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Applications of advanced artificial intelligence (Al) methods in the materials science domain has grown
significantly in recent years resulting in numerous research efforts spanning diverse aspects of materials
design, materials synthesis, and materials characterization. The Al for Accelerated Materials Design
(Al4Mat) workshop at NeurlPS 2023 featured many of the ongoing major research themes by bringing
together an international interdisciplinary community of researchers and enthusiasts across academia,
industry, and national labs. The goal of these discussions was to highlight cutting-edge work from active
researchers in these fields and uncover major impactful research problems that the community can
jointly address. In this article, the Al4Mat-2023 organizing committee showcases the major
developments in the field as well as ongoing research challenges where innovative solutions can bring
transformative changes to the state-of-the-art in applying Al for accelerated materials design. The
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1 Al for accelerated
materials design (Al4Mat)

Advancements in the field of artificial
intelligence (AI), particularly in deep
learning," has made accelerating the
discovery, development, and under-
standing of materials more and more
tractable. This has been primarily ach-
ieved by furthering the research at the
intersection of AI and materials, which
has lead to the diversity and growth of
both the domains. Exploring this inter-
section was the inspiration for the 1st Al
for Accelerated Materials Design (Al4Mat)
workshop held at NeurIPS 2022.> Al4Mat-
2022 first introduced the concept of self-
driving  materials  laboratories -
described in Section 2 - to the main-
stream Al community, fostering deep
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a new themed collection.

technical discussion along the intersec-
tion of Al and materials science, both in
a computational and real-world experi-
mental setting. Some of the insights that
emerged from AlI4Mat-2022 included
addressing the fragmented nature of data
collection, processing and usage in
materials design which creates major
scaling challenges. Moreover, Al4Mat-
2022 highlighted the major challenges
associated with experimental workflows,
as well as the need for further innova-
tions to make experimental materials
science amendable for Al integration.
Discussion at Al4Mat-2022 suggested
worthwhile future directions, such as
focusing on sample efficiency for mate-
rials synthesis and building interpretable
methods for materials characterization.
The insights of Al4Mat-2022 helped
inform many of the themes of Al4Mat-
2023, which are described in more
detail in Section 3, with increased
emphasis on how AI can help drive
materials design from simulation to
physical experiments (Sim2Mat Light-
ning Talk Panel) and how large language
models (LLMs) can serve as a platform for
a plethora of materials challenges. As
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such, the focus areas and research pre-
sented at AI4Mat-2023 built upon the
insights and research work of Al4Mat-
2022 at a time of significant growth in
the research community. While Al4Mat-
2022 included 40 accepted posters,
Al4Mat-2023 had over 80 posters repre-
senting a doubling in accepted and
submitted work as well as a significantly
greater number of workshop attendees
representing both AI and materials
science researchers.

1.1 Can AI design materials?

Recent research in the field, including
much of the research presented at the
workshop, has seen a significant number
of new deep learning methods proposed
for modeling materials properties*® and
bringing the power of generative models
to create previously unknown materials
including small molecules,*® proteins
and periodic crystal structures.*> While
the aforementioned works represent
great progress in deploying AI for
outstanding challenges, much future
work remains to truly leverage the power
of advanced Al for accelerated materials
design spanning in silico simulation &
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design, efficient chemical synthesis, and
precise material characterization. The
posters and spotlights presented in the
workshop are already showing emerging
work in those directions with methods
being developed to address specific
challenges, whether it be application-
driven design, improving sample effi-
ciency in synthesis or developing
methods to characterize materials based
on real-world experimental data sources.
Additionally, as highlighted in workshop
discussions there are still opportunities
for future research in designing more
complex materials systems, especially at
the nanoscale, which more closely mimic
the complexity of materials systems
deployed today for diverse applications.

2 Al4Mat focus —
closing the discovery
loop

The unifying themes of Al4Mat centers
on creating a positive feedback loop
based on three interacting themes as
shown in Fig. 1: (1) Al-guided design—
which centers on automating what kind
of materials should be made based on
their desired application and how mate-
rials can be quickly evaluated in silico
using advanced computational tools,
including AI models; (2) automated
chemical synthesis—which centers on
bringing materials design into the phys-
ical world as efficiently as possible using
Al-enhanced automation; (3) automated
material characterization—which
focuses on analyzing materials that have
been synthesized to gain a comprehen-
sive idea of their structure, properties
and behavior.

