combined 
expertise of the PIs. The 
overall goal will be to co-
design a bottlebrush block 
copolymer material, chemical 
functionality, and a 3-D 
printing process to exhibit on-the-fly, spatially-varying morphologies. To this end, Guironnet synthesizes molecules 
with precise architectures, to be used and characterized by Diao and Rogers. Rogers will develop insights into 
rheology and structure, accompanied by molecular simulation from Sing, that will provide insight into printing 
performed by Diao. Automated synthesis and formulation from Guironnet, along with printing and characterization 
of assembled structures by Diao will provide the foundations for automated printing schemes developed in 
collaboration with Maruyama at AFRL. This will be used to identify interesting parameter regimes in synthesis, 
and focus the attention of fundamental studies by Rogers and Sing; these physical insights inform automated 
printing to make it generally adaptable to 3-D printing processes. Over half of the 19 papers published in the 
previous iteration of this DMREF project were multi-PI efforts, evidence of a highly-integrated research team. 

Technical Progress 
This project has resulted in several key research accomplishments: (1) The development of new synthesis 

methods to increase the variety of block bottlebrush polymers, such as the ability to synthesize soft blocks, end-
functionalized side-chains with dynamic bonds, various grafting densities and larger length-scale molecules. (2) 
Characterization using SAXS and rheology showed how timescales of crosslinking and self-assembly can be 
controlled to tune kinetically-trapped morphologies. (3) Synthesized bBCPs that can be photocrosslinked were 

The goal of this project will be to realize a fully 3D-printed block bottlebrush copolymer 
material, with spatio-temporal tuning of structural color. This integrated effort will 
combine automated synthesis, molecular modeling, rheological characterization, and 
automated additive manufacturing in pursuit of materials design. 
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incorporated into solution coating printing processes, giving full on-the-fly control over structural color. (4) A 
coarse-grained molecular model of bottlebrush structure used to show how solution processing leads to these 
changes in structural color, (5) New ‘implicit side-chain’ models were developed to understand bottlebrush 
assembly in semidilute and melt systems, (6) Rheological measurements and models were developed to connect 
yielding and gelation/curing physics, which is important for material printing, and (7) Initial efforts to establish 
autonomous printing schemes were successful. We have established a comprehensive picture of bBCP solution 
assembly, and demonstrated that processing could be used to modulate structural color on-the-fly.  

Recent progress has centered around further engineering crosslinking and solvent-control to tune bBCP 
assembly in and out of equilibrium. This includes (1) developing synthetic methodologies to increase the chemical 
versatility of bBCPs we can consider, (2) using coarse-grained models to simulate the properties of shape-defined 
bottlebrushes in the melt state, (3) determine protocols for the melt assembly of bottlebrush systems, with the goal 
of obtaining long-ranged order needed for 3-D printing, (4) refining an autonomous printing scheme that can rapidly 
characterize structural color for changing printing conditions, and (5) characterizing the yielding rheology of 
bottlebrush assemblies, important for 3-D printing. We have begun to address the coupled challenges of 
understanding molecular assembly versus processing versus bottlebrush synthesis, and how these relate to material 
properties and molecular structure. 

Future Plans 
The next steps for this project are to systematically understand the assembly and mechanical properties of melt 

bottlebrush assemblies and their incorporation into an autonomous printing setup. Intermediate efforts will focus 
on (1) extending coarse-grained modeling approaches to contend with melt bottlebrush assembly, including shape-
defined bottlebrushes, (2) using recovery rheology techniques to understand the connection between structural color 
and mechanical properties, (3) establishing automated and versatile syntheses to incorporate dynamic bonds and 
molecular ‘shape’ into bottlebrush assemblies, and (4) incorporating the connection between structural color, 
morphology, and processing conditions into an automated structural color characterization scheme. Longer-term 
efforts will be centered around integrating fundamental studies of bBCPs into an automated materials discovery 
scheme, combining automated synthesis and printing, as well as fundamental physical modes and insights, to design 
a versatile set of bBCPs that can exhibit dramatic and controllable structural color changes. 

Broader Impacts and Workforce Development 
The educational impact of this DMREF project comes in part from the collaboration between four PIs with 

complementary backgrounds. Cross-disciplinary knowledge was gained by students, who will benefit from a 
broader education that will prepare them for STEM careers. This program has played a role in training 10 graduate 
students, 2 postdoctoral researchers, and several undergraduate students. We also participate in outreach efforts, 
developing programming for the Girls’ Adventures in Mathematics, Engineering, and Science (GAMES) camp, the 
St. Elmo Brady STEM Academy, and using expertise in 3-D printing for a ‘CCCR-Champaign County COVID 
Relief projects to make 3-D printed face masks and respirators. 

Data Management and Open Access 
This project will generate a large amount of data composed of computational code, outputs from simulations, 

synthesis characterizations, and rheological and scattering data. We facilitate long-term stewardship of our data by 
adhering to the FAIR (findable, accessible, interoperable, and reusable) guiding principles. Both 
theoretical/computational and experimental data will be archived and hosted on data repositories when possible, 
using standard file formats that will be made available upon publication. 
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Project Scope 

Carbon capture and sequestration are widely viewed as essential tools, along with other technologies, to keep 

atmospheric CO2 levels from rising further. This project focuses on developing new materials for selective 

adsorption of CO2 versus N2. Metal-organic frameworks (MOFs) are a promising class of materials for carbon 

capture due to their modular building-block synthesis, which allows for targeted tuning of material properties and 

for an almost unlimited number of potential MOFs. A primary emphasis of this project is the effect of water on 

CO2/N2 selectivity and CO2 capacity. The main goal is to develop integrated simulation, theoretical, and 

experimental methods for understanding the effect of water on CO2/N2 separations in MOFs and to use these tools 

to speed up the discovery of new adsorbents for CO2 capture and related separations. 

Relevance to MGI 

This project contributes to the development of new 

strategies for creating adsorbent materials with 

programmable structures by precisely combining 

preassembled building blocks (i.e., MOF nodes, organic 

linkers, ions, and functional groups). In particular, we focus 

on a few MOF platforms that can be systematically tuned 

by changing the organic linkers, introducing extra-

framework anions and cations, and restructuring the MOF 

nodes. These “platform” MOFs are chosen from families of 

MOFs known to exhibit excellent stability. Optimization of 

MOF synthesis will be accelerated by the use of robotic 

synthesis tools coupled with machine learning algorithms. 

Molecular simulation is used to test new proposed material 

variations and provide molecular-level insights into 

observed behavior. The simulation models are validated 

against adsorption data collected by our team, including 

multicomponent adsorption measurements, which are 

extremely scarce in the literature. All simulated and 

experimental adsorption data will be placed in publicly 

accessible databases and will be used to assess the accuracy 

of methods for predicting mixture behavior from single-

component adsorption isotherms. For the most promising 

materials, we perform single-crystal X-ray studies of 

molecular siting and arrangements in the pores. 

Technical Progress 

CALF-20, a Zn-triazolate-based metal–organic framework (MOF), is one of the most promising adsorbent 

materials for CO2 capture in the literature. However, competitive adsorption of water severely limits its performance 

when the relative humidity (RH) exceeds 40%, limiting the potential implementation of CALF-20 in practical 

Figure 1. Water is an ever-present component in 
flue gas streams, and dehumidification of the flue 
gas stream is cost-prohibitive. Therefore, one 
concept explored in this project is how MOF 
hydrophobicity affects CO2/N2 selectivity and CO2 
working capacity for the materials in (a).  This 
project also explores how the theory predicting 
H2O/CO2 co-adsorption on the materials shown in 
(a) does not match the experimentally observed
behavior shown in (b).  Understanding why the
experimentally observed behavior differs from the
expected behavior is critical to discovering new
materials.

(b) 

 (a) 

Ideal Prediction 

Non-Ideal 
Reality 

282



settings where CO2 is saturated with moisture, such as postcombustion flue gas. We have recently introduced [8] 

three newly designed MOFs related to CALF-20, denoted as NU-220, CALF-20M-w, and CALF-20M-e that feature 

hydrophobic methyltriazolate linkers. Inclusion of methyl groups in the linker was proposed as a strategy to improve 

the uptake of CO2 in the presence of water. Notably, both CALF-20M-w and CALF-20M-e retain over 20% of their 

initial CO2 capture efficiency at 70% RH─a threshold at which CALF-20 shows negligible CO2 uptake. Grand 

canonical Monte Carlo simulations reveal that the methyl group hinders water network formation in the pores of 

CALF-20M-w and CALF-20M-e and enhances their CO2 selectivity over N2 in the presence of a high moisture 

content. Moreover, calculated radial distribution functions indicate that introducing the methyl group into the 

triazolate linker increases the distance between water molecules and Zn coordination bonds, offering insights into 

the origin of the enhanced moisture stability observed for CALF-20M-w and CALF-20M-e relative to CALF-20. 

This straightforward design strategy has afforded more robust sorbents that can potentially meet the challenge of 

effectively capturing CO2 in practical industrial applications. 

Additionally, mixed-gas adsorption measurements have revealed unexpected behaviors on a Zr-based MOF 

functionalized with trifluroacetic acid.  When water was preadsorbed on the MOF, and a subsequent CO2 adsorption 

isotherm was measured, the CO2 adsorption isotherm was slightly reduced, providing a somewhat expected 

outcome.  However, when CO2 was adsorbed first and then an H2O adsorption isotherm was measured, no 

significant H2O adsorption capacity was observed.  The near complete loss of water adsorption capacity was 

observed when only a trace amount of CO2 was preadsorbed.  The results show that unexpected, non-state function 

adsorption equilibrium behaviors can result from the dynamic behavior of MOFs, which may lead to 

counterintuitive adsorption data compared to traditional materials with a static adsorbent structure.  These results 

have important implications when applying these types of MOFs industrially using techniques such as pressure or 

temperature swing adsorption, which are of particular interest for direct air capture or post-combustion capture of 

CO2.  For example, slightly different gas phase compositions could produce significant changes in adsorption 

capacity, or changes in cyclic working capacity may be observed.   

Future Plans 

In the final year of the project, we continue to explore variants of CALF-20, including the effect of framework 

flexibility on their CO2 and water uptake. We are also investigating MOFs with extra-framework anions as another 

platform for materials that can selectively adsorb CO2 over N2 in the presence of water. 

Broader Impacts and Workforce Development 

The project contributes to the education of 4 PhD students in an interdisciplinary project, as well as several 

post-docs. Summer undergraduate students have been recruited through a program that brings students from 

underrepresented groups to our campuses. Web-based education activities will reach a wider audience. 

Data Management and Open Access 

Simulation results will be placed in a searchable, public database, including relevant metadata, such as details 

about the force field parameters used to generate the data, so that all calculations are fully reproducible. The 

adsorption data are stored in a standardized JSON format that is interoperable with the NIST adsorption database.  

By making all this data more easily accessible, we hope to facilitate new data mining and machine learning studies 

on these materials, leading to new insights on adsorption in MOFs. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The project aims to discover new materials for carbon capture by using “platform” materials that can be tuned 

in a systematic way.  Importantly, these materials can be explored computationally to accelerate the discovery 

process.  The proposed research has the potential to contribute to the mitigation of CO2-driven climate change. This 

work may also lead to nanoporous materials that may be useful in applications such as chemical separations, gas 

storage, sorption-based cooling, and water purification.  The involvement of a co-PI from NuMat Technologies 

helps identify “show stoppers” and ensures that the team is working on industrially relevant problems.   
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Project Scope 

The scope of this project is to create physics informed artificial intelligence for parallel design of metal matrix 

composites and their additive manufacturing techniques. Currently, materials design consists of a series of 

independent approaches at different length-scales along the process-structure-property (PSP) pipeline. These 

include microstructural models, data-driven and physics-

informed experiments, and experimental verification. This 

project seeks to create hierarchical materials development 

pipelines that aggregate these disparate length scales in 

autonomous data pipelines. We aim to create algorithms for 

data feature engineering, nested PSP models, and 

automated data feature mapping toward accelerating the 

development of metal matrix composites. 

Relevance to MGI 

We are creating frameworks to integrate MGI’s core 

objectives with the following metal matrix composite 

(MMC) goals in mind: eliminating cracking and tearing,

speeding build times, refining grains, and creating

desirable mechanical properties. We integrate

experimental verification of MMC aluminum models,

aiming to create a closed feedback loop to inform future

experiments. Object-oriented algorithms are also being

created to facilitate the aggregation of these disparate

nodes.

Technical Progress 

In the modeling sector, we have implemented a new 

work-hardening formulation coupled with triaxiality-based continuum damage mechanics to an existing large-strain 

elasto-viscoplastic fast Fourier transform (LS-EVPFFT) code. The new constitutive formulation models the 

hardening behavior of MMCs by considering several mechanisms that are each a function of particle reinforcement 

composition, namely, a Hall-Petch effect, a geometric mismatch effect, a difference in thermal expansions effect, 

and an Orowan effect. The recently augmented framework captures the global stress-strain responses of aluminum 

MMCs measured experimentally, while enabling the correlation between fracture-initiation location and 

microstructure-neighborhood attributes. Thus far, the model has been tested on a subset of test data for verification 

and proof of concept. With the increase in current data that is in the process of being provided by the experimental 

partners on this project, new microstructures based on EBSD data have been created using DREAM.3D and 

SPPARKs. In addition, the physics-based models of incorporating ceramic particle synthesis and effects into 

process-structure models through laser absorption, keyhole evolution, metal evaporation and recoil pressure, and 

particle motion also continues to be calibrated using 1000-series aluminum MMC samples printed on powder-bed 

system.  

Figure 1. We aim to treat each of the disparate pieces of 
materials development as “nodes” that need to be understood 
and aggregated to create workflows that span between nodes 
and enable autonomous workflows. 
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In the experimental and characterization sector, we have been utilizing electron microscopy techniques to 

characterize the microstructure of samples of A1000 ceramic-reinforced MMC printed on the EOS M280 powder-

bed system. Interestingly, we have observed that the reactive additive manufacturing (RAM) process used in these 

samples did not complete. Electron backscattered maps in the 3 direction planes (normal, rolling, and transverse) 

have shown the decreasing grain size and texture with increasing inoculant concentration in addition to the bimodal 

grain structure along the build direction with elongated grains spanning the center of the melt pool and smaller, 

refined grains along the melt pool boundaries. With the grain sizes reaching sub-micron diameters at the 2 and 10% 

inoculant concentrations, the EBSD indexing quality was significantly reduced. Transmission electron microscopy 

images show dislocation pileups at the grain boundaries and particulates.  

From the algorithm development sector, we have developed frameworks of distinct test artifact levels 

considering the underlying process maps and the changes between them required to link the relevant process-

structure-property relations. We are in the process of developing in-depth pseudocode of material processing 

parameter space searches using abstraction to enable new modules to be “plug and play” as new models and sensors 

are validated and calibrated. A1000 ceramic inoculated powder for directed energy deposition (DED) systems has 

also been acquired as a test-case for algorithm development.  

Future Plans 

Future plans include continuation of the tensile testing of the powder-bed fusion generated A1000 with ceramic 

reinforcement tensile bars. Sample processing of the single-track experiments to validate melt pool modeling is also 

in progress for the upcoming months. For sample characterization sample characterization, we will investigate the 

dislocation and particulate interactions after mechanical testing in addition to the matrix-particle interfaces in 

regions of high strain. These regions of interest will be determined by in situ DIC-EBSD testing which is currently 

in progress. The goal is to understand how the microstructure evolves under tensile loading, but also to implement 

a multiscale study in which we investigate how the particulates are playing a role in the mechanical behavior. We 

will continue to update the models to study the effects of defects using the LS-EVPFFT modified modeling 

framework. Specifically, studying the effect of pores and agglomerations along with microstructural features will 

help identify causes of varying ductility within MMCs. Within this study, thresholds for critical defects will be 

explored. We will also continue to develop algorithms and the necessary decision metrics, aggregate test results 

from disparate tests. We will be verifying these workflows on a A1000 with 10% ceramic RAM inoculants that we 

aim to print on a laser directed energy deposition system.   

Broader Impacts and Workforce Development 

Due to the high cost of designing MMCs, high-fidelity models that accurately capture the effects on the 

hardening, damage, and critical defect impact are required. The ability to simulate 3D grain texture from 2D EBSD 

will also enable the simulation of mechanical properties. Autonomous algorithms will also enable high-throughput 

samples, and the increase in data will allow us to have better data-driven models. These advances will create tools 

for more accessible MMC manufacturing. The project also continues to provide professional development for the 

DMREF Ph.D. students through biweekly meetings, conference opportunities, and experimental collaboration, as 

well as research opportunities for undergraduate students. 

