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Many of the greatest challenges facing society today likely have molecular
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istry has the potential to powerfully address both limitations. The Molecule
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sylvania State University, and the Rochester Institute of Technology, with the
goal of accelerating the discovery, synthesis and manufacture of complex organic
molecules. Advanced AI and machine learning (ML) methods are deployed in
four key thrusts: (1) AI-enabled synthesis planning, (2) Al-enabled catalyst devel-
opment, (3) Al-enabled molecule manufacturing, and (4) Al-enabled molecule
discovery. The MMLI’s new Al-enabled synthesis platform integrates chemi-
cal and enzymatic catalysis with literature mining and ML to predict the best
way to make new molecules with desirable biological and material properties.
The MMLI is transforming chemical synthesis and generating use-inspired Al
advances. Simultaneously, the MMLI is also acting as a training ground for the
next generation of scientists with combined expertise in chemistry and AI. Out-
reach efforts aimed toward high school students and the public are being used
to show how Al-enabled tools can help to make chemical synthesis accessible to

nonexperts.

INTRODUCTION ecosystem that will catalyze highly impactful and inclu-

sive collaborations between world-leading PIs, top-notch
The long-term strategic goal of the Molecule Maker Lab students, postdocs, and fellows in Al and chemistry, and
Institute (MMLI) is to accelerate, advance, and democra- passionate and creative leaders in education and commu-
tize molecular innovation. To achieve this, the MMLI is  nity engagement. The MMLI is a first-of-its-kind research
creating an open, exciting, and dynamic interdisciplinary = infrastructure that is having a powerful impact on the
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FIGURE 1 Overview of the Molecule Maker Lab Institute.
U.S. research community. The MMLI is achieving a broad
impact by tailoring opportunities to a variety of audi-
ences, responding to high priority needs of communities
seeking to (1) discover and optimize a wide range of
molecular functions, (2) harness the power of data to
advance the science of molecular synthesis, and (3) inspire
a broad audience of scientists, teachers, students, and cit-
izen scientists to participate in the process of molecular
innovation.

USING AI TO ACCELERATE, ADVANCE,
AND DEMOCRATIZE MOLECULAR
INNOVATION

Many of the greatest challenges facing society today
likely have molecular solutions that await discovery. How-
ever, the process of identifying and manufacturing such
molecules has remained slow and highly specialist depen-
dent. Interfacing the fields of AI and synthetic organic
chemistry at the MMLI has the potential to powerfully
address both limitations. Through this interdisciplinary
initiative, leaders in AI and organic synthesis (both chem-
ical and biological) are intensively collaborating to create
frontier Al tools, dynamic open access databases, and fast
and broadly accessible small-molecule manufacturing and
discovery platforms (Figure 1). Specifically, advanced Al
and machine learning (ML) methods are being developed
and deployed in the context of four key thrusts focused
on: the design of highly effective and, in many cases,
Lego-like modular and automatable, synthetic routes for
manufacturing and discovering a wide range of small
molecules (Thrust 1, Al-enabled synthesis planning), the

design and development of optimized chemical and biolog-
ical catalysts for promoting important reactions with broad
potential utility in small-molecule synthesis, including
iterative and automated building block assembly processes
(Thrust 2, Al-enabled catalyst development), the efficient
manufacture of three key molecules already known to per-
form useful functions, including C2’epi amphotericin B
(a novel potent and nontoxic antifungal drug candidate),
artemisinin (a critical antimalaria drug), and Millad NX
8000 (an environmentally advantageous colorless, odor-
less thermoplastic clarifier for polypropylene) (Thrust 3,
Al-enabled molecule manufacturing), and the discovery of
efficient and stable next generation organic photovoltaics
(OPVs) via a fully automated closed-loop autonomous
discovery platform (Thrust 4, Al-enabled molecule discov-
ery).

A major challenge and a transformative opportunity
for science, engineering, and society lies in bringing the
power of making molecules to everyone. The MMLI is
developing a versatile and flexible synthesis planning tool
named AlphaSynthesis (Figure 2), inspired by AlphaGo
and AlphaFold. This tool uses Al to design, construct,
and optimize the most effective and automatable syn-
thetic routes, exploiting both chemical and biological cat-
alysts to manufacture target molecules and discover new
molecules. The Institute has also created an open-access
database that includes all the building blocks, reagents,
conditions, and yields (products and byproducts) for every
coupling reaction that is run in the MMLI. This database
will also have the unique feature of being accessible for
on-demand content optimization via automated reaction
executions in response to cloud-submitted requests from
computer scientists. The MMLI is also developing new Al
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and ML algorithms and tools for designing and optimiz-
ing the catalysts that are required for the implementation
of the synthetic routes designed by AlphaSynthesis. To
demonstrate the power of these frontier Al tools for syn-
thesis, the MMLI is designing and establishing the most
efficient synthetic routes for important molecules and dis-
covering new OPV molecules. These collective activities
will increase the efficiency with which small molecules
can be manufactured and discovered, drive the advanced
development of a wide range of frontier AI methods, and
broaden access to the small molecule making process.