Automated /
Material
Characterization :O

Fig. 1 Self-driving materials laboratories
leveraging (1) Al-guided design; (2) auto-
mated chemical synthesis; (3) automated
material characterization.
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While there have been recent advances
in showcasing end-to-end automation of
self-driving ~ materials  laboratories,"
including research work at Al4Mat-2022 for
thin-film coatings by Rupnow et al.,"* much
work remains to make the self-driving
laboratories framework accessible to
a broad range of materials design,
synthesis, and characterization cases.
Additionally, Al-focused venues like Neu-
rIPS often focus primarily on in silico based
methods that mostly fit into the Al-guided
design category while materials science
communities often focus on concrete
synthesis and characterization procedures
for very targeted applications. This trend
was also observed in Al4Mat-2022 where
the vast majority of accepted papers
focused on Al-guided design given the
representation of the Al-focused research at
NeurIPS. With the additional focus on
growing all research themes in Al4Mat-
2023, Automated Materials Characteriza-
tion with realworld experimental data
showed significantly more representation
suggesting a promising direction for more
integration of interdisciplinary research.

2.1 Al4Mat-2022 - what remains
unsolved?

The Al4Mat-2022 workshop discussion,
spotlight presentations and posters
identified major gaps at the fragmented
nature of data collection, which is
particularly pronounced when trying to
jointly understand experimental and
simulation data.” In addition to data
scarcity, the discussions emphasized the
potential benefit of having human scien-
tists in the loop to accelerate diverse
types of discovery and analysis proce-
dures. The research needs uncovered at
Al4Mat-2022 help inform the discussion
and research efforts presented at AI4Mat-
2023 to advance the state-of-the-art while
also growing the interdisciplinary
community needed to tackle these
complex challenges.

3 Al4Mat-2023

Al4Mat-2023 aimed to build upon the
insights from Al4Mat-2022, to showcase
new research challenges given the
advances in the field and to highlight
recent work drawing from a diverse set of
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established and early career researchers
including graduate students. Given the
strong need to connect in silico compu-
tational materials design with real-world
experiments through synthesis and
characterization, AI4Mat-2023 started
with a focused discussion on this topic
during the Sim2Mat Lightning Talk
Panel. The second focus area centered on
the role of LLMs in materials design due
to the emergence of LLMs as powerful

tools for technological challenges,
including initial work on materials
design.'*"*

3.1 Sim2Mat lightning talk panel

The Sim2Mat Lightning Talk Panel
included researchers from national labs
(Rama Vasudevan - Oak Ridge National
Laboratory, Maria K Chan - Argonne
National Laboratory) and industry (Vijay
Narasimhan - Merck KGaA, Darmstadt,
Germany) with the lightning talks
providing concrete examples for real-
world applications of AI in materials
design and suggestions for future
research work. While the panel presen-
tations and discussion had numerous
interesting insights, some joint themes
emerged from multiple panel members:

e Success of Al-infused materials
design involves closing the loop between
design, simulation and synthesis + char-
acterization experiments leading to end-
to-end verification and agreement of all
the modalities. AI techniques have the
potential to expand the capabilities of
each of the constituent processes for
a given case while also providing
connective tissue with digital tools that
can be applied at large scale.

e A toolbox of Al-inspired ideas can
enable continuous discovery of new
materials that act as scalable platforms
for new technologies, such as new semi-
conductors for computer hardware, small
molecules and protein macromolecules
for healthcare and biotechnology, and
electrochemical materials for energy
generation and storage. Targeted algo-
rithms with end-to-end digital integra-
tion enable materials innovations to scale
to production more quickly leading to
faster deployment of new materials
systems. This can be particularly useful
when designing materials that span

© 2024 The Author(s). Published by the Royal Society of Chemistry
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multiple scales, such as nanoscale mate-
rials, where different physics and chem-
istry become relevant at different stages
of the design process.

e At the intersection of AI and mate-
rials science, both fields can enable each
other. While materials science can
inspire the creation of new targeted Al
methods, such as diffusion models based
on the physics of mass transport and new
symmetry-informed data representations
and neural network architectures, Al
methods can inspire the development of
new materials science workflow such as
designing materials based on human
feedback similar to reinforcement
learning from human feedback (RLHF)
that was used to train commercial LLMs.