Data Management and Open Access 

This project implements FAIR data practices using collaborative platforms and aggregate data processing. We 

implement AFRL’s HyperThought platform where datasets are extracted, structured, and related, all via API. The 

data are related with a process model, followed by procedural generation of model attributes and relational structure. 

These file/object process models are then made available through REST API or through a user interface in 

HyperThought cloud instance.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

We will enable partnerships through software such as HyperThought and DREAM.3D, in which DMREF 

students will become developers and users for HyperThought and DREAM.3D userbase. We will also seek to take 

advantage of AFRL internships for our DMREF graduate students. Previously, a 2-day HyperThought hackathon 

was held with the goals of project advancement and collaboration, and we aim to hold more in the future. 

Additionally, our industry partnerships such as Elementum3D will provide historical techno-economic data on 

existing MMC feedstock development cycles.  
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Establishing a molecular interaction framework to design and 
predict modern polymer semiconductor assembly 

Lead Investigator: Natalie Stingelin, natalie.stingelin@mse.gatech.edu 
Participating Institutions: Georgia Institute of Technology, North Carolina State University 
Source of Support: NSF-DMREF 
Website: none 
Keywords: polymer semiconductors, molecular interactions, phase behavior, solution assembly, thermomechanics 

Project Scope 

The objective of this project is to establish a framework that accurately captures the molecular interactions and 
secondary and tertiary structures of modern semiconducting polymers and develop descriptors that dictate and 
classify assembly of these complex macromolecules. The vision is to advance a knowledge platform toward the 
predictable and controlled self-assembly of multicomponent plastic semiconducting inks that lead to targeted device 
properties.  

Relevance to MGI 

This DMREF project we will advance fundamental knowledge related to materials design and processing 
through advanced testing methodology, theory, computation and leveraging machine learning and data mining 
towards accelerated materials discovery in the organic semiconductor field. The project is divided into four 
interwoven research thrusts that focus on specific aspects of the semiconducting polymer assembly puzzle: Thrust 
1: Computational Modelling, Thrust 2: Solution Assembly, Thrust 3: Thermal Transitions, and Thrust 4: Solid-State 
Structure. Thrust 1 is fully theory driven, while Thrust 2-4 are run in a close feedback loop between experiments, 
theory, and machine learning activities, with Thrust 2 especially using ML/AI engines for phase space mapping and 
accelerated discovery. The team will employ density 
functional theory and molecular dynamics (MD) 
simulations that capture secondary structures that may be 
formed by a given polymer (primary structure) and that will 
influence solution assembly, thermal transitions as well as 
solid-state structure. Complimentary to these efforts, 
research will include experimental data on solutions (UV-
vis absorption and PL spectra, SAXS patterns) that provide 
insights in secondary (chain conformations) and tertiary 
structures (aggregation) in the liquid state. In addition, 
films will be studied, with fast calorimetry, DMA, VASE, 
GIWAXS, NEXAFS and UV-vis spectroscopy to gain 
information into local/segmental relaxations, phases 
present, phase transitions and larger-scale packing order. 
The use of advanced ML techniques will allow us to extract 
non-trivial correlations within the obtained data. Such 
correlations will then be used for further materials design 
cycles.  

Technical Progress 

The projected started in October 2023. We have begun experiments at national laboratory X-ray beamlines for 
detailed process-structure-property relationships. We have begun developing advanced molecular dynamic 
simulations that reinforce the experimentally observed packing structure. We have initial results that show how 
differences in molecular structure impact accessible packing microstructure.  

Figure. Left, competing ordering of the backbone 
and side-chains of a conjugated polymers.1 Right, 
GIWAXS pattern of oriented PBnDT-FTAZ polymer 
film showing unique packing characteristics under 
specific processing conditions.  
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Future Plans 

We plan to conduct in-situ small angle neutron scattering experiments of polymer semiconductors to understand 
assembly pathways and aggregate packing arrangements. We will employ machine learning approaches to 
accelerate mapping the solution phase space of these systems. Overall, data-rich environments such as ML/AI-
guided modeling and solution SAXS/WAXS/UV-vis spectroscopy are complemented with in-depth studies of phase 
behavior and molecular packing of solid films of candidate materials identified by modeling and solution 
characterization. The application of ML is necessary to identify systems and conditions that yield the most 
informative structure-function insights, and avoids producing redundant information in the vast and complex multi-
parameter phase-space and this accelerates experimental and computation efficiency. The MD simulations will use 
the information gathered to develop accurate interaction energies. Thermomechanical measurements will be 
conducted to also gain insight into molecular interaction energies and related to processing schemes to drive 
ordering.  

Broader Impacts and Workforce Development 

Unique, broad interdisciplinary training will be achieved through Intra- and inter-academic interactions, 
summer internships at NIST and LANL, participation in synchrotron beamline scattering experiments at AFL and/or 
being trained on specific theory/modeling at CINT. Materials science and engineering students will be trained to be 
proficient in computational modeling and ML/AI principles and applications. For student recruitment, we will 
recruit students from underrepresented groups and from institutions with limited research opportunities. One of the 
projects impacts stems from the advancement of literacy of AI/ML in materials science. For this, we will exploit 
the fact that NCSU has a Data Science Academy that offers learning modules and course coordination to students 
to diffuse best practices in data science and ML/AI. It also offers seed grants to build intellectual and technical data 
science infra structure – an opportunity the DMREF students should exploit. Georgia Tech has a graduate certificate 
for Computational Materials Science – courses and certificates the DMREF students will take, including more 
experimentally trained student 

Data Management and Open Access 

Our data management plan relies on features and functionality of the Materials Innovation Network/MATIN 
(https://matin.gatech.edu) at Georgia Tech — a cloud-based e-collaboration platform for accelerating innovation in 
materials science and engineering (MSE), which is built on the foundation of the opensource software HUBzero 
(https://hubzero.org). MATIN platform is being funded, developed, and managed by IDEAS:MD3 Center within 
Georgia Tech's Institute for Materials (IMat). 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

Advancements in polymer semiconductors are hindered by their complex molecular packing characteristics that 
drive much of their observed properties. By developing the tools and frameworks to understand the assembly and 
packing of polymer semiconductors based on their structure will accelerate the advancement of a number of organic 
electronic technologies such as solar cells and wearable health sensors. The ability to develop this framework 
required advanced molecular simulations, that then can be used to guide future semiconductor development. The 
use of ML in phase mapping will accelerate the experimental component of research to ensure we can quickly find 
meaningful correlations in the vast polymer semiconductors process-structure-property space. We believe that the 
outcomes will be ML algorithms and MD code that will be adopted by others in the polymer science community. 
We will make these tools widely available through MATIN as noted above.  

Publications and References 

Support of this project has resulted in one submitted manuscript and one published paper: 
1. M. Wang, X. Xiao, S. Siddika, M. Shamsi, E. Frey, W. Qian, W. Bai, B.T. O’Connor, M.D. Dickey, Glassy gels
toughened by solvent. Nature (2024). https://doi.org/10.1038/s41586-024-07564-0.
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Discovery of high-strength complex concentrated alloys from 
physics, machine learning, and experiments 

Lead Investigator: Alejandro Strachan. strachan@purdue.edu  
Participating Institutions: Purdue University 
Source of Support: NSF-DMREF 
Website: None. 
Keywords: Refractory complex concentrated alloys, CALPHAD, mechanical properties, oxidation resistance. 

Project Scope 
 Refractory complex concentrated alloys (RCCAs) are a new class of materials with an enormous potential for 

high-temperature structural applications. These alloys exhibit high-temperature strength surpassing Ni superalloys, 
the current state-of-the-art but their corrosion resistance is far from ideal. We seek to optimize the composition of 
RCCAs to achieve an unsurpassed combination of strength and oxidation resistance at high temperatures, see Figure 
1. This is achieved via a combination of physics-based simulations, multi-resolution experiments, and machine 
learning. The products of this project will be made available via nanoHUB, where students, educators, and 
researchers can explore data and perform simulations
online.

Relevance to MGI 
The optimization of RCCAs is notoriously difficult due 

to the high dimensionality of the design space. This project 
demonstrated that a combination of physics-based 
modeling, FAIR data, machine learning, experimental 
fabrication, and multi-resolution characterization can 
accelerate the design of improved properties. For example, 
we discovered the hardest Al-containing RCCA with only 
24 experiments within a design space consisting of 67,536 
possible candidates. Physics-based modeling using 
CALPHAD reduced the design space by one order of 
magnitude and a sequential optimization approach based on 
active learning optimally searched the remaining alloys. A 
similar strategy is being employed to optimize oxidation 
resistance. The team started by searching and re-analyzing 
results from the literature. Results from over 400 alloys 
were collected analyzed using Bayesian model calibration and made available in a FAIR repository. This exercise 
enabled our team to start the active learning optimization from a good predictive model. The approach can be 
generalized to other alloys, and the resulting materials are of interest in applications ranging from aerospace to 
energy. 

Technical Progress 
State-of-the-art alloys are engineered to harness strengthening mechanisms across scales, from crystal-level 

processes to complex hierarchical microstructures designed to hinder the mobility of dislocations and other carriers 
of plasticity. In this context, complex concentrated alloys (CCAs) are attractive since they can exhibit very high 
strength at the single-phase level, which can be further enhanced via incorporation of second phaes and 
microstructural optimization. We demonstrated that a combination of physics-based modeling, machine learning, 
experimental fabrication, and multi-resolution characterization results in the discovery of the hardest Al-containing 
BCC-based alloy, surpassing the current state of the art by 41\%. Importantly, this is accomplished with only 24 
experiments within a design space consisting of 67,536 possible candidates.  
Oxidation modeling is critical to achieving our goal of improving the oxidation resistance of RCCAs. 
Accomplishments include i) the development of a FAIR database and analysis tools for oxidation mass uptake data 
to enable data-driven approaches, ii) The tool performs model calibration and selection using Bayesian statistics 

Figure 1. This program seeks to develop RCCAs 
with an unprecedented combination of strength and 
oxidation resistance. 
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and includes a noise parameter to the model to account for the experimental uncertainties and the uncertainties from 
the data extraction process. and ii) a modified Pilling-Bedworth ratio (PBR) model to better characterize oxide 
layering in metal alloys. The data and models are being used in our active learning materials discovery effort, 
described in Section B. 
Future Plans 

This effort is finishing but the PIs are building on the lessons learned, tools, and data for future efforts. 
Broader Impacts and Workforce Development 
This project has partially supported six graduate students, one postdoctoral scholar, and four undergraduate students. 
These researchers are being trained in a multidisplinary environment. The entire DMREF team meets every two 
weeks and students present their progress and learn about work in other groups. Every student is exposed to and 
practices the ideas behind MGI. Experimentalists and theoreticians are working together and learning about the 
details of each other’s work. 
In collaboration with NSF’s Network for Computational Nanotechnology (Strachan is co-PI of NCN), Strachan is 
a co-organizer of a series of hands-on workshop on machine learning applied to science and engineering problems. 
Leading experts from around the country make their tools available for online simulations in NSF’s nanoHUB and 
provide a tutorial. Participants can follow the tutorial and perform their own simulations using nanoHUB’s cloud 
resources. The workshops are offered live and are recorded for asynchronous consumption. Interest in the series 
has been high with 60 to 200 participants in the synchronous sessions. The recorded material and future workshop 
information can be found at: https://nanohub.org/groups/ml/handsontraining/.      

Data Management and Open Access 
The following simulation and data resources have been published on nanoHUB. 

• Refractory Oxidation Database (https://nanohub.org/tools/refoxdb). Impact: 36 users and data for 405 oxides
uploaded. The associated dataset can be found here via the following DOI: doi: 10.21981/30YF-CG46

• Pilling-Bedworth ratio calculator (https://nanohub.org/resources/pbratio). Impact: 219 users.
• PyOxidation (https://nanohub.org/tools/pyoxidation). Impact 32 users.
• Citrine Tools for Materials Informatics (https://nanohub.org/tools/citrinetools). Impact: 646 online simulation

users.
• Querying Data Repositories (https://nanohub.org/tools/matdatarepo). Impact: 1235 online simulation users.
• High-Temperature Oxide Property Explorer (https://nanohub.org/resources/htoxideprop). Impact: 87 online

simulation users.
• MD sandbox (https://nanohub.org/resources/mdsandbox). Impact 46 online simulation users.
• Active learning challenge for optimal material properties (https://nanohub.org/tools/activelearning). Impact

online simulation 60 users.
• Refractory alloys arc melting fabrication (https://nanohub.org/tools/refarcmeltfab). Impact 18 online simulation

users.
Advancing Along the Materials Development Continuum and Partnerships to Translation 

All the data and tools developed by this effort have been published on nanoHUB and are available for online 
simulations. We believe that making tools and data FAIR and easily accessible is critical to transfer the technology 
to students and instructors as well as other researchers in industry, national labs, and academia. The usage numbers 
of the deployed tools exemplify the impact of this effort. 
Publications and References 
1. S. Mishra, A. Strachan A. Preferential composition during nucleation and growth in multi-principal element alloys. Journal
of Applied Physics. May 14;135 (2024). https://doi.org/10.1063/5.0181330
2. S. Mishra, S. Karumuri, V. Mika V, C. Scott, C. Choy, K. H. Sandhage, I. Bilionis, M. S. Titus, A. Strachan. Mass uptake
during oxidation of metallic alloys: Literature data collection, analysis, and FAIR sharing. Computational Materials Science.
Jan 30;233:112671 (2024). https://doi.org/10.1016/j.commatsci.2023.112671
3. M.S. Farnell, Z.D. McClure, S. Tripathi, A. Strachan. Modeling environment-dependent atomic-level properties in complex-
concentrated alloys. The Journal of Chemical Physics. Mar 21;156 (2022). https://doi.org/10.1063/5.0076584.
4. Z. D. McClure, A. Strachan. Expanding materials selection via transfer learning for high-temperature oxide selection. JOM.
Jan;73(1):103-15 (2021). https://doi.org/10.1007/s11837-020-04411-1.
5. D.E. Farache, J.C. Verduzco, Z. D. McClure, S. Desai, A. Strachan. Active learning and molecular dynamics simulations to
find high melting temperature alloys. Computational Materials Science. Jun 15;209:111386 (2022).
https://doi.org/10.1016/j.commatsci.2022.111386.
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Rational design of redox-responsive materials for critical element 
separations

Lead Investigator: Prof. Xiao Su, x2su@illinois.edu 
Participating Institutions: University of Illinois Urbana-Champaign, University of Minnesota 
Source of Support: NSF DMREF-2323988 
Website: https://dmrefseparation.web.illinois.edu 
Keywords: rare-Earth metals, platinum-group metals, electroseparations, redox-polymers, speciation, polymer 
processing. 
Project Scope: The project focuses on designing redox-active polymers for efficiently recovering rare-Earth (REE) 
and platinum-group (PGM) elements from industrial waste through electroseparations. Creating targeted 
electrosorbent materials with high selectivity will lead to new classes of separation processes with low waste, high 
energy efficiency, and integratable with renewable electricity. We are leveraging first-principles electronic structure 
calculations, operando spectroscopy, force field development, molecular simulations, and machine learning (ML) 
to guide polymer synthesis for tailored electrochemical binding and good processability. We hypothesize that 
integrating computational design, characterization of molecular interactions, and rheology will thus accelerate 
discovery of new redox-sorbents. 
Relevance to MGI: The proposed project is closely aligned with the 2021 MGI strategic plan, by bringing a tight 
integration of experiment, computation, and theory in a framework that is iterative and provides mutual feedback. 
Unlike earlier trial-and-error approaches, here ML trained on molecular dynamics (MD) and experimental data will 
guide chemical selection, synthesis, and electrode ink creation to produce ion-selective yet processable 
redox-polymers to address critical element mixtures of direct relevance to mining and critical materials recycling. 
Central to our approach is a closed-loop design of molecular binding and polymer secondary structure to accelerate 
downstream deployment of advanced redox-materials. MD- and electronic structure-guided selection of redox-
units, polymer backbones, and solvents that maximize ink stability, paired with advanced rheology and coating 
processes, will enable creation of electrosorbents with desired macroscopic properties through scaleup, overcoming 
solubility and processing challenges typical of redox-polymers. Also aligned with goals from the Materials Genome 
Initiative (MGI), UIUC and UMN will coordinate education and outreach activities aimed at creating a workforce 
with key competency in data, computation, and experiments. 
Technical Progress: PGM and REE recovery have been pursued in parallel. For PGMs, Su synthesized redox-
metallopolymers with tunable redox-potentials and demonstrated molecular selectivity in multicomponent PGM 
mixtures.1 Versus standard electrosorption, iridium recovery required 75% less energy. Using a redox-polymer 
electrosorbent, >186 mmol Pd/mol ferrocene was achieved in a real-world catalytic converter leach solution (Figure 
1). Redox-electrosorbents were translated onto continuous redox-extraction using hydrophobic functionalization of 
ferrocenes.2  Continuous electrified liquid-liquid extraction was deployed to selectively recover dilute gold and 
PGMs – demonstrating exceptional atomic efficiency (>90%), >100:1 selectivity, and 16-fold up-concentration in 
contaminated metal leaches. For REEs, Shukla leverages ML to create new ligands for Su to synthesize and test. 
Shukla and Su are categorizing data for REEs and ligand affinity, by collating datasets of >7000 literature 
thermodynamic data points from >700 unique ligands with REEs. A pre-trained chemical language model was 
created to aid materials discovery. 
Simultaneously, Su is establishing fast-
throughput screening for benchmarking ligand 
affinity via solvent-extraction. Jain uses Raman 
scattering spectroscopy to reveal unknown 
speciations of REE and PGM complexes, 
characterize structures, and probe 
electrosorption. Ferricyanide and ferrocyanide 
complexes with well-known structures were the 
model solution-phase Raman spectra used to 
benchmark density functional theory (DFT); 
bond lengths and Raman mode frequencies were 
predicted within 2-4% of experiments. We are 
now using Raman scattering spectroscopy and 

Figure 1.  Leveraging auto-oxidation of designed redox-polymers for the 
selective electrochemical recovery of PGMs from secondary waste streams 
(Chung, Su, et al, 2024)1.    
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DFT to characterize yttrium and samarium hydrates. Newly-identified speciations and REE complex structures will 
be added to the materials data repository. Calabrese has developed and processed electrode inks (redox-active 
polymer/carbon nanotubes/solvent). To overcome previous measurement challenges (ink volatility, large sample 
volume), a custom dripping-onto-substrate device was used. Measurements on moderate molecular weight inks 
revealed low-elasticity and good processability. To improve processability of higher-MW polymers, we combined 
co-solvents with a high-MW polymer used by Su, revealing a promising route for incorporating high-MW polymers 
into electrodes. Long MD simulations (Shukla) require accurate and inexpensive force fields– largely missing for 
REEs and PGMs. Here, Mironenko is generalizing non-empirical tight binding theory3 to describe non-bonded 
interactions between REEs with water and redox-active materials. Our work improves upon currently available 
force-fields4 which fail to capture necessary physics, including inter-molecular charge transfer. Our results for 
[La3+-H2O] demonstrate an excellent match between contributions obtained from ALMO-EDA energy 
decomposition analysis and simple, analytical, and physics-inspired functional forms. 
Future Plans: The current goals from the Su group is unraveling the fundamental systematic principles for PGM 
and REE binding under electric fields and redox-reactions. The students will be working closely with the Jain and 
Mironenko group to leverage spectroscopy and electronic structure calculations as design tools for identifying 
major binding motifs, as well as carrying out new synthetic modifications. Alongside the Calabrese group, we will 
be adjusting our polymer structures for improved coatability, and finally, we will finalize establishing high-
throughput testing methods for REEs to carry out the next stage screening for the ML-methods developed by the 
Shukla group. Immediate future goals in the Calabrese lab are to submit the publication on using cosolvents to 
improve polymer processability. Ongoing work with the Su group extends the previous studies on poly(ferrocenyl 
methyl methacrylate) to PGM capture. We are examining extensibility as a function of molecular weight and 
cosolvent content and working on controlled production of polymers with lower polydispersity, greater 
processability, and extensional flow behavior. In the Mironenko group, we are extending the current force field 
model for [La3+-H2O] to improve electrostatics and charge-transfer and account for modulations of functional forms 
and parameters by the La3+-H2O coordination. Using ab initio thermodynamics, free energy minimizing ligand-
metal combinations will also be studied to guide design of ligands with improved binding and stability. Ultimately, 
large-scale screening data will be generated to parameterize ML for predicting new redox groups beyond the 
existing library to be incorporated into synthesized polymers (Su, Calabrese), forming a closed loop, 
computationally-guided approach to polymer development. 
Broader Impacts and Workforce Development: This project will help establish a US supply chain for REEs and 
PGMs used in many electronics and clean technologies, which is critical for US national security and economic 
prosperity. The integrated computational/experimental approach will advance ML fundamentals and materials 
design, and can be generalized for materials for water purification, energy storage, and electrocatalysis. In July 
2024, Su, Shukla, Jain, and Mironenko organize a camp for the Worldwide Youth in Science and Engineering 
(WYSE) program and a Women Focused Summer camp, Catalyzing UR Interest in Engineering (CURIE) in 
collaboration with Society of Women Engineers and College of Engineering at UIUC. Shukla directs this week-
long camp, which hosts 30 female high schoolers interested in pursuing chemical engineering in college. As part 
the lab activities, Su and Jain will organize a hands-on demonstration focused on water purification to simulate 
REE removal. Shukla and Mironenko will organize a computational activity focused on introducing structure–
function relationship for materials used for ion separations, using data generated in the proposed research. 
Data Management and Open Access: The data will be available for access in accordance with FAIR Guiding 
Principles for scientific data management and stewardship. Manuscripts and supporting information resulting from 
work supported by this grant will be posted on the NSF Public Access Repository. When larger datasets are 
developed that span multiple publications, data will be stored at the data repository of the University of Minnesota 
(DRUM) and Illinois Data Bank which provides automatic digital object identifiers (DOIs) for easy access by the 
public. Rich metadata will be included with all the experimental and computational datasets to improve reusability 
and interoperability. 
Advancing Along the Materials Development Continuum and Partnerships to Translation: The key to 
accelerating design and processability of redox-active materials for electroseparations is the integrated 
computational/experimental approach, which can be generalized for materials for water purification, energy storage, 
and electrocatalysis. Pathways for scaling up electrode production will also contribute towards manufacturing and 
translation of this technology. The computer packages, methods, and databases generated will be made publicly 
available and can be translated and adopted for different material classes and electroseparation systems within the 
community. 
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Publications and References: 
1. C.-H. Chung, S. Cotty, J. Jeon, J. Elbert, X. Su. Auto-oxidation of redox electrodes for the selective recovery of platinum
group metals. Journal of Materials Chemistry A 12, 15006-15018 (2024). DOI: 10.1039/D4TA01384K.
2. S. R. Cotty, A. Faniyan, J. Elbert, and X. Su. Redox-mediated electrochemical liquid–liquid extraction for selective metal
recovery. Nature Chemical Engineering 1, 281-292 (2024). DOI: 10.1038/s44286-024-00049-x.
3. A. V. Mironenko. Analytical and Parameter-Free Huckel Theory Made Possible for Symmetric H(x) Clusters. The Journal
of Physical Chemistry A 127, 7836-7843 (2023). DOI: 10.1021/acs.jpca.3c03646.
4. E. E. Wait, J. Gourary, C. Liu, E. D. Spoerke, S. B. Rempe, P. Ren. Development of AMOEBA Polarizable Force Field for
Rare-Earth La3+ Interaction with Bioinspired Ligands. The Journal of Physical Chemistry B 127, 1367-1375 (2023). DOI:
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BEAST DB: Grand-Canonical Database 
of Electrocatalyst Properties 

Lead Investigator: Ravishankar Sundararaman, sundar@rpi.edu 
Participating Institutions: Rensselaer Polytechnic Institute; University of Colorado Boulder; National 
Renewable Energy Laboratory; University of South Carolina; Lawrence Berkeley National Laboratory  
Source of Support: DOE-BES (award ID: DE-SC0022247) 
Website: Information on codes, publications and workshops by the BEAST team are up to date on 
https://beast-echem.org, which serves as a continuing central repository for disseminating all results of 
this program. We have also publicly released the BEAST DB at https://beastdb.nrel.gov, linked 
prominently from our main project website. 
Keywords: Computational electrocatalysts, Solvation, Beyond-DFT, Machine learning,  

Project Scope: The BEAST project aims to deliver exascale-ready solvated beyond-DFT methods and 
machine learning (ML) acceleration using an electrochemical database to make truly ab initio 
electrochemistry accessible and ubiquitous. This project aims to address the two key challenges in 
theoretical understanding of electrochemical reactions: 
(1) the lack of a universal framework that efficiently
treats arbitrary electrolytes, solvents and applied
potentials with sufficient detail and fidelity to
realistically and accurately model electrochemical
systems, and (2) the deficiencies of density functional
theory (DFT) in describing charge transfer and
reaction barriers.

Relevance to MGI: Although our collaboration does 
not involve a synthetic effort, researchers can query 
BeastDB to find materials with specific properties, 
thereby guiding the experimental dentification of new 
catalysts and potentially reducing the development 
cycle. Moreover, one of the significant advancements 
facilitated by BeastDB is the ability to train machine 
learning models that can predict material properties 
without relying on DFT. This capability not only 
accelerates the discovery and development of new 
materials but also democratizes access to high-level 
predictive tools, enabling a broader range of 
researchers to contribute to the field. 

Technical Progress: 
• BEAST DB grand-canonical electrocatalysis database:  We publicly released BEAST DB

(https://beastdb.nrel.gov, arXiv:2405.20239), which allows for searches by reactions and
adsorbates, sortable by reaction activity descriptors (Figure 1). The BEAST DB contains over
21,000 surface calculations that span four material spaces and four electrochemical reactions. It
provides standard catalysis models (4 layer stepped and flat metal surfaces) usable as a baseline
for comparison, as well as binary covalent alloys, bimetallic single atom alloys, and single atom
nitrogen doped graphene 2D catalysts. The exotic material spaces can break traditional catalytic
scaling relations, and serve as a jumping-off point for finding more active electrocatalysts.

Figure. Please insert a figure that illustrates a key 
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• Beyond-DFT solvated methods at exascale: Regarding our work on solvation, to enable an
analogous first-principles approach towards classical DFT solvation, we have developed
techniques to train MLIPs that are better suited for the modeling of inhomogeneous liquids (JCC
2024, 1, DOI: 10.1002/jcc.27353). Furthermore, we have successfully developed a universal
neural network framework for learning nonlocal DFT functionals in 1D for both classical (liquid)
and quantum (electronic) systems. By combining equivariant neural networks with the weighted
density approximation from classical DFT, our method learns near-exact DFT functionals for the
1D hard-rod fluid, the Ising model, Hartree-Fock exchange, the Kohn-Sham kinetic energy and
liquid water all while using the same hyperparameters and training protocols (arXiv:2405.20270
(2024)).

We have also worked on Beyond-DFT solvation GW by interfacing JDFTx and BerkeleyGW (J.
Appl. Phys. 134, 085001 (2023)). The developed interface between JDFTx-BerkeleyGW allows
dense diagonalization of GW/RPA calculations in JDFTx. For example, we completed a
simulation containing 265 atoms, 1744 electrons and 150,000 bands (an O2 on 4x4 Pt surface with
water and a nafion fragment) in less than a day on 1040 cores on NREL’s Kestrel supercomputer.

Through this collaboration, significant progress has been made towards scalable GW/RPA
calculations of metal surfaces for beyond-DFT electrochemistry (arXiv:2405.20258 (2024)). As a
result, we have identified a recommended workflow for accurate RPA total energies of larger
systems, scalable to exascale machines and at reduced cost enabling beyond-DFT simulations of
molecules, surfaces and bulk systems (chemrxiv-2024-25pch). For example, we ran RPA for the
4x4 Pt+O2+water+Nafion system on 64 Kestrel H100 GPUs, and calculated the full ORR pathway
using both DFT and RPA on a 2x2 Pt surface. Most impressively, this implementation tested for
BEAST-relevant catalytic Pt surfaces shows an effective O(N2) scaling (Figure 2), and has been
made publicly available within BerkeleyGW 4.0.

• Machine-learned acceleration of BEAST-DB. We adapted the state-of-the-art architecture
Atomistic Line Graph Neural Network (ALIGNN), to encode PBE eigenvalues and bias voltage
as global features and orbital projections as node-level features, which achieved 0.10 eV accuracy,
enabling HSE06-level accuracy at PBE-level cost for catalysts. We are also developing a
generalized BEAST MLIP) trained to representative calculations in BEAST DB that approaches 
DFT accuracy at orders of magnitude lower cost. We have tested our new MLIP on HER, OER, 
ORR and NRR pathways, and are testing its potential for out-of-box screening of reaction 
pathways on unseen catalysts, including reaction barriers from ML-optimized transition states. 

Future Plans: Expand BEAST DB with community input, targeting the most promising catalysts for 
various chemistries and including complexities in the catalyst representation that have not been included 
to date, e.g. surface coverage, defects; Perform solvated fixed-potential surface Pourbaix analysis on the 
metal catalysts in the dataset to estimate surface coverages at a range of operating conditions; Benchmark 
RPA forces algorithms employing a hybrid approach between JDFTx/QimPy and BerkeleyGW. Identify 
methodology and challenges in implementing solvated RPA Improved electronic functionals for beyond-
semilocal DFT; Extend the equivariant ML-DFT framework to 3D, and test classical DFTs for solvation 
in DFT calculations in QimPy; Develop a simplified implicit solvation model incorporating molecular 
dynamics response results for more rapid electrochemical solvation than a full classical DFT approach. 

Broader Impacts and Workforce Development: Beyond offering numerous opportunities for training 
and professional development of the postdocs and graduate students within the project, for the past two 
years, our project has conducted a BEAST workshop (online in 2022, and in a hybrid format in 2023 at 

296

https://doi.org/10.1002/jcc.27353
https://arxiv.org/abs/2405.20270
https://arxiv.org/abs/2405.20270
https://arxiv.org/abs/2405.20258
https://doi.org/10.26434/chemrxiv-2024-25pch


Cal State University in Oakland, CA). Last year the in-person attendance of 20 early-career researchers in 
Oakland, CA with over 50 virtual attendees additionally. A similar in-person/hybrid workshop is being 
held at University of Colorado, Boulder immediately following the ACS Fall meeting on August 22-23, 
2022. The workshop covers the current state-of-the-art first-principles electrochemical simulations using 
JDFTx and solvated GW/RPA using BerkeleyGW starting from JDFTx, as well as introduce preliminary 
capabilities of the QimPy code and machine learning. Moreover, under the auspicious of the BEAST, 
project, co-PI Sutton organized a five-day tutorial on machine learning for the graduate students in the 
UTEP Physics Dept. in April 2024. 

Data Management and Open Access 
We have numerous open-source software contributions: 

• Ab initio molecular dynamics in external potentials for training neural network potentials of
inhomogeneous fluids implemented within JDFTx (https://jdftx.org). Implemented the calculation
and output of the rALDA kernel for use in BerkeleyGW.

• JDFTx electronic structure processing to easily visualize DOS and COHP
(https://github.com/benrich37/ultraSoftCrawfish)

• New framework using LAMMPS to test inhomogeneous fluid response using classical and neural
network potentials, MDext (https://github.com/shankar1729/mdext)

• Frameworks for machine learned functionals, molecular dynamics and solvation implemented into
QimPy (https://qimpy.org), the JDFTx successor that will host the unified electrochemical
software capabilities of the BEAST project by its end

• The GPU offload Full-Frequency GW and RPA within the static subspace formalism and NV-
Block implementation including support for partial occupations has been released into the public
release of BerkeleyGW, as has the solvated GW code.

• We have also publicly released the BEAST DB at https://beastdb.nrel.gov, with a highly
responsive user interface and MongoDB backend scalable for continuing expansion of our dataset.
The frontend allows searching by reactions and adsorbates, sortable by reaction activity
descriptors, enabled by a React application that builds each page dynamically and asynchronously
(AJAX).