3.2 Large language models (LLMs) for
materials design fireside chat

The second panel of Al4Mat-2023 focused
on the role, capabilities, and limitations
of LLMs in the context of materials
design. The panel discussion featured
experts from both academic (Gabe
Gomes - Carnegie Mellon University) and
industry research organizations,
including startups (Andrew White -
Future House) and large corporations
(Gowoon Cheon - Google Research). The
panel discussed various applications for
LLMs, how they can be adapted for
practical materials science along with
a lengthy discussion on the role of data
representation in concrete applications
of AI tools in materials science not
necessarily limited to the various modal-
ities of language and LLMs. Throughout
the discussion, a set of insights emerged
that highlighted the complex evolving
role of LLMs and their interconnected
application to materials design:

e LLMs are challenging the notion that
structured data is the most effective
representation for various fields, including
materials science. Given that most human
knowledge in materials science, chem-
istry, and physics has been recorded in
natural language and that language
enables communication of real-world
actions, such as materials synthesis and
analysis procedures, the panel advocated
that language and other less structured
data types deserve greater exploration to
better understand their utility.

e LLMs can greatly accelerate tasks
related to science by providing scientists
with easier access to knowledge and
accelerating the ability for humans and
machines to use tools more effectively.
Given LLMs' ability to understand and
produce functional code for many appli-
cations, LLMs could provide useful
interfaces for human-machine and
machine-machine interactions in mate-
rials science. Additionally, LLMs might
also provide a platform to distil and
preserve expert scientist knowledge into
text, thereby enabling a greater range of
scientists to access expert knowledge
more efficiently.

e The development of LLMs in mate-
rials science can serve as a point of proof
for the applications of LLMs in other
domains given the availability of reliable
measurements in materials science. The
availability of these concrete measure-
ments can serve as a point of proof to
mitigate common issues of LLMs, such as
hallucinations and unpredictable
fragility for various applications. While
hallucinations themselves continue to be
a major challenge for LLMs, especially in
scientific domains, the panel also raised
the potential of leveraging controlled
hallucinations for exploration in mate-
rials design applications.

3.3 Spotlight

Al4Mat-2023 included 18 ‘spotlight’
submitted papers that served to highlight
the emerging work of primarily junior
researchers, in this emerging interdisci-
plinary research community. Themati-
cally, the spotlights spanned new
proposed benchmarks and methods for
training supervised models,***" acceler-
ating chemical synthesis and materials
characterization by infusing AI>™
showcasing the capabilities of LLMs and
generative = models for  materials
science,*®?* as well as new developments
on machine learning potentials for in
silico simulations.***%’

The spotlights touched on, and in
some cases expanded, upon many of the
themes that were uncovered in the panel
sessions. Examples include spotlights
proposing new benchmarks that can
address impactful challenges in mate-
rials science, spotlights showcasing the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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capabilities of LLMs for various materials
science tasks and new research intro-
ducing the capabilities of state-of-the-art
generative models into materials design
for diverse applications. On generative
methods in particular, the spotlights in
Al4Mat-2023 provided new ideas beyond
the recent development of the large-scale
generative models described in Section 1,
such as GFlowNets and LLMs as autore-
gressive generative models.

3.4 Digital Discovery themed
collection

In partnership with the Royal Society of
Chemistry’s Digital Discovery journal,
Al4Mat-2023 launched a themed collec-
tion of research papers drawn from some
of the most exciting and high-quality
Al4Mat-2023 paper submissions.
Al4Mat-2023 included the opportunity
and requirements for the themed collec-
tion in its call for submissions inviting
authors to contribute to both the work-
shop and the themed collection. In their
submissions, paper authors specified
whether they wanted their paper to be
considered as part of the themed collec-
tion, which was indicated to Al4Mat-2023
reviewers. Based on a round of double-
blind reviews from Al4Mat reviewers,
the Al4Mat-2023 committee invited
a subset of accepted workshop papers to
submit a revised version of their manu-
script to the themed collection. The
authors of the invited papers then revised
their manuscripts based on the initial
feedback by the workshop
camera-ready deadline. Following the
workshop, the invited papers underwent
a second round of single-blind reviews by
relevant domain experts. Ultimately,
based on the reviews from the first