Advancing Along the Materials Development Continuum and Partnerships to Translation: To 
facilitate the discovery of new electrocatalyst, accurate and reliable computational methods are needed to 
gain a deeper understanding of the complex structure property relationships in these systems.  Through 
the BEAST project we have develop several new approaches and methods – all of which are open source 
-- as well as an extensive public database of over 20,000 surface calculations Grand-Canonical DFT 
calculations to accelerate the materials discovery process.  Although BEASTDB is focused on discovery 
and design of new electrocatalyst, the fundamental software capabilities for solvated electronic structure 
calculations can potentially extend far beyond electrocatalysis to include diverse fields spanning 
biochemistry to quantum materials. The code capabilities within JDFTx, QimPy and BerkeleyGW added 
by this project, such as high-efficiency DFT on GPUs and cubic-scaling RPA, will be useful beyond our 
project.  
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Figure 1. BEAST-DB user interface. (a) Reaction search based on catalyst elements, reaction type, potential and 
activity descriptors, shown here for OER at 1.23 V with sorting based on the energetic span. Each row links to (b) 
a detailed view of the reaction pathway as a function of potential. Each intermediate in the pathways links to (c) a 
detailed view of a specific catalyst with adsorbate calculation, including calculation details and plots of the structure 
and potential dependence of properties such as energy and charge (selectable). BEAST DB also allows searching 
directly for the adsorbates on catalysts (not shown here), linking to (c), which in turn links to corresponding reaction 
pathways. 
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Figure 2. A)  4x4 Pt surface + O2 + explicit water + Nafion fragment + hydronium system used for the solvated 
RPA calculation. B) Error to the RPA correlation energy introduced by using the subspace approximation. This 
error is controlled by an input file parameter that determines how many subspace eigenvalues and eigenvectors of 
the entire basis set are retained in the calculation, with more resulting in better accuracy and higher cost. The error 
is highly dependent on the dimensionality of the system, with calculations for molecules (here, only O2 is shown) 
and quasi-2D surfaces (here, only MgO(001) and Pt(111) are shown) requiring less the 5 and 40%, respectively, of 
the basis set for 10-3 eV/atom accuracy in the RPA correlation energy as compared to using more 
eigenvalues/vectors. The method used to select eigenvalues/vectors for truncation also matters (dashed vs solid 
lines), with the method dependent on the dielectric matrix head (the ET method) converging worse for metallic 
systems. C) DFT and RPA energies for the oxygen reduction reaction pathway on 2x2 Pt(111) assuming the 
associative mechanism. The RPA energies are stabilized as compared to DFT for the OOH, O, and OH states. 
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SPARC-X: Quantum simulations at extreme scale – reactive 
dynamics from first principles 

Lead Investigator: Phanish Suryanarayana, phanish.suryanarayana@ce.gatech.edu 
Participating Institutions: Georgia Institute of Technology, Lawrence Livermore National Laboratory 
Source of Support: DOE-BES: DE-SC0019410, DE-SC0023445 
Website: https://github.com/SPARC-X 
Keywords: Kohn-Sham, Density functional theory, Electronic structure, Real-space, Software 

Project Scope 

The objective of this project is to develop SPARC-X: an open source computational framework for performing 
Kohn-Sham Density Functional Theory (DFT) calculations, including those that scale linearly with system size, 
which can leverage petascale/exascale parallel computers to study chemical phenomena at length and time scales 
previously accessible only by empirical approaches — e.g., 100,000 atoms for a few picoseconds using semilocal 
functionals, 1000 atoms for a few nanoseconds using hybrid 
functionals, or 1000 atoms for a few picoseconds at the 
level of random phase approximation (RPA) correlation 
energy.  SPARC-X will be augmented with the capability 
to perform on-the-fly machine-learned force field (MLFF) 
simulations with Δ-machine learning, where recent 
breakthroughs in fingerprinting schemes and Gaussian 
process regression (GPR) approaches will push the 
boundaries of chemical complexity and system size that can 
be studied using such methods, enabling time scales that 
are a further two orders of magnitude larger. 

Relevance to MGI 

Over the course of the past few decades, quantum 
mechanical calculations based on Kohn–Sham DFT have 
become a cornerstone of materials research by virtue of the 
predictive power and fundamental insights they provide. 
The tremendous popularity of DFT can be attributed to its 
generality, simplicity, and highly favorable accuracy-to-cost ratio relative to other such ab initio theories. However, 
Kohn-Sham calculations are associated with large computational expense, which severely limits the range and type 
of physical systems that can be investigated. In particular, the computational design process for materials is severely 
restricted by the large time to solution associated with such simulations. The objective of this project is to develop 
a computational framework that accelerates Kohn-Sham DFT calculations by orders of magnitude (Fig. I), which 
would make it an attractive choice for use in frameworks targeted towards the design of new materials with tailored 
properties. 

Technical Progress 

In this project, an open-source, real-space density functional theory (DFT) code named SPARC [4, 16] has been 
developed. It accommodates both Dirichlet and Bloch-periodic boundary conditions, enabling the treatment of 
finite, semi-infinite, and charged systems, as well as bulk 3D systems. Current features of SPARC include: (i) 
applicable to isolated systems such as molecules as well as extended systems such as crystals, surfaces, and wires 
[16]; (ii) local, semilocal, and hybrid exchange-correlation functionals [1, 4, 16]; (iii) dispersion interactions 
through DFT-D3, vdW-DF1, and vdW-DF2 [4]; (iv) norm conserving pseudopotentials, including nonlinear core 
corrections [12]; (v) spin polarized and unpolarized calculations [4, 16]; (vi) spin-orbit coupling [4]; (vii) calculation 

Figure I. Weak scaling of the SQ method in SPARC
on Quartz computer at LLNL [6].
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of ground state energy, atomic forces, and stress tensor [4, 
16]; (viii) structural relaxation and ab initio molecular 
dynamics (NVE, NVT, and NPT) [4, 16], (ix) linear-
scaling, i.e., O(N), Spectral Quadrature (SQ) method [8]; 
(x) Discrete Discontinuous Basis Projection (DDBP)
method [19]; (xi) MATLAB version available for rapid
prototyping: M-SPARC [11, 18]; (xii) spectral scheme for
atomic structure calculations [2]; (xiii) on-the-fly MLFFs
using smooth overlap of atomic positions (SOAP) and
Gaussian multipole (GMP) descriptors [3, 6]; (xiv) self-
consistent convolutional density functional
approximations [5]; (xv) Δ-machine learning [6]; (xvi)
density functional perturbation theory (DFPT) [7]; (xvii)
orbital-free DFT [9, 20]; and (xviii) GPU acceleration of
local, semilocal, and hybrid exchange-correlation
functionals [10].

SPARC is not only portable, but is also 
straightforward to install, use, and modify, with external 
dependencies limited to industry standard MPI, BLAS, 
and LAPACK/ScaLAPACK. It has been extensively benchmarked and validated against well established 
planewave codes, where SPARC has shown to be an order of magnitude faster in time to solution, with increasing 
advantages as the number of processors is increased. It can efficiently utilize modest as well as large-scale 
computational resources, with parallel scaling bringing solution times to a few seconds for O(100-500) atoms and 
about a minute for systems with O(500-1000) atoms. Using the O(N) SQ method, SPARC has been scaled to system 
sizes containing more than a million atoms (Fig. I). Using the on-the-fly MLFF implementation, the time scales 
accessible has been increased by two orders-of-magnitude (Fig. II). SPARC is freely available at: 
https://github.com/SPARC-X/SPARC.  

Future Plans 

Key developments targeted in SPARC include: (i) GPU acceleration for the calculation of the RPA correlation 
energy, (ii) GPU acceleration of the on-the-fly MLFFs, (iii) GPU acceleration of DFPT, and (iv) novel formulations 
for the RPA correlation energy with reduced prefactor. 

Broader Impacts and Workforce Development 

All codes and data are made freely available at https://github.com/SPARC-X. The project provides a unique 
opportunity to conduct research and mentor/train postdoctoral scholars as well as graduate students in an area which 
is at the interface of chemistry, applied mathematics, physics, materials science, and high performance computing. 

Data Management and Open Access 

All codes and data made freely available at https://github.com/SPARC-X. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

No plans for commercialization. 
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Figure II. The speedup of on-the-fly MLFF simulation 
with respect to DFT AIMD simulation. 
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Introducing the NIST Data and  

AI-Driven Materials Science Group 

Lead Investigator: Francesca Tavazza, francesca.tavazza@nist.gov  

Group Members: Brian DeCost, Laura Espinal, Howie Joress, A. Gilad Kusne, Austin McDannald, Zachary Trautt 

Participating Institutions: NIST 

Source of Support: NIST 

Website: https://www.nist.gov/mml/mmsd/data-and-ai-driven-materials-science-group  

Keywords: Autonomous Laboratories, Artificial Intelligence, Machine Learning, FAIR Data, High-Throughput 

Experimentation 

Project Scope 

The recently created NIST Data and AI-Driven Materials Science Group develops methods, algorithms, data, 

and tools, to accelerate the discovery, development, commercialization, and circularity of industrially relevant 

materials. We enable the trustworthy use of data and AI-driven methodologies within both experimental and 

computational materials science and engineering workflows. 

This poster will describe objectives of the group, summarize 

relevant findings of a recent workshop, and discuss future 

projects and plans. We are presenting a poster to make the 

MGI community aware of our existence (as a new group 

within NIST) to facilitate new collaborations and 

partnerships. 

Relevance to MGI 

The MGI is a federal multi-agency initiative for 

discovering, manufacturing, and deploying advanced 

materials twice as fast and at a fraction of the cost compared 

to traditional methods. The NIST Data and AI-Driven 

Materials Science Group was founded in 2023 and has a 

mission that is aligned to the goals of MGI. Our work is 

focused on developing Autonomous Methods that form the 

core decision-making capability of self-driving laboratories, 

as well as robust automated Data and AI-Based Quantitative 

Analysis. We work on a diverse portfolio of materials 

characterization techniques, with a particularly strong focus 

on AI-Based X-Ray and Neutron Scattering Techniques. 

Similarly, we work on Automated Experimental Technology consisting of robotic and high-throughput 

experimental infrastructure to enable the rapid synthesis and characterization of materials. Furthermore, we develop 

machine learning algorithms to perform rapid and accurate selection of optimal system features, therefore 

optimizing performance, as well as material discovery, under a variety of conditions. Finally, Data and Protocols 

serve as a foundation and connective tissue for all our efforts. We have aligned our work in support of community 

adoption of the FAIR Data Principles. Machine actionable data is a critical enabler of data-intensive science and 

engineering. 

Technical Progress 

Prior to creation of the Data and AI-Driven Materials Science Group, the members of the group had an extensive 

publication history at NIST in topics related to high throughput experimentation, machine learning, autonomous 

experimentation, uncertainty quantification, and materials data infrastructure. Select publications are listed in 

Publications and References. 

Figure: Graphical representation of core 
capabilities of the NIST Data and AI-Driven 
Materials Science Group.
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Future Plans 

The group will continue to focus on autonomous experimentation in material science, specifically concentrating on: 

● Direct Air Capture (DAC) of CO2 from the atmosphere: Effective CO2-sequestration requires suitable

materials for DAC, which are difficult to find. The group is developing an autonomous, high throughput

materials synthesis robotic system, and related ML algorithms and characterization capabilities, to expedite

such a search. Metal–organic framework (MOFs) systems are the porous materials currently under

investigation.

● Development of autonomous platforms for high-speed X-ray diffraction (XRD) measurements to probe the

atomic structure of materials. The bottleneck to knowledge generation from these measurements is the

analysis, which, in many cases, is still a completely manual process. Work in this program focuses on

developing AI tools to optimize the amount of data to be collected as well as to replace the manual analysis

with algorithmic data pipelines, to improve robustness, efficiency, and reproducibility.

Broader Impacts and Workforce Development 

Members of the NIST Data and AI-Driven Materials Science Group have actively engaged in workforce 

development for some time. For nearly a decade group members have co-sponsored the Machine Learning for 

Materials Research Bootcamp [ https://www.nanocenter.umd.edu/events/mlmr/ ] as well as collaborated closely 

with Prof. Takeuchi at University of Maryland in the development of a LEGO-based robot for teaching artificial 

intelligence to college students.  (https://energy.umd.edu/news/story/legolas-participates-atnbspus-senate-robotics-

showcase-on-capitol-hill). More recently, members of the group are actively engaged in the MaRDA FAIRtrain 

Working Group, which is working to embed FAIR Data Principles into Materials Science and Engineering 

Curriculum [ https://github.com/marda-alliance/FAIRtrain ]. 

Data Management and Open Access 

Members of the NIST Data and AI-Driven Materials Science Group are actively involved in a number of 

working groups furthering the definition and adoption of the FAIR data principles. Group members actively 

participate in RDA [ https://www.rd-alliance.org/ ], MaRDA [ https://www.marda-alliance.org/ ], and the FAIR 

Digital Objects Forum [ https://fairdo.org/ ].  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The NIST Data and AI-Driven Materials Science Group works side-by-side with industry stakeholders. We are 

disseminating our code at https://github.com/usnistgov/hermes  

Publications and References 

N/A 
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Collaborative Research: DMREF: Topologically Designed and 
Resilient Ultrahigh Temperature Ceramics 

Lead Investigator: Gregory B. Thompson, gthompson@eng.ua.ed 
Participating Institutions: University of Alabama, University of California San Diego, Colorado State 
University. 
Source of Support: NSF-DMREF Nos. 2323456, 2323457, and 2323458 
Website: none 
Keywords: Fracture, Creep, Microstructural Engineering, Ultrahigh Temperature Ceramics 

Project Scope 
       The overarching goal of this project is to design ultrahigh temperature ceramics (UHTCs) that are tough, 
that is resistant to fracture at low temperatures, and strong at high temperatures, that is being creep resistant. 
This will be achieved by utilizing low symmetry crystal structures with designed elongated shapes that fit 
together to create an interlocked material microstructure. 

Relevance to MGI 
This project meets the Materials Genome Initiative (MGI) 

by tightly integrating materials synthesis with materials 
characterization and modeling to produce microstructure 
architectures that facilitate improvements in toughness and 
creep resistance.  Modeling accelerates the experimental choices 
of dopants that control surface energies which then facilitates 
stabilized shape morphologies. Based on our computational 
informed dopants, tailored powder synthesis techniques are 
leveraged to create a ‘bottom-up’ approach in making these 
materials into an interlocking microstructure.  Through 
structural and chemical characterization, the dopant-
microstructure linkage is verified with forward fed data that 
further improves the model predictions. This allows for a rapid 
convergence of material chemistries with targeted 
microstructure design. 

The microstructural selection will be further optimized by 
developing new models of microstructure-based fracture that is 
coupled with machine learning from 3D datasets of crack 
propagation. This will accelerate input information to the 
models garnered from the mechanical tests coupled with 3D 
characterization.  Collectively, this will improve the predictive 
capability of the models that leads to optimized microstructures with enhanced mechanical performance. 

Technical Progress 
      As this is the first year of this DMREF, our effort on each aspect – modeling, characterization/testing, and 
synthesis - is just beginning.  Noting prior literature for the need for anisotropic morphologies for 
microstructure toughening, we have started with the trigonal Ta2C phase because of its anisotropic crystal 
symmetry.  We have successfully synthesized Ta2C at UC San Diego from starting materials of tantalum 
chloride powder, carbon black, and the reaction reducing agent lithium.  Depending on the chemical control 
and process condition, we can vary these powders from TaC to Ta2C demonstrating engineering capability for 
our future design. 

We have also made significant progress in the modeling of both Ta2C doping as well as models of fracture 
at Colorado State University.  Specifically, we have developed a new computer program that develops the 

Figure. The design cycle of our ceramic 
materials illustrating the use of doping (top 
left) to create powders (top right), enabling 
interlocking microstructures (bottom right) 
which will produce tough ceramics that resist 
fracture (bottom left). 
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predicted shape of lower symmetry, e.g. trigonal crystals, from the surface energies.  To date, previous codes 
only report cubic systems or hexagonal systems.  In alignment with MGI initiatives, we plan to release this 
code on Github.  We have also completed a comprehensive study of cleavage energies in tantalum carbides for 
our fracture models.  These values are critical inputs to the microstructure-based fracture models we will 
develop. This cleavage energy work has been recently published as an invited paper in the Journal of the 
American Ceramic Society [1]. 

Finally, our materials testing and characterization efforts at the University of Alabama are progressing 
well.  We have used a combination of focus ion beam (FIB) milling with scanning electron microscopy (SEM) 
to create multiple serial sectioned volumes of crack propagation initiated by indentation into the metal carbides. 
These images are now under analysis with our machine learning collaborator, Dr. Mireya S. García at the 
Instituto Politecnico Nacional (Mexico), to create synthetic microstructures.  From these synthetic 
microstructures, we will support the microstructure-fracture modeling verification and validation, accelerating 
our design space for improving the fracture toughness through microstructure control.  In addition, we have 
used the FIB to make a series of microcantilever beams in different oriented grains of Ta2C and performed 
conditional fracture toughness tests.  By creating these beams in individual grains, we have essentially ‘single 
crystal’ samples to experimentally evaluate to better understand the cleavage characteristics in this hemicarbide 
that then validates the models under development.  

Future Plans 
     We will be extending our models of particle shape to include dopants of transition metals to control the 
shape anisotropy of the hemicarbide powder.  The most promising compositions will be synthesized to make 
the powders using the aforementioned solvothermal synthesis technique with the powder morphology 
characterized to compare its shape to the modeling predictions.  Through this comparison, we will improve 
our models that direct the team towards specific aspect ratios that lead to higher toughness.  Specifically, we 
will develop a fracture model that relates microstructure to changes in fracture toughness with an emphasis on 
the number of easy cleavage planes that influence crack propagation.   

Broader Impacts and Workforce Development 
     The training of our next generation workforce is being implemented in two main efforts.  The first is the 
integration and training of the students in our DMREF.  All students, currently four graduate research assistants 
and three undergraduates, meet every three weeks (or more) via Zoom with the faculty, related postdocs and 
staff, and our international machine learning collaborators where they provide a presentation of results 
stimulating a collective discussion among the team members.  This is teaching them presentation skills, 
organizational planning, and technical communication.  The other training efforts include the bi-national 
summer participation of high school and undergraduate students in the ENLACE program held at UC San 
Diego as well as the ASM International Materials Camp for secondary school instructors at UA. 

Data Management and Open Access 
     As this project is in its first year, we are starting to develop the infrastructure to share data.  Our main effort 
to this effect will be the development of a non-oxide ceramic database to accumulate and store data and allow 
it to be searchable.  This platform will be hosted at UC San Diego.  All relevant data produced by this effort 
will be stored there.  The database will also be a compendium of published data on the properties of non-oxide 
ceramics. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
 This effort is accelerating ceramic material development by targeting a desired property though microstructure 
control derived from the initial powder morphology.  Hence, modeling directs proper chemistries to tailor 
powder synthesis from which experimental testing and characterization confirm this interaction and outcome.  
The acceleration is occurring by using modeling to guide powder synthesis to then guide microstructural 
engineering.  As these outcomes develop in the subsequent years, interest in this approach will matriculate to 
both powder vendors and end use manufactures that require UHTCs for energy and defense applications.  
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Publications and References 
1. S. Hossain, G. B. Thomson, and C. R. Weinberger, Exploring fracture anisotropy in tantalum carbide compounds: A density
functional theory approach, Journal of the American Ceramic Society In Press, 1-12 (2024). DOI: 10.1111/jace.19917
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ID4: Institute for Data Driven Dynamical Design 
Lead Investigator: Eric Toberer, etoberer@mines.edu 
Participating Institutions: CSM, UIUC, Princeton, Harvard, Tufts, Northeastern, Northwestern, WashU, Drexel, 
UCF, UCLA, Kebotix 
Source of Support: NSF-HDR Institute 
Website: https://www.mines.edu/id4/ 
Keywords: structural metamaterials, metal-organic frameworks, ion conductors, photocatalysis, generative models, 
atomistic simulation, uncertainty-aware workflows, visualization, diversity, active learning, autodifferentiation 

Project Scope 
ID4 aims to transform the design cycle for scientists and engineers. From chemistry to civil engineering, we seek 
to create platforms that accelerate the discovery of new mechanisms and dynamics through the complementary 
union of human and machine intelligence. By revolutionizing the design cycle (Figure 1) of molecules, materials, 
and structures, ID4 will reveal new mechanisms for fabrication and function across length scales. Specifically, we 
focus on these four domain areas: 1) superionic conductors, 2) reconfigurable metamaterials and lattice systems, 3) 
photochemical reactions, and 4) metal-organic frameworks.  

Relevance to MGI 
ID4 unites physical scientists and engineers with data and computer 
scientists to create transformative AI/ML methods for the chemistry, 
materials, and structures domains. Core to ID4 is broadly distributing 
these methods through open-source software and cyber-
infrastructure, and serving as a nexus to enable knowledge transfer to 
the broad community. Within each domain area of ID4, the ultimate 
goal is a workflow that links every step of the design cycle. 
Workflows are comprised of building blocks that require foundational developments in AI/ML. Each of the four 
challenges areas are at tipping points where foundational developments in AI/ML are expected to provide 
transformative advances. 

Technical Progress 

The ID4 team has made significant advances in workflow components. Here, we highlight one advance from each 
location within the design cycle. 

Search - Symmetry aware generative model: To automate the inverse design of crystalline materials, we have 
designed an energy-based Generative Flow Network for crystals that leverages crystallographic space groups and 
symmetries for crystal recommendation. The model combines continuous and discrete sampling to learn from on-
the-fly black-box rewards, devised a new representation of crystalline materials which eliminates modeling 
degeneracies induced by crystallographic symmetries, and developed a new graph neural network architecture for 
more efficient model training. 

Simulation - Ion transfer mechanisms: Molecular dynamics using ML force fields identifies new mechanism for 
proton transfer in solid acids, ‘proton slingshot mechanism’, involves both polyanion rotation and O-H bond 
reorientation for completing long-range proton hopping in solid acid compounds. To validate the simulations, we 
experimentally examined the hydrogen position in superprotonic structure of Cs2(HSO4)(H2PO4), and found the 
simulation and experimental results were in good agreement. This approach can be used to design new electrolyte 
materials that leverage this mechanism. 

Experiment - Synthesis of MOFs: Natural language processing methods were developed for the extraction of 
synthesis procedures of MOFs from the vast corpus of literature and databases. We have also digitally archived a 
collection of ten years of research on the synthesis of MOFs from the Uribe-Romo group, including synthesis data 

Figure 1. ID4 seeks to develop advances 
across the materials design cycle to enable 
the next generation of materials design.    
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of small molecules, building blocks and intermediates, as well as attempts at MOF/COF crystallization, including 
many failed experiments. The data in this archive are being translated into ML-ready data. Both of these efforts will 
allow the prediction of synthesis procedures for hypothetical MOFs.  

Expertise – Visualization platform: Dimbridge software platform was developed to allow users to gain more 
insight from dimensional reduction methods when applied to high dimensional data. One example is predicate view 
trends, where users can select a trajectory in the low-dimensional projections and look at trends across the trajectory 
in the dimensions that most strongly drove the original projection. Three of our four domain areas are beta-testing 
this software. 

Future Plans 
Looking to the future, ID4 will focus on developing the individual components for four workflows on: 1) superionic 
conductors, 2) reconfigurable metamaterials and lattice systems, 3) photochemical reactions, and 4) metal-organic 
frameworks. Seedling projects in these areas include machine-learnt coarse graining of superionic conduction 
dynamics, symmetry-aware learning of mechanical metamaterials via equivariant neural network flows, developing 
neural nets for many body simulations, developing probabilistic workflows for material design with an initial focus 
on high entropy alloys, and minimizing construction waste through ML-enabled sequential design. 

Broader Impacts and Workforce Development 
We aspire to create the next generation of leaders by exposing students at all levels to multidisciplinary science that 
bridges between data science and challenges in the physical sciences and engineering. One way we accomplish this 
is by hosting high school, community college, and 4-year undergraduate students for research experiences in ID4 
groups. For K-12 students, we provide school-based coding clubs, summer coding camps, science demo days (e.g. 
teaching about material properties using chocolate), and support for the US Crystal Growing Competition. Through 
our efforts, we reached over 600 students at the K-16 level in the last year.  

We are additionally hosting a series of workshops, open to the greater computational materials science community, 
on topics spanning cross-cutting foundations of data science, data-intensive research in science and engineering, 
and education and workforce development. Past and upcoming workshops include: 1) the 2nd annual NSF 
Harnessing the Data Revolution (HDR) Ecosystem Conference 2) Interactive Visualization and Analysis of High-
Dimensional Scientific Data, 3) AI-Ready Data: Navigating the Dynamic Frontier of Metadata and Ontologies, 4) 
Integration of Data Fluency into 6th-12th Grade Education, and 5) Machine Learning and Monte Carlo Methods 
for the Quantum Many-Body Problem. 

Data Management and Open Access 
The ID4 website, (https://www.mines.edu/id4/papers-codes) serves as a central directory for distributed team 
member github repos; we have opted to use a distributed model (rather than a single ID4-wide repo) for code still 
under development to avoid issues with version control.  Within these repos, effort has been made to include tutorial 
datasets and training datasets. ID4 expects FAIR data practices across the member groups. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
To maximize the transformative potential of ID4, we have cross-cutting data objectives that link different scientific 
objectives. To date, we have developed 19 software tools and 2 databases, all of which are available to the scientific 
community. ID4 additionally includes one company, Kebotix, as part of our Institute. Kebotix is able to suggest 
new materials for ID4 to explore and provide feedback on what ID4 products are industrially relevant. 
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RDA: Harmonised Terminologies and Schemas for FAIR Data in 

Materials Science and Related Domains Working Group 

Contact: Zachary Trautt, zachary.trautt@nist.gov  

Group Chairs: Gerhard Goldbeck, Zachary Trautt, Iseult Lynch, Leah McEwen, Masashi Ishii, Kwang-Ryeol Lee 

Participating Institutions: Research Data Alliance 

Source of Support: NIST 

Website: https://www.rd-alliance.org/groups/harmonised-terminologies-and-schemas-fair-data-materials-science-

and-related-domains-wg/  

Keywords: FAIR Data, Schemas, Ontologies, Terminologies, Vocabulary 

Project Scope 

The focus of this Research Data Alliance (RDA) Working Group (WG) is on increasing uptake of the FAIR 

Principles in materials research (in particular in connection with Interoperability and Reusability), supported by 

improved resources, in particular widely-agreed and FAIR 

terminologies, metadata and ontologies. While the main 

focus of the WG is in the material sciences, close 

interactions with cognate domains, in particular chemistry, 

are crucial in order to avoid conflicting approaches and also 

to utilize and integrate with already existing semantic 

artefacts and resources in these fields. This poster will 

present the objectives of this WG, present current progress, 

and solicit participation from the MGI community. 

Interested parties can join the group via the RDA website 

or contact Zachary Trautt for help. 

Relevance to MGI 

Materials data is one of the three original core elements 

of the MGI Venn Diagram. While there has been 

tremendous progress for some narrowly-defined problems 

(e.g., OPTIMADE for computational data, NeXus Data Format for neutron, x-ray, and muon science), significant 

challenges remain for the broader materials science and engineering community. To address these challenges, an 

international group of experts has launched a new WG within RDA. This group has the title of “Harmonised 

terminologies and schemas for FAIR data in materials science and related domains WG”. 

Technical Progress 

The WG has authored a case statement [1], which has been subject to peer review of the RDA community and 

is recognized and endorsed by the RDA Secretariat. The group kicked-off its formal working activities in May 2024 

during the RDA 22nd Plenary Meeting. The group holds monthly working meetings to maintain progress on its 

working streams: 

• Stream A: Collection, review and FAIR maturity assessment of the existing semantic artefacts.

• Stream B: Best practices for materials science practitioners to achieve FAIR data based on

terminologies, schema, ontologies

• Stream C: Elaborate harmonized terminologies and schema in materials sciences

• Stream D: Adoption: Demonstrate FAIR terminologies, schema and ontologies

Figure: Logo of the Research Data Alliance 
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Work has commenced on Stream A and Stream B. Work on Stream C and Stream D will occur in the future 

and will leverage outputs from the other streams.  

Future Plans 

The group will meet monthly to continue to work on planned outputs. Participation from the MGI community 

is welcome and encouraged. The group has the following planned outputs: 

1. A review and FAIR maturity assessment of the existing semantic artefacts landscape (terminologies,

taxonomies, schema, ontologies) for materials science and related domains; producing a documentation

of the process of FAIR maturity review, application and elaboration of semantic resources for the

domain.

2. Best practice recommendations for materials science practitioners to improve FAIR data based on

terminologies, schema, ontologies documented in A, including how to apply the FAIR principles within

the context of publishing semantic artefacts in the domains of this WG.

3. New, harmonized semantic artefacts (in particular terminologies and schema) required to improve

FAIR maturity in the domains of this WG.

Broader Impacts and Workforce Development 

Education and workforce development are not within the scope of this working group. However, all RDA 

working groups work in collaboration with other groups both within and beyond RDA. Given the importance of 

education and workforce development, we will certainly partner with groups working on this critical need.  

Data Management and Open Access 

The FAIR data principles are a core focus area of the RDA and this working group. MGI projects are encouraged 

to actively participate in the broader RDA as well as this working group. There are many groups in RDA that are 

relevant to the MGI community. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The planned outputs of this working group are well-aligned with MGI. Many reports continue to describe a lack 

of data FAIRness as a major bottleneck for data-driven materials science and engineering.  

Publications and References 
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DMREF: Designing Linked Gel Networks with Tunable Valence
Lead Investigator: Thomas Truskett, truskett@che.utexas.edu 
Participating Institutions: University of Texas at Austin, New York University, NIST 
Source of Support: NSF-DMREF 
Website: http://sites.utexas.edu/LinkedGelsDMREF 
Keywords: dynamic bonding, colloids, polymer networks, coarse-grained modeling, plasmonic nanocrystals 

Project Scope 
We are combining experimental nanoscience and organic chemistry, modeling, and theory to produce design 
principles for gel materials with desired morphological, optical, and rheological properties.1 Our strategy is to 
harness multifunctional linking molecules to assemble controlled-valence networks formed from nanoparticles or 
star polymers through use of complementary functional groups that participate in dynamic covalent bonding. 
Simulations and theory will lead to predictions for how emergent gel properties depend on molecular linker 
reactivity and network connectivity, which will feed back into the design of the kinetics and thermodynamics of the 
bonding moieties. 

Relevance to MGI 
We are following a data-driven approach well-aligned with MGI principles, where experimental results are used to 
inform simulation model development. Models are then used to predict which macroscopic or molecular parameters 
can be changed to alter gel properties. Our effective collaboration is facilitated through sub-group and all-hands 
meetings, a project-wide Slack, and use of data sharing resources. The team (PI: Truskett; co-PIs: Beaucage, Hocky, 
Milliron, and Rosales) is strengthened by diverse 
backgrounds spanning chemistry, chemical 
engineering, physics, and materials science, 
allowing us to combine expertise at molecular, 
nano, and macroscopic length scales to tailor the 
design of our materials from the bottom up. 

Technical Progress 
Based on theoretical predictions of equilibrium 
phase boundaries and pathways for gel formation in 
limited-valence colloids, we are pursuing new 
strategies for assembling dynamically bonded 
networks of macromer or nanocrystal building 
blocks. Initial experimental characterization of the 
phase behavior and shear rheology of tetra-
functional and octa-functional poly(ethylene 
glycol) (tetraPEG and octaPEG) macromers has 
helped us to identify favorable dynamic chemistries 
for reversible assembly as well as knowledge gaps 
in network microstructures (e.g., defectivity) that 
models could help address. The results also 
clarified aspects about molecular resolution 
necessary to accurately model assembly across the 
relevant length and time scales. Our efforts aim to 
uncover fundamental principles for rationally 
tuning gelation pathway and bulk properties of 
dynamic hydrogels assembled via reversibly 
linked, (directly or statistically) controlled-valence 
colloids/macromolecules. 

Figure 1.  (A) Measured shear plateau modulus vs macromer 
concentration for dynamic tetraPEG (5 kDa) hydrogels at 10°C. 
Changes in bonding motifs and network connectivity are 
reflected in concentration-dependent scaling of modulus. (B) 
Heterogeneous (left) and homogeneous (right) macromer 
networks formed in coarse-grained tetraPEG simulations. 
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Future Plans 
Emulsion-imaging techniques will be developed to quantify liquid-liquid phase boundaries and gel formation paths 
and combined with high-throughput analysis of network structuring via X-ray and neutron scattering to validate our 
simulation models and test new molecular thermodynamic theories for assembly. Conventional rubber elasticity 
theory cannot describe the observed trends in dynamic tetraPEG hydrogels; our results will clarify the roles of 
tunable network topology and dynamic covalent bonding in the mechanical response of these materials and linked 
nanocrystal gels. We will leverage the specificity and tunability of dynamic chemistries (e.g., monofunctional 
capping agents directed to specific linkers or macromers/colloids) to inhibit or promote targeted bonding motifs. 
The ability of our models to predict such post-synthetic modifications to valence will provide a stringent test of the 
design principles we learn. 

Broader Impacts and Workforce Development 
Through an iterative approach to design, test, understand, and improve the gel networks, our DMREF team is 
training graduate students, postdoctoral scholars, and undergraduate researchers to be nimble and effective members 
of the R&D workforce. Our experimental scientists are learning to develop robust and reproducible strategies for 
data generation pipelines, and our computational team is collaborating across institutions to develop and release 
high-quality simulation and analysis software. These tools will be shared as open-source code and will enhance the 
ability of other researchers to design crosslinked gel materials. Each summer, we mentor research projects for 
undergraduates from community colleges and four-year universities. So far on this project, Truskett has mentored 
one student through the Chemical Research At Texas (CREATE) program at UT Austin, and Hocky has mentored 
one student through the Research Experiences for Peruvian Undergraduates. We have launched a transfer-year 
interest group (TrIG) to help community college transfer students navigate their transition to studies in Chemical 
Engineering at UT Austin. Finally, we are developing curricula to decrease the barrier for students to use 
computation and simulation tools in chemistry and chemical engineering. 