reviewer

double-blind round and the second
single-blind round, the AI4Mat-2023
committee and Digital Discovery edito-
rial team, jointly selected the final set of
papers for the themed collection. Lastly,
the selected papers underwent a data
review in line with the journal's policies
before publication, assessing the sup-
porting code and data provided. Journal
submission dates for manuscripts are set
to the date they were selected for the
collection.
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Similar to the Al4Mat spotlit articles,
the collection of papers in this themed
collection includes high-quality research
drawn from AI4Mat submissions that
detail the diverse research areas at the
intersection of advanced AI and materials
science. On the whole, the papers in the
themed collection form a broad perspec-
tive on the intersection of Al and materials
science, which we hope will continue to
expand in the future. Some of the themed
collection papers outline new methods for
modeling materials, drawing from solid-
state structure representation (https:/
doi.org/10.1039/D4DD00018H), machine
learning  methods to  characterize
molecules based on molecular spectra
experiments (https://doi.org/10.1039/
D4DD00021H), and a new molecular
representation that spans modeling and
generation of a diverse of molecular
design cases (https://doi.org/10.1039/
D4DDO00019F).  Additionally, themed
collection papers propose generative
methods to solve practical materials
design challenges, including: offline
reinforcement for crystal structure
discovery (https://doi.org/10.1039/
D4DD00024B), applying GFlowNets for
discovering diverse equilibrium
molecular  structures  (https://doi.org/
10.1039/D4DD00023D), as well as new
metal-organic framework compounds
(https://doi.org/10.1039/D4DD00020J).
Lastly, the themed collection continues to
advance the field by proposing new
benchmarks that span a wide range of
open problems in machine-learning
potentials (https://doi.org/10.1039/
D4DD00027G), continuum-scale
materials systems (https://doi.org/
10.1039/D4DD00028E) and information
extraction from various modalities
included in scientific articles (https:/
doi.org/10.1039/D4DD00032C). Taken
together, the themed collection papers
represent a subset of the scope of
defining practical challenges for AI to
solve in materials, while also continuing
to push the state-of-the-art in developing
and evaluating new AI methods.

4 What's next?

As we look to further grow the research
intersection of Al and materials science
along with the community of researchers
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working on this emerging and impactful
work, we believe that there is a lot of
exciting work to be continued both from
a technical and a community building
perspective. Concretely, for future Al4Mat
workshops, we aim to address the
following:

e Increase the representation of the
materials synthesis community given
that it was the least represented
community in AI4Mat-2023. Additionally,
we aim to grow the global reach of AT4Mat
to ensure that diversity remains a priority
as Al4Mat and the community of
researchers at the intersection of AI and
materials science continues to grow.

e While AI for materials design is still
in its infancy and many challenges
remain, there are clear examples of how
the field is having a growing impact on
both research and industrial applica-
tions. Digital tools are becoming an
increasingly important part of the
corporate ecosystem while researchers at
academic, government, and corporate
institutions continue to push the
boundary of end-to-end systems for
materials discovery and production. As
such, integration of digital tools and
system level automation solutions is an
important effort to push the state-of-the-
art in accelerated materials design.
Given the ever-growing complexity of the
interface of various experimental and
simulation systems, as well as the
continued development of data struc-
tures and data representations, we
believe that data management systems
will become essential for developing
scalable and generalizable systems for AI-
infused materials discovery.

e As the intersection of materials
science and Al continue to grow, it will be
interesting to see how ideas from both
fields continue to cross-pollinate. Similar
to how materials modeling problems
have inspired the design of new AI
models in geometric deep learning, AI
has inspired the application of novel
experimental and simulation methodol-
ogies in materials such as materials
design by RLHF. We encourage
researchers to pay special attention to
cross-pollinations that can potentially
disrupt these fields.

e The interfaces of AI, materials

simulations, and experimental
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equipment including both synthesis and
characterization are becoming more
accessible in part due to the power of
LLMs which have the potential to become
a potent tool in human-machine and
machine-machine communications.
Thus, the role of emerging Al disciplines
such as human-in-the-loop AI, and
human-centered Al in materials discovery
is likely to emerge as an important area
for future materials science research.
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