Data Management and Open Access 
Simulation codes, input files, and analysis scripts will be published on GitHub alongside an open-source workflow 
module that allows for consistent re-creation and advancement of simulated model systems. All simulation codes 
have been crafted with two main guiding principles beyond those associated with good research practices (such as 
accuracy, repeatability, etc.): ease of use and intuitive comprehension. These two principles promote the 
accessibility required for others to make meaningful advancements by building on this work. Experimental and 
simulation data will be made available upon publication, primarily in the form of Supplementary Material including 
extensive examples of computational and experimental data and methods in addition to information about accessing 
data on our project and research groups’ websites. Digital data and code will be further archived in a repository 
such as Zenodo to produce a DOI, and data will be findable via links within publications and from our groups’ and 
collaboration websites. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 
MGI principles are enabling rapid progress on this project, as we are extending theoretical and computational 
predictions from equilibrium gels of patchy colloids to generate novel designs for polymer networks. Without the 
support for a multi-faceted multi-PI collaboration, this would not be possible. We will use the experimental results 
to validate and refine a unified framework for linked assembly of network-based materials. The open-source 
workflow module we are creating for computation-guided design via coarse-grained simulations will be made 
publicly available. In later stages of the project, materials with useful photonic or biocompatible functionalities 
could be patented and result in synergistic opportunities to collaborate with industry to optimize these materials for 
applications, and Truskett, Milliron, and Rosales have previous experience in this regard. 

Publications and References 

1. Z. M. Sherman, D. J. Milliron, and T.M. Truskett, Distribution of Single-Particle Resonances Determines Plasmonic
Response of Disordered Nanoparticle Ensembles, ACS Nano, in revision (2024)
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DMREF: Accelerated discovery of metastable but persistent 
contact insecticide crystal polymorphs for  

enhanced activity and sustainability 
Lead Investigator: Mark E. Tuckerman, mark.tuckerman@nyu.edu 
Participating Institutions: New York University  
Source of Support: NSF-DMREF 
Website: https://www.crystalmathatnyu.org 
Keywords: molecular crystals, phase transformations, metastability, crystal engineering, infectious diseases 

Project Scope 
Contact insecticides are an essential component in the fight against vector-borne infectious diseases, such as ma-
laria. Previous work from the NYU laboratory has revealed an inverse correlation between the activity of contact 
insecticides and the thermodynamic stability of their polymorphs. The overarching challenge is the discovery of 
metastable crystal forms with high kinetic stability, which ensures that highly active crystal polymorphs persist in 
these structures for the duration of their use. This pro-
ject aims to develop an integrated experimental-theo-
retical framework for the accelerated discovery of pol-
ymorphs that meet these criteria. 

Relevance to MGI 
The project relies on a continuous and mutual feedback 
among theory, computation, and experiment in three 
key areas: (i) discovery of thermodynamically accessi-
ble polymorphs, (ii) assessment of kinetic stability and 
transformation pathways, and (iii) evaluation and con-
trol of surface properties. Following initial experi-
mental results on polymorphism for various com-
pounds, several theoretical frameworks have been de-
veloped that aid the prediction of crystal structures, the 
stability ranking of polymorphs, crystal property pre-
dictions, and classification of local structural features. 
These computational tools form a basis for the identi-
fication of thermodynamically accessible polymorphs 
and the evaluation of their relative kinetic stabilities 
against phase transformations. Leveraging collabora-
tion between experiment and theory, we are focusing on the impact of additives on polymorph selectivity and sta-
bility. The experimentally observed trends are rationalized with advanced molecular simulations. Subsequently, the 
simulation results are analyzed to extract common features and topological motifs that can be used to inform the 
experimental search for new polymorphs and crystallization protocols. Eventually, the integrated experimental and 
theoretical framework will serve as the basis for the accelerated exploration of a larger library of target compounds. 

Technical Progress 
Key results of our methodological developments include a topological crystal structure prediction (CSP) frame-
work, a molecular graph neural network for property prediction and stability ranking, a point-cloud autoencoder for 
molecule representation, and a machine learning (ML) model to classify local structural environments in molecular 
crystals. The topological CSP is based on two main principles regarding correlations between a molecule’s principal 
axes of inertia and its orientation in the unit cell and between atom types and special positions within the unit cell. 
Generated structures based on these principles are optimized for close contacts by minimizing an objective function 
to adhere to optimal values determined from a statistical analysis of the Cambridge Structural Database (CSD), 
thereby eliminating the need for expensive energy evaluations. We successfully tested our approach for insecticide 
compounds. Using tools from geometric deep learning of molecular graphs, we have developed an ML framework, 

Figure. Schematic of the developed ML framework, 
MXtalTools, for stability ranking and property prediction. 
The structure of the molecular crystal is represented by a 
crystal graph neural network which is trained on the Cam-
bridge Structural Database to score ‘fake’ vs. ‘real’ crystal 
structures (top). Furthermore, the model can predict crys-
tal densities given a molecule conformer (bottom).  
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MXtalTools, trained on the CSD to predict densities and provide a stability score for molecular crystals. This is 
particularly useful as a fast filter to significantly reduce the number of proposed structures in the initial search stage 
of a CSP workflow without energy computations. In a second approach to CSP for molecular crystals, we are ac-
tively developing computational and machine learning tools with the specific aim of quickly identifying all the 
polymorphic structures into which a given molecule may realistically crystallize. Here, the question of efficient data 
representation is one of the most important aspects. To represent intramolecular degrees of freedom together with 
the overall 3D orientation of a given molecule, we developed the first multi-type O(3) equivariant point-cloud au-
toencoder, which can be pre-trained on large molecular datasets. This representation is general and maps the full 
information contained in the original molecular structure. To analyze polymorphism in molecular crystals, we have 
developed two complementary ML models to classify local structural environments. One approach utilizes graph 
neural networks (GNN) and the other molecular symmetry functions (SF) to represent the systems. Whereas the 
molecular SF classifier requires expertly handcrafted input features for each molecule, the GNN is able to learn an 
efficient data representation for the local molecular environment based on the raw atom types and coordinates. Both 
models are easily trained, exhibit high classification accuracy, and provide a general approach for the analysis and 
interpretation of simulation data in molecular solids, which will be particularly useful for the study of structural 
transformations, including nucleation and growth. Our joint experimental and theoretical efforts have recently fo-
cused on the role of additives in polymorph selectivity and stability. For acridine, a compound revealing eight 
polymorphs, 14 additives were investigated experimentally of which 7 had a substantial effect on polymorphism. 
We are currently performing molecular simulations of crystalline clusters embedded in a melt (‘seeding approach’) 
to investigate the relative stability of different polymorphs as a function of additives. This will be combined with 
the experimental results to inform the targeted design of specific polymorphs. 

Future Plans 
We will continue our efforts in developing a microscopic understanding of how additives impact the stability and 
transformation between different polymorphs in molecular crystals. We have now established several examples 
where we observe clear changes in the crystallization behavior as well as the transformation between different 
polymorphs. Eventually, we aim to be able to suggest new additives that trigger the formation of specific poly-
morphs, and also inhibit or promote transformations between polymorphs. Here, we will utilize the methods and 
software developed in this project and aim to establish a direct feedback loop between theory and experiment. 

Broader Impacts and Workforce Development 
Postodocs, graduate students, and undergraduate students are involved in the project and have the opportunity to 
learn theoretical and experimental state-of-the-art methodologies. On the theory side, they are trained, specifically, 
in statistical mechanics, enhanced sampling, and machine learning approaches. On the experimental side, they ac-
quire knowledge in crystallization techniques, polymorph screening methods, powder X-ray diffraction, Raman 
spectroscopy, and hot stage polarized light microscopy. The acquired skills are not only beneficial within an aca-
demic context but also lay the basis for a highly qualified workforce in industry. In collaboration with the New 
York Theatre Ballet School we organized a visit of ten students ages 8-13 to NYU, during which we discussed ideas 
regarding the formation of crystals, symmetries, and transformations. Subsequently, six girls choreographed a ballet 
dance inspired by the theme of crystal polymorphism. A video of their performance is available on our website. 

Data Management and Open Access 
We have launched a website, www.crystalmathatnyu.org, that includes links to our software repositories and data-
bases, a compilation of insecticide crystal structures discovered by NYU investigators, with links to the respective 
Crystallographic Information Files, publications, an insecticide crystal image gallery, and information regarding 
our outreach activities.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
In the context of contact insecticides, the accelerated discovery of metastable polymorphs with enhanced efficacy 
can reduce the amount of toxicant needed and, thereby, also reduce the environmental impact. Our findings should 
be readily transferable to other fields where the properties of metastable forms can also be exploited, including 
pharmaceutical industry and other areas of materials science. The software tools we are creating have utility beyond 
the current DMREF project and are likely to help accelerate the development of materials through crystal engineer-
ing for use in organic electronics, energetic materials, and pharmaceuticals at the pre-clinical stage. 
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DMREF: Collaborative Research: Developing Damage Resistant 

Materials for Hydrogen Storage and Large-scale Transport 

Lead Investigator: T. A. Venkatesh, t.venkatesh@stonybrook.edu 

Participating Institutions: Stony Brook University, Stanford University, Massachusetts Institute of Technology 

Website: none 

Keywords: Hydrogen embrittlement, fatigue, dislocation dynamics, atomistic simulation, machine learning.  

Project Scope 

This project aims to: (1) develop a physics-based modeling platform based on hydrogen interaction with 

crystalline defects at both atomistic and microstructural scales, informed by and integrated with experiments, to 

accelerate the pace of discovering controlling mechanisms of hydrogen embrittlement under fatigue; (2) enable 

faster development of hydrogen resistant materials in the energy transportation sector as it transitions from the 

transport of fossil fuels such as natural gas to hydrogen based renewables. 

Relevance to MGI 

This project is designed to advance 

our knowledge of crack tip processes that 

control damage accumulation and 

propagation under fatigue loading, and the 

role of hydrogen in making the material more 

brittle (Figure 1). We hypothesize that the 

controlling mechanisms occur in the plastic 

zone around the crack tip, over a length scale 

of about 1 to 10 microns, which is too small 

for continuum theory to be predictive and too 

large for atomistic simulations to handle by 

brute-force. We close this knowledge gap at 

the mesoscale, through a tightly coupled 

experimental-computational program. Our 

multi-scale modeling efforts build upon the 

recent advances made in atomistic 

simulations (at Sandia National 

Laboratory/Stanford), dislocation dynamics 

simulations (at Stanford), with insights on 

crystal plasticity (from MIT) and continuum 

level modeling (from Stony Brook).  

Technical Progress 

With a view towards enabling a wide set of stakeholders to make informed decisions about the roll-out of 

the hydrogen economy, a study was conducted to review the current status and implementation of hydrogen 

blending in natural gas pipeline networks [1]. The primary emphasis of this review was to highlight top-level state-

of-knowledge across various stages in the lifecycle of a hydrogen economy—from methods for hydrogen 

production, to transportation of hydrogen blends and end-use applications. A computational fluid dynamic model 

has been developed to quantify frictional losses and energy efficiency of transport of methane-hydrogen blends 

across straight pipe sections [2, 3]. It is observed that, in general, an increase in the energy costs is expected when 

hydrogen, with its lower density, is transported along with methane (which has higher density) in various blend 

ratios. The state-of-the-art in invoking multi-scale modeling for understanding hydrogen effects in materials has 

been reviewed [4]. Molecular dynamic (MD) simulations have been invoked to study hydrogen (H) adsorption as 

Figure 1. Schematic illustrating: A) An oligo-crystalline pipeline 
steel sample with a pre-cut crack being tested under cyclic fatigue 
load for crack growth; the overlapped EBSD map showing 
orientations of individual grains. B) The crack growth rate (da/dN) 
observed in Stages I, II and III. C) TEM examination of the 
dislocations near the crack tip. D) MD simulation to study crack tip 
plasticity and crack growth under cyclic loading with influence of 
hydrogen. E) Dislocation dynamics (DD) simulation of hydrogen 
induced shear localization and crack tip deformation.  
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well as its effects on the strength of pearlitic steels [4]. In particular, the effects of H on the strength of the cementite 

(Fe3C)/ferrite interphase and the ferrite/ferrite grain boundaries, have been investigated.  

Future Plans 

We will use high-throughput nano-indentation experiments under different hydrogen environments to 

calibrate our atomistic-DD model. We will use experiments and simulations of cyclic tensile tests to clarify the 

dislocation mechanisms in the limit of very low stress intensity factor amplitude (ΔK), where the hydrogen effects 

have not been conclusively determined or understood. We will examine the fatigue crack growth rate (da/dN), with 

the emphasis on the question of why hydrogen effects require a critical value of ΔK to be fully developed. We will 

develop physics-based continuum level models for hydrogen effects on fatigue crack growth to create reliable 

engineering roadmaps for life prediction and risk assessment for hydrogen storage and transport structures.   

Broader Impacts and Workforce Development 

This project will lead to broad impact at several levels: (i) By advancing our current understanding of the 

influence of hydrogen interactions with dislocations on the mechanisms associated with fatigue crack growth in 

pipeline steels, the proposed research activity will provide scientific and technological impact in the hydrogen 

storage and transport industry; (ii) This project will educate, train and mentor graduate and undergraduate students, 

and postdoctoral associates and will provide a platform for promoting science to a broader audience, including 

under-represented minorities and high school students; (iii) The simulation tools, database and interactive 

visualization tools will be made widely available through online portals to facilitate dissemination and education; 

(iv) A major 6-day symposium with over 150 presentations was co-organized with hydrogen program leaders from

NREL and Sandia National Laboratory to facilitate the dissemination of knowledge in the areas of advanced

materials for hydrogen and fuel cell technologies to a world-wide community. (v) The DMREF team hosted a

Hydrogen Education Day at SBU, presided over by the Provost, for 100+ participants from the energy industry,

labor, government officials and several Senators and Assembly Members from NY State attended the event.

Data Management and Open Access 

The source code of the atomistic and dislocation dynamics simulation programs developed in the project 

will be released to the public: http://micro.stanford.edu/wiki/MD++_Manuals. We will also develop wiki pages that 

fully describe the steps needed to reproduce the computation results in our publications. The wiki pages include all 

the input files necessary for reproducing all the numerical results/data. We will deposit experimental data and 

Abaqus input (.inp) and results (.fil) files in ascii format in DSpace@MIT and Stony Brook’s Academic Commons, 

which will be accessible to the general public.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

We are working closely with our industry collaborators such as National Grid in this project who will help 

identify the commercialization potential for some of the fundamental insights obtained in this project.  
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QMC-HAMM: High accuracy multiscale models using quantum 
Monte Carlo 

Lead Investigator: Lucas Kyle Wagner,lkwagner@illinois.edu 
Participating Institutions: University of Illinois at Urbana-Champaign 
Source of Support: DOE-BES 
Website: qmc-hamm.github.io. 
Keywords: first principles calculations, quantum Monte Carlo, multiscale modeling, machine learning, 
effective Hamiltonian. 

Project Scope 
We seek to improve the quality of multiscale models based on high accuracy first principles calculations. 

QMC-HAMM leverages the quantum Monte Carlo class of methods, which directly treat electron correlation. 
Materials systems studied include hydrogen at high pressure, layered 2D materials, and ionic conductors. We 
focus on improving input data for models learned from first principles , and rigorous evaluation of uncertainties in 
the models. 

Relevance to MGI 

Computational data is at the core of MGI efforts, as 
well as relating this data to large length scale models 
(theory). Our collaboration provides packages and methods 
to improve the quality of the underlying computational data 
used in MGI and to better relate the information from those 
data to predictions of the behavior of materials. 

Technical Progress 

Graphene Twisted bilayer graphene, and other 
stackings of graphene, have been observed to exhibit 
several unusual electronic phases, some of which appear to 
be indicative of strong electronic interactions. The 
minimum number of atoms that can be used to model this 
system number in the tens of thousands, out of reach for 
standard first principles methods. Over the past few years, it 
has become clear that corrugations in the layers due to the 
Moire' patterns are critical in determining the electronic 
properties of the system. To model these corrugations 
accurately, an accurate treatment of van der Waals 
interactions is required, which is an electron correlation 
effect. In Ref 7, we used quantum Monte Carlo methods, 
implemented in the TCMP-supported QMCPACK package, 
to evaluate the van der Waals interactions in graphene layers as a function of the relative coordinates of the layers. 
We then used this data to fit an atomic potential that included the very high accuracy interactions. In Ref 14, we 
used feature selection techniques from machine learning to learn an electronic tight-binding model from first 
principles calculations. This model treats the changes in electronic behavior on stretching and bending the 
graphene much more accurately than previous models, as we show in the paper. These modes are critical in 
understanding the effects of corrugation on the electronic behavior of layered graphene. We have also found (Ref 
5) several unusual new corrugation patterns at low energy in bilayer graphene. As mentioned above, all the
models and data supporting this work are available through our website and are being made available on the
Materials Data Facility.

New phases of hydrogen. The primary interest of this application area is the determination of the phase 
diagram at high pressure over a large range of temperatures. In Ref 6, we used quantum Monte Carlo simulations 
to derive an atomistic potential accurate across multiple phases of hydrogen. These simulations resulted in the 
discovery of a new potential phase in hydrogen at high pressure and temperature, as shown in Fig 2. As part of the 

Figure. Data generation is done using high 
accuracy methods, which is used to select large 
length-scale models. Uncertainty quantification is 
then used to identify whether quantity or quality of 
data is required to improve the models, and to 
provide confidence intervals on the predictions.
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hydrogen project, we have published the QMC data on our website and in the Materials Data Facility. This data 
will be helpful in developing models of both electrons in hydrogen and in developing atomic-level models.  

Methods development and improvement. While computation of coarse-grained atomistic potentials from 
high accuracy first principles quantum data is well-known, the same is not true for the computation of interacting 
electronic models. In Ref 10, we take a step towards achieving this goal for a test system, vanadocene, which 
emulates a correlated defect in a material. Such defects are responsible for the color of many gemstones, as well 
as a potential platform for quantum information processing. However, understanding the many-electron states of 
these defects remains challenging. We performed a cross-method benchmark of effective models from this system, 
using quantum Monte Carlo and quantum chemistry methods as reference, and learned guidelines for electronic 
model creation. 

Future Plans 

Graphene: We are working to incorporate a learned model for electronic interactions into a model. This new 
model will thus include a complete description of coarse-grained electronic interactions, one-body terms, and 
lattice motion. We plan to use this model to investigate electron-phonon effects and correlated electron phases in 
this system, using a very accurate reference.  

Hydrogen: We are using hydrogen as a testbed for optimal learning algorithms and uncertainty quantification 
of models derived from Monte Carlo data. We are also investigating the capability of machine-learning models to 
describe solid-liquid phase transition accurately. 

Methods development: We plan to extend our systematic approach to electronic models to a number of defects 
relevant to quantum information in collaboration with the MiCCom collaboration. 

Broader Impacts and Workforce Development 

This project has resulted in 5 completed PhDs, and currently supports 3.5 PhD positions and 2 postdoctoral 
associates. These students and postdocs are trained in the latest methods both in computational simulation for 
materials and data-based strategies. These students and postdocs have migrated to postdoctoral positions in other 
fields, where they apply their skills; for example, in national labs, industry, and other university environments. 

Data Management and Open Access 

A list of data from our collaboration is available here: https://qmc-hamm.github.io/data/. This central location 
for our collaboration makes it easier for researchers who see our talks to find our data. That is, if someone knows 
one of us, our data is easy to find. We have published most of our data in collaboration with the Materials Data 
Facility, which has a search function that enhances findability. Models and code that we produce are available 
using the Python Package Index, which is a large database of packages that allow for very easy installation. We 
are working with a software engineer at the National Center for Supercomputing Applications to make the trained 
models produced as a part of our collaboration available in a similar way.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The main outcome of our project is to improve the predictive ability of computational methods for materials. 
This is done by using high-accuracy quantum Monte Carlo calculations on which to base models of materials. The 
upshot of this for materials discovery is that a major difficulty in finding new materials by design is that standard 
density functional methods are not sufficiently accurate. The lack of accuracy can lead to false positive rates over 
90% for tasks like thermodynamic stability. This false positive rate can waste experimental resources. If the 
methods and models we use are adopted, we can reduce the false positive rate significantly. 
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DMREF-2323752: Magneto-electro-optically coupled hybrid 
metamaterial thin film platform for photonic integrated circuits 

Lead Investigator: Haiyan Wang (hwang00@purdue.edu) 
Co-Investigators: Edwin García, Peter Bermel, Minghao Qi  
Participating Institutions: Purdue University 
Source of Support: NSF-DMREF 
Website: https://nanohub.org/groups/dmref  
Keywords: hybrid metamaterials, photonic integrated circuits, vertically aligned nanocomposites, magneto-optical 
coupling 

Project Scope 

The DMREF-Purdue team works on the design, process and integration of complex hybrid metamaterials thin films 
for photonic integrated circuits (PICs). Specifically, our work focuses on the understanding of electro-optical and 
magneto-optical coupling effects in complex nanoscale hybrid metamaterials with a two-phase hybrid thin film 
platform to harness the coupling mechanisms between charges, spins, and photons. The technological goal is to 
demonstrate several key building blocks for future large-scale PICs, including highly-efficient and integrated optical 
switches, nonreciprocal devices, and magneto-optic sensors for PICs, as a proof of concept for this new hetero-
integration paradigm. 

Relevance to MGI 

As shown in Fig.1, we work on integrating hybrid thin film 
growth, phase-field modeling, electromagnetic modeling, 
optical device fabrication and testing, and demonstrate 
magneto-electric-optical coupling in a coherent feedback 
loop, as a combined theory-synthesis-characterization 
approach. This combined approach will expedite 
metamaterials discovery more than any single approach 
would on its own. There is an enormous variety of materials 
combinations, nanopillar ordering, and geometries that may 
provide interesting optical properties and exciting 
opportunities for discovering novel metamaterials and 
phenomena. This theory-guided materials screening 
process, combined with a device-driven approach, will 
accelerate materials discovery by providing systematic 
investigation of the electromagnetic properties of hybrid 
film geometries and the complex alloy pillar designs for 
enhanced property coupling.  For example, Phase-field 
modeling can take hours if not days, even when using state-
of-the-art algorithms and systems, due to the small 
spatiotemporal resolutions on which they operate. In 
contrast, our team has recently developed an advanced 
customized Graphical Processing Unit (GPU)-based Finite 
Element Method (FEM) scheme to accelerate the solution of Partial Differential Equations (PDE). By directly 
integrating experimental data analytics and accelerated physical modeling, we develop a data-driven physics-based 
modeling infrastructure that can quantify the properties and degradation in metamaterials in minutes, rather than in 
months or years. We will integrate untapped GPU computing strategies, ML algorithms, and well-established data 
analytics to set the stage for data-driven materials discovery. 

Technical Progress 

Figure 1. Overview of magneto-electrical-optical 
coupling in VANs hybrid metamaterials and the 
feedback loops between modeling, processing, 
characterizations and device demonstration. 
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Progress in the first year highlights the collaborative nature of the DMREF project: 
1. We have demonstrated water-soluble VAN designs in Au-Sr3Al2O6 vertically aligned nanocomposite thin

films for novel Au nanostructure integration on substrates. (Paper 1 in Next Nanotechnology 2024)
2. We have successfully grown a set of BaTiO3-metal nanocomposite thin films on Si substrate for optical

waveguide device demonstrations. Such device performance has been modeled using finite-difference time
domain simulations using multilayer designs.  (Wang, Qi, Bermel, paper in progress)

3. Detailed characterization of multilayer oxide material growth using variable-angle spectroscopy
ellipsometry (Wang, Bermel, Paper submitted)

4. Using a sacrificial  buffer design, free standing VAN hybrid metamaterial thin films have been
demonstrated and transferred for device measurements. (Wang, Paper 2, 4, 7)

5. Via ML-accelerated phase diagram calculation, 3-element and 4-element complex phase diagrams have
been developed for alloy-VAN designs in BaTiO3-metal based hybrid systems for enhanced coupling
properties (Wang, Garcia, Paper 5, 6)

Future Plans 
We are working on multiple facets of the project including optical waveguide demonstration using various VAN 
designs on Si, experimental validation of phase diagram calculations for complex alloy VAN formation, novel 
functionality demonstration in transferred VAN thin films and on-chip integration (paper 8 and others). Two very 
interesting directions evolve from the project are the sustainable deposition using recycled substrates and ML based 
VAN predictions using existing databased and unpublished results in the group. All of these directions are in line 
with the overall project goals in searching for highly integrable VAN hybrid metamaterials for PICs and practical 
integration for industry.  

Broader Impacts and Workforce Development 
We are working to address materials science education and workforce shortfalls by advancing cyber-physical 
curriculum and broadening participation of underrepresented minorities (URMs) in this field to grow the number 
of qualified individuals prepared to both accelerate MGI goals and enter the semiconductor workforce. 4 teams with 
4 PIs, 5 Ph.D. graduates, 3 undergraduate researchers are working collaboratively. Students are trained with 
multidisciplinary skill sets covering thin film processing, materials modeling, device modeling and device 
processing and testing. We are also collaborating with the SCALE and READI semiconductor workforce 
development programs led by Purdue University to provide like-minded cohorts of students, special events with 
industry, specialty courses, and industrial internship experiences. 

Data Management and Open Access 
Besides journal publications, conference presentations, and patent applications, we are working to broadly 
disseminate and make accessible the multi-scale optical modeling methodology to a broad audience. These tools 
will be widely distributed to the scientific community through Purdue's NSF-supported nanotechnology 
dissemination site, nanoHUB (over 2 million unique users per year). Bermel and García have extensive experience 
developing these tools in collaboration with nanoHUB—their prior work to create or substantially improve 
simulation tools resulted in new tool publications on nanoHUB and substantive final reports. We have developed a 
team website for disseminate research findings to general public timely. We are also working with Purdue 
University Repository (PUR) for data storage, data sharing and research dissemination.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 
We are working to develop a large database for VAN based hybrid metamaterials with novel coupling properties 
and tunability for on-chip photonic integration. We envision that 1 or 2 hybrid metamaterials will be first adopted 
in certain PIC components as we are currently demonstrating. Next, we will integrate multiple hybrid metamaterials 
for a system-level PICs demonstration. These findings can offer alternative solutions to optical component 
companies. Our thin film transfer methods developed can be adopted by other semiconductor industries where 
epitaxial oxide growth is challenging. Our phase diagram modeling tools and machine learning algorithms for 
expedited phase diagram calculations can be adopted by other researchers in the field. The data generated can be 
directly adopted by others working in the complex metamaterial designs.  
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Collaborative Research: DMREF: Accelerated Discovery of 

Artificial Multiferroics with Enhanced Magnetoelectric Coupling

Lead Investigator: Li Yang, lyang@physics.wustl.edu 

Participating Institutions: Washington University in St Louis, University of Texas, Austin, University of 

Nebraska-Lincoln 

Website: none 

Keywords: multiferroic, magnetoelectric coupling, ab initio simulation, van der Waals material, moiré superlattices 

Project Scope 

This project is to combine computational search and experimental fabrications and characterizations to search 

for and realize artificial multiferroics exhibiting enhanced magnetoelectric (ME) coupling by integrating two-

dimensional (2D) van der Waals (vdW) magnets with ferroelectrics in two types of heterostructures: vdW/vdW and 

vdW/oxide heterostructures. Taking advantage of the nonvolatile polarization and piezoelectric effect in 

ferroelectrics, tunable magnetism in layered vdW materials, and substantial interface-to-volume ratio, we propose 

to achieve electrical control of the magnetic order, magnetic anisotropic energy (MAE), magnetic Curie or Néel 

temperature (TC or TN), and magnetic moiré pattern through interfacial coupling mechanisms. 

Relevance to MGI 

Artificial multiferroics offer a promising 

solution to achieve enhanced coupling between 

the ferroelectric (FE) and magnetic orders that are 

not available in single phase materials. Given that 

a large number of 2D magnetic and FE materials 

have already been predicted and grown, the 

possible combinations of these building blocks 

can reach the order of 104-105. It is thus 

imperative to launch a computation-led program 

to search for optimal artificial multiferroics, as 

shown in the right figure. A heterostructure needs 

to be computed as a whole system before re-

evaluating the ferroic orders and their coupling. 

Experimental studies of prototypical 

heterostructures will be used to validate 

computational methods and guide improved 

designs. We will develop new high-throughput computational methods to identify about a few thousand suitable 

multiferroics. The interpretation of experimental observations will be elucidated by computations and 

complementary measurements. Ultimately, we aim to identify and realize ~10 new artificial multiferroics with 

figures of merit better than currently available ones in the following aspects: high ferromagnetic TC or 

antiferromagnetic TN, soft coercive field, tunable MAE, and modulation of magnetism at low switching voltage.  

Technical Progress 

We have conducted data mining through several databases, including Material Project and 2D MatPedia, to 

identify appropriate vdW magnets and ferroelectric materials. Employing first-principles simulations of these 

candidates, we have predicted the promising heterostructures that may exhibit enhanced ME couplings. Our 

simulations also found a few insulating vdW heterostructures with enhanced ME or ferroic coupling, such as 

PbZr0.2Ti0.8O3 (PZT)/CrCl3 and PZT/CuInP2S6 heterostructures, which have been validated experimentally by Hong 

group. With theory guidance, we have synthesized promising vdW magnetic or ferroelectric materials, which will 

be the elements to construct the proposed multiferroic heterostructures and potentially enhanced MAE. We have 

employed a suite of complementary techniques, including Raman, scanning probe microscopy, and transport, to 

characterize the atomic structures, magnetotransport, and optical properties of the fabricated ferroic materials and 

heterostructures. Additionally, our collaboration has explored unusual and room-temperature robust moiré 

Figure. computation-led search for new artificial multiferroics. L-
AFM/L-AFE: Interlayer AFM/anti-ferroelectric. ⊥:  Perpendicular 

to sample plane. ∥: Parallel to sample plane. 
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ferroelectrics in twisted h-BN. The ferroelectric domain forms due to charge redistribution at the interface when a 

B atom is aligned with a N atom. Most interestingly, this charge redistribution leads to a periodic electrostatic 

potential that may be used to engineer the properties of an adjacent functional thin layer. Yang group showed this 

potential is described by a simple theory of electric polarization. The predictions are validated by Li group via 

Kelvin probe force microscopy. The ability to impose a periodic potential by the ferroelectric domain on a functional 

layer may prove to be a new way to realize multiferroic functionalities. 

Future Plans 

With the progress of growth and characterizing vdW magnetic and ferroelectric layers, we will aim to realize 

new artificial multiferroics with enhanced ME coupling by exploiting their unique interfacial interactions. More 

heterostructures made by vdW/vdW and vdW/oxides will be proposed by simulations to search for magnetoelectric 

properties. Meanwhile, experimental groups will further improve the PVT and CVD growth techniques to fabricate 

more vdW magnets (such as CrX3 and MnBi2Te4) and ferroelectrics/piezoelectrics (such as SnSe and SnTe), as well 

as exploiting mechanical exfoliation of bulk samples, such as CuInP2S6. We will further make heterostructures of 

these materials to explore the strain and charge transfer in the interface and the magnetoelectric properties. 

Developed optical tools, including linear and nonlinear optical responses, will be combined with magnetotransport 

studies and scanning probe microscopy techniques, including piezoresponse force microscopy and magnetic force 

microscopy, to detect the magnetic and polarization orders in these heterostructures and moiré structures.   

Broader Impacts and Workforce Development 

Two undergraduate students, seven graduate students, and two postdocs have been supported by this program, 

including a female undergraduate student, a female Ph.D. student, a Hispanic postdoc, and a female postdoc. A 

graduate-level course, “First-principles studies of quantum materials”, have been developed at Washington 

University in the spring semester of 2022. A Funsize Physics post based on synthesis of 2D CrCl3, “The Future is 

Flat,” has been created and posted online.   

Data Management and Open Access 

Our institutes (Washinton University in St Louis, University of Nebraska-Lincoln, and University of Texas-

Austin) provide unlimited data storage space on one or more cloud-based servers. These servers are managed 

centrally on a long-term basis. The candidate structures can be publicly accessed via 

https://sites.google.com/view/cloqm/home/research/dmref-database?authuser=0. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

The project accelerates materials discovery and development through its combined theoretical and experimental 

approach. The computational search to identify candidate magnetic and ferroelectric materials and interfaces are 

continuously improved by feedback from material growth and characterizations. The developed nonlinear optical 

characterization not only provides an efficient tool to characterize magnetic orders but also helps theoretical 

simulations to reveal the fundamental physics mechanism behind the magnetoelectric coupling.  

Publications and References 
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Exascale Catalytic Chemistry (ECC) Project 
Lead Investigator: Judit Zádor, jzador@sandia.gov 
Participating Institutions: Sandia National Laboratories, Argonne National Laboratory, Pacific Northwest 
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Keywords: heterogeneous catalysis; automated workflows; plane-wave DFT; microkinetic models; kinetic Monte 
Carlo; anharmonic partition functions 

Project Scope 

The goal of the ECC Project is to 
build predictive models for gas/solid 
heterogeneous catalytic systems using 
approaches shown in Fig. 1. In ECC we 
want to go beyond many of the 
approximations routinely used in 
simulating such systems and: 
- Improve the accuracy of enthalpic as

well as entropic contributions in
thermodynamic functions of adsorbates
at minima and first-order saddle points.

- Advance the state of the art in modeling
the kinetics of catalytic reaction systems
by creating automated frameworks with
more realistic physical representations.

- Create and extend exascale-ready
computational tools that can achieve our
scientific goals and help others to adopt
our approaches.

Technical Progress 

We have developed the NWChemEx plane-wave DFT method (PWDFT) using a hybrid OpenMP-GPU 
framework, utilizing SYCL, OpenCL, and CUDA GPU kernels, in collaboration with the Argonne Leadership 
Computing Facility (ALCF) and Intel, through ECC's INCITE Science Proposal. We also derived our extension of 
correlation optimized virtual orbitals, COVOs for periodic systems, and we have been able to develop 
straightforward procedures for the second-quantization integrals for a full CI calculation. 

To improve thermochemical predictions, we developed an importance-sampling integration approach that relies 
on truncated Gaussian mixture weights informed by potential energy surface minima and their corresponding 
Hessians. Additionally, we developed a new method for improving the accuracy of enthalpies of formation for 

adsorbates via homodesmotic reactions. 
We demonstrated our automated 

workflow, Pynta, to explore reactions on 
surfaces and the code is currently used in a 
number of application projects. We 
implemented a low-data machine-learning 
approach to improve saddle point guesses in 
Pynta and a novel approach to directly 
investigate lateral interactions. We also 
developed a new theoretical framework for 

Figure 1. The ECC Project brings together a comprehensive set of 
computational tools to build predictive models for heterogeneous catalysis 
in an efficient, automated, accurate, and exascale-ready manner. 

Figure 2. Automated generation of microkinetics for heterogeneously 
catalyzed reactions considering correlated uncertainties. 
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diffusion-controlled chemical kinetic systems, and extended our optimizer, Sella. 
We have published a study using the Blowers-Masel approximation to improve kinetics estimates in Reaction 

Mechanism Generator (RMG), and used uncertainty quantification (UQ) and Bayesian parameter estimation to 
study the microkinetic models of MeOH synthesis. We have added a representation of coverage-dependent 
thermochemistry to RMG and developed a workflow for calculating coverage-dependent adsorption energies. 
Additionally, we studied correlated uncertainties in the generated microkinetic mechanisms (see Fig. 2), and 
included bidentate species in RMG. 

We have developed KinCat, an open-source two-dimensional lattice-based kinetic Monte Carlo (KMC) 
simulation software using C++ and the Kokkos library, intended for use in catalysis research. KinCat can run on a 
wide-variety of shared-memory architectures, including OpenMP and CUDA. It utilizes sophisticated pre-
processing taking advantage of symmetry, shared memory to run with multiple compute threads without delays 
from message-passing between nodes, and HDF5 functionality for efficient standardized I/O. 

We developed and demonstrated a polynomial chaos (PC) based approach that jointly represents both intrinsic 
and parametric uncertainties. We also generalized the method, via Karhunen-Loève expansions, to capture spatio-
temporal stochastic fields and leveraged closed-form solutions for PC-based sensitivity indices to quantify the 
contributions of intrinsic noise to the overall variance of the model output. We have improved a means to estimate 
and report correlated uncertainties in the kinetic parameters of models generated by RMG. 

Future Plans 

We will fully integrate PWDT with the Pynta workflow. We will also explore the use of high-level many-body 
calculations, commonly used in quantum chemistry, such as Full Configuration Interaction (FCI) and Coupled 
Cluster (CC) approaches based on the periodic COVOs and COVOS-QFLOW methods. 

We will use the importance sampling method developed in the last period to generate a reasonable number of 
samples to test concentration dependence and compare our methods to experimental thermochemistry as we gain 
access to Aurora during its early science phase. We will target cobalt systems important in Fischer-Tropsch. 

Building on the current lateral interaction work, we plan to implement an active-learning approach to improve 
accuracy. Besides applications (methanol/Ag, organo-lithium, ammonia/Pt), we are preparing our code for the 
upcoming INCITE allocation.  

We will work on a new functionality in RMG to recognize resonance structures for adsorbed species and to 
handle adsorbates that contain nitrogen, and analyze bimolecular reactions on surfaces, particularly reactions 
involving the transfer of H atoms from one adsorbate to another. 

We will convert the KinCat preprocessor from the current Python implementation to C++, which will enable 
handling of more complex chemical systems. We will also apply KinCat’s functionality to complex ammonia 
synthesis and decomposition models. 

We will extend the parametrized stochastic surrogate construction to incorporate information from KMC 
simulations of different lattice sizes, employing multifidelity UQ methods. We will also implement a Bayesian 
procedure for specifying uncertain jointly correlated forward and reverse rates as input to KinCat. We also plan to 
link the RMG-generated parameter uncertainties to the SNL UQ code. 

Broader Impacts and Workforce Development 

We train undergraduates, graduates, and postdocs, and held training for our codes at the Fall ACS Meeting. 

Data Management and Open Access 

• RMG, https://github.com/ReactionMechanismGenerator/RMG-Py
• KinCat https://github.com/sandialabs/kincat
• Pynta https://github.com/zadorlab/pynta
• Sella https://github.com/zadorlab/sella
• PySIDT https://github.com/zadorlab/PySIDT
• NWChemEX PWDFT https://github.com/ebylaska/PWDFT, https://github.com/NWChemEx-Project
• AdTherm https://github.com/franklingoldsmith/adtherm
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Project Scope 

This project aims to develop a graph-based machine learning framework, GraphMetaMat, for inverse designing 

metamaterials with programmable nonlinear functional responses (see Figure 1). Three-dimensional (3D) truss 

metamaterials with prescribed 

quasi-static stress-strain and 

viscoelastic transmissibility curves 

are demonstrated as proofs of 

concept. GraphMetaMat employs 

graph neural networks (GNN), 

deep imitation learning (IL), 

reinforcement learning (RL), and 

Monte Carlo tree search (MCTS) 

to generate metamaterial designs. 

We showcase its versatility with 

real-world applications, including 

chest protectors for sports (1) and 

vibration damping panels for 

electric vehicles (EVs) (2). 

Relevance to MGI 

To harness the power of data, this project employs graph representation as a computationally interpretable data 

structure for 3D truss metamaterials. This approach is more efficient as it inherently captures the structural 

information of truss topologies. Building upon this foundation, GraphMetaMat transforms a vast and discrete truss 

design space into a unified, continuous latent space (3).  Mechanical properties of each structure are collected 

through finite element (FE) simulations with material properties characterized by experimental data, ensuring high-

fidelity dataset for training. Enable by additive manufacturing, the generated designs from proposed GraphMetaMat 

are 3D-printed for compression and vibration tests to validate the proposed framework. Overall, this project 

achieves tight integration of computation, theory and experiment through a closed, iterative feedback loop to 

improve each component and enhance project outcomes. The proposed framework significantly accelerates the 

design process compared to traditional methods, aligning with MGI's goal of discovering new materials faster and 

at lower cost. 

Technical Progress 

Here we report the major achievements that have been accomplished during the past year. First, an efficient 

data-driven approach to translate any truss metamaterials into graphs for GNN-based design was developed, 

enabling us to exploit the inductive biases of GNNs (4). We emphasize that in principle our framework is not limited 

to truss metamaterials but any graph-representable metamaterials, paving the way for a unified metamaterial design 

framework. While existing approaches, often ML-driven, excel at efficiently optimizing specific properties (5–11), 

a key challenge in the design of architected materials remains in the inability to capture complex, on-demand 

functionalities (12). To face this challenge, we established an inverse-design framework, GraphMetaMat, to design 

Figure 1. Project overview. The inverse design framework, trained with simulated 
3D truss dataset, can rapidly generate designs with desired stress-strain or 
transmissibility curve for applications like chest protector or damping panel. 
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complex 3D truss metamaterials with nonlinear programmable functional responses. The framework is based on 

GNNs, deep imitation learning (IL), reinforcement learning (RL), and Monte Carlo tree search (MCTS). A GNN-

based forward model is first trained to serve as response predictor given a metamaterial structure (represented as a 

graph). To improve the model generalization capabilities, physics biases and pre-training were adopted, reaching 

an accuracy of ∼ 90 % with only 3000 labeled data. Inverse design is performed by an autoregressive GNN-based 

policy network, which predicts a sequence of actions needed to construct a graph given a desired physical response. 

IL and RL are employed to train the policy network, while MCTS to improve model accuracy at inference. During 

RL, the forward model is utilized to evaluate the generated graph’s response, acting as a surrogate model.  

As impactful proofs of concept, GraphMetaMat was tested on quasi-static compression stress-strain and 

viscoelastic transmission responses. Stiffness, strength, energy absorption, and vibration damping, are all 

information inherently brought by these two mechanical responses, hence, representing material’s characteristic 

fingerprints. Using calibrated high fidelity FE simulations, two labeled datasets with ∼ 3000 graph-curve pairs were 

collected and used to train and test our framework. While performance of the forward and inverse model was 

evaluated using part of these data, we also challenged our framework on the inverse design of user-defined curves 

where the existence of an associated structure is not a-priori guaranteed. To this scope, we not only designed stress-

strain and wave transmission response types that extend beyond the dataset response space but also applied 

GraphMetaMat to design a chest protector’s cushioning material and a vibration-damping panel for EVs. Although 

forward model’s generalization capabilities represent a big challenge worth of future research, our framework could 

surprisingly rapidly design lightweight metamaterials with high energy absorption yet low peak stress for protective 

equipment and with low transmission for vibration-damping panels in EVs. 

Future Plans 

While truss metamaterials are selected as proofs of concept, the proposed framework can handle any graph-

representable metamaterial. This versatility also extends to various physical responses, not limited to the showcased 

stress-strain and transmissibility curves. Future work includes using larger unified datasets and extending 

GraphMetaMat to design multiple responses simultaneously, enabling rapid, automatic design of multi-functional 

metamaterials. 

Broader Impacts and Workforce Development 

The proposed framework significantly advances materials science and engineering by introducing a novel 

approach to metamaterial design, aligning with the MGI philosophy. Its ability to rapidly generate tailored 

metamaterial designs can accelerate innovation across industries like automotive, aerospace, and personal protective 

equipment. From an educational perspective, this project provides a platform for training future materials scientists 

and engineers in cutting-edge ML algorithms, FE simulation, and AM for materials design. The project's 

interdisciplinary nature fosters collaboration and skill development in materials science, computer science, and 

physics. Our results will be disseminated through publications, conferences, and industry collaborations, meeting 

the evolving needs of the R&D workforce. 

Data Management and Open Access 

Research results have been disseminated through joint publications in peer-reviewed journals (including one in 

open access) and conference presentations. All publications are hosted on eScholarship—UCLA’s open-access 

institutional repository. All simulation and machine learning codes as well as collected computational and 

experimental datasets have been/will be made available on shared GitHub repositories and Google Drive folders 

(DOIs upon official papers publication), in accordance with the MGI Strategic Plan. Videos of lectures, short-

course, and conference presentations have been shared on the YouTube channel by all PIs. 

Advancing Along the Materials Development Continuum and Partnerships to Translation 

GraphMetaMat accelerates materials discovery by enabling rapid, automated design of metamaterials with 

tailored properties.  As evidenced by two showcased applications, we highlight the framework's ability to translate 

fundamental research into practical innovations across industries like automotive, aerospace, and personal 

protective equipment. To facilitate technology transfer from fundamental research, we aim to implement open-

access dataset, codes and lectures (See Data Management and Open Access). We are actively seeking partnerships 

with industry and evaluating potential patent to apply our proposed GraphMetaMat in real-world applications, 

paving the way for broader adoption of this technology. 
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Project Scope 

This project seeks to increase the accuracy and application scope of wave function theory (WFT) and density 

function theory (DFT) electronic methods through new scalable, highly accurate computational algorithms, and 

data-driven approaches. To provide a step function increase in DFT accuracy, density inversion will map the full 

configuration interaction (FCI) electron density to the exchange-correlation potential, which is the quantum 

mechanical component of DFT. Alongside the use of WFT to create precise electron densities, this development 

will allow training of new density functionals to reproduce the exact 3D exchange-correlation potential. The new 

functionals—constructed via system identification and machine learning through deep neural networks—will push 

DFT towards the ability to capture strong correlation, with the goal of achieving WFT-like accuracy.  

Relevance to MGI 

The proposed work uses the 

integration of recent advances in the 

algorithms, scalable implementations on 

HPC architectures and data-driven 

approaches to improve the exchange-

correlation description in density 

functional theory. In particular, we use 

incremental full configuration 

interaction (iFCI) calculation to compute 

accurate ground-state densities and 

energies on polyatomic molecules, and 

subsequently compute the exchange 

correlation (XC) potential corresponding to these ab-initio correlated densities via recent advances in the solution 

of the inverse DFT problem. We use the data on the exact XC potentials to not only evaluate the existing XC 

functional models, but also use data-driven approaches to improve the XC functional description. We anticipate 

that these developments will enable accurate electronic structure calculations using density functional theory for 

materials systems with both weak and strong correlations, and thus accelerate our understanding of materials 

behavior and materials discovery.  

Technical Progress 

In  this project, we have advanced the algorithms and implementation of configuration interaction calculations 

on parallel computing architectures. This includes advances in parallel heat bath configuration interaction 

calculations [1] as well as development of methods to use Slater basis in configuration interaction calculations [2]—

crucial to compute accurate densities with correct asymptotics. We have extended our inverse DFT formalism using 

PDE constrained optimization solved in a finite-element basis [3] to spin polarized (open shell) systems [4], and we 

are generating the exact XC potentials from ab-initio correlation electron densities for both closed shell and open 

shell systems obtained from accurate iFCI calculations. We have used these exact XC potentials to evaluate the 

accuracy of model DFT XC functionals and identified O(10-1 – 100) relative errors in many metrics involving model 

Figure. Schematic of the key ideas in improving the exchange-
correlation description in density functional theory (DFT) via a 
combination of algorithmic developments and data-driven approaches. 
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XC potentials [5,4]. We have also leveraged the ability of accurately solving the inverse DFT problem to assess 

density and functional dependent errors for various model XC functionals [6-7]. We have also achieved algorithmic 

and HPC advances for fast and accurate evaluation of XC potentials from ground-state densities [8-9]. We presently 

have the data on a range of atomic and molecular systems and are continuing to generate more data. Further, we 

have developed the framework to use the data on the ground-state densities, energies, and the corresponding exact 

XC potentials to develop better XC models using machine-learning ideas [8]. To this end, we have created a neural 

network (NN) based local spin density approximation (NN-LDA) and a neural network based generalized gradient 

approximation (NN-GGA), utilizing the exact XC potentials from our inverse DFT calculations. Using the data on 

only a few systems (Li, N, Ne, H2 and LiH), the NN-LDA and NN-GGA models shows substantially improved 

accuracy in the ground-state energies. In particular, the mean absolute error for the ground-state energies on the G2 

dataset for the NN-GGA is ~2kCal/mol, which is substantially lower than widely used DFT functionals. The model 

also provides good improvements in atomization energies and reaction barriers. We have also developed additional 

NN based models for Laplacian level meta-GGA functional and those based on fractional derivatives, which are 

presently being evaluated. We have also integrated the developed functionals into the DFT-FE code [10-11] and 

demonstrated calculations at scale on many hybrid computing architectures [8].  

 

Future Plans 

 

In the next year of this project, we will continue generating exact XC potentials for a wider range of molecules 

to augment the training data for our NN based XC models. Additionally, we will evaluate and continue the 

development of more expressive XC models at the level of meta-GGA and generalized gradient approximation 

(GDA), which will include both integral and fractional derivatives of the density. For each of the models, we will 

extensively benchmark their accuracy against thermochemical datasets. Further, we will release the code for 

inversion DFT calculations (GPU ported) and the library of XC potentials computed in this work.   

 

Broader Impacts and Workforce Development 

 

The junior researchers on this project are being trained by the PIs on a variety of aspects of scientific 

computation, ranging from theoretical and mathematical aspects of electronic structure to good programming 

practices and parallel computing. The project outcomes are being shared with the broader community via open-

source codes and data-sharing, besides publications and presentations at meetings.  

 

Data Management and Open Access 

 

The open-source aspect is a big part of this project, where the developed codes, the data obtained on the XC 

potentials, and the developed XC models will all be made public over the course of the project. Some aspects of 

the codes are already open source: (a) SlaterGPU library (https://github.com/ZimmermanGroup/SlaterGPU); (b) 

DFT-FE codebase (https://github.com/dftfeDevelopers/dftfe) over which the public version of inverse DFT 

algorithm will be made available.  

Advancing Along the Materials Development Continuum and Partnerships to Translation 

 

We anticipate that the data on the exact XC potentials will substantially accelerate the development of new XC 

functionals with increasing accuracy for both weakly- and strongly-correlated systems. Thus, this effort will overall 

improve the accuracy of DFT calculations, which is the workhorse of electronic structure calculations in MGI. 

These developments coupled with the advances towards scalable large-scale DFT calculations on exascale 

computing architectures has the significant potential of accelerating materials discovery.  
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