Notably, the MMLI is not simply an integrated collec-
tion of equipment for automated molecular synthesis and
software. It is an open ecosystem of disruptive thinking,
education, and community engagement powered by state-
of-the art molecular design, synthesis, and spectroscopic
characterization technologies all interfaced with a modern
cyberinfrastructure.

RECENT RESEARCH
ACCOMPLISHMENTS

In Thrust 1, we are focusing on the development
of AlphaSynthesis. We are advancing foundational Al
research, as highlighted by multiple papers accepted and
published by top tier journals such as Science and Nature
Catalysis, and top Al conferences (Angello et al., 2022; Rose
et al., 2022; Wang et al., 2022a; Wang et al., 2022b; Yu et al.,
2023a; Yu et al., 2023b; Yu et al., 2023c). Beyond publica-
tions, MMLI is providing novel foundational AI advances
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Overview of the development of AlphaSynthesis, an artificial intelligence (AI) platform that enables the design,
construction, and optimization of the synthetic routes for any molecules.

through new information sources and new analytical
techniques such as reaction aware multimodal molecular
representation and a translator between natural language
and molecules. Importantly, this foundational AI work is
not confined to the chemistry discipline. These tools and
algorithms synergize with and can be applied to other
scientific disciplines. Here, we provide three examples to
demonstrate this key point.

First, newly developed molecule language models have
been built (Edwards et al., 2022) and created results which
can be tested in the physical world. Specific focus has been
on extracting information from the chemistry literature to
enable new insights into how specific structural compo-
nents of kinase inhibitors, drugs commonly used to treat
cancer, are connected to important therapeutic properties,
such as blood brain barrier penetration. This work has the
potential to yield new Al-based tools to advance the design
and discovery of new and improved drugs, which may
save researchers years of effort and millions of dollars, not
to mention possibly saving lives. Recently, the MMLI has
proposed a novel in-context learning framework for per-
sonalized drug synergy prediction. This exciting work may
eventually enable the creation of a standardized assay for
predicting patient-tumor-specific drug synergies, allowing
highly targeted combination cancer therapy.

Second, automated extraction of structured knowledge
from text-intensive, unstructured scientific literature is a
fundamental challenge in Al To address this challenge,
the MMLI is building a ReactIE system which automati-
cally extracts essential and structured chemistry reaction
information from chemistry research literature (Zhong
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et al., 2023). The structured chemical reaction informa-
tion includes products, reaction types, reactants, catalysts,
solvents, temperatures, and yields, without the assistance
of human annotation. The method can be applied to the
extraction of other structured information from general
scientific literature. The method combines two weakly
supervised approaches for pretraining. It utilizes frequent
patterns within the text as linguistic cues to identify
specific characteristics of chemical reactions. Moreover,
it utilizes synthetic data from patent records as distant
supervision to incorporate domain knowledge into the
model. Experiments demonstrate that ReactIE achieves
substantial improvements and outperforms all existing
state-of-the-art methods.

Third, the MMLI has created ChemScraper, a for-
mula parser for molecules in born-digital PDF papers,
where graphics are defined using PDF drawing instruc-
tions (e.g., where characters and lines are given explicitly).
Advantages of parsing from born-digital diagrams include
avoiding OCR and thereby preventing recognition errors
and increasing speed (currently 200 ms/molecule using
unoptimized python). The first version of the parser for
born-digital molecule diagrams has been completed and
ChemScraper has been integrated into the AlphaSynthesis
platform.

In Thrust 2, advanced AI and ML methods are being
developed and deployed in the design and development of
optimized chemical and biological catalysts for promoting
important reactions with broad potential utility in small-
molecule synthesis. For example, we recently developed
an Al tool named Contrastive Learning enabled Enzyme
ANnotation (CLEAN) for predicting enzyme function
from its sequence (Yu et al., 2023b), which can help the
selection of proper enzymes in the designed synthetic
routes. Enzyme function annotation is an urgent need and
challenge. Many computation tools have been developed
including alignment-based methods and ML-based meth-
ods (Altschul et al., 1997; Sanderson et al., 2023). However,
most of the tools cannot reliably annotate protein functions
such as enzyme commission (EC) number, partly due to
the fundamental challenge of highly imbalanced enzyme
dataset. By contrast, CLEAN can assign EC numbers to
query enzyme sequences with better accuracy, reliability,
and sensitivity than existing methods as shown in various
in silico benchmark studies. Most importantly, we demon-
strate that using contrastive learning frameworks, CLEAN
can better handle the biased dataset compared to other ML
models.

In addition, we have also tested CLEAN on in-house
curated halogenase dataset. In particular, we experi-
mentally evaluated three of the halogenases (MJ1651,
TTHAO0338, and SsFIA) which CLEAN predicted differ-
ently with the current annotation in the database. The

three halogenase represented three different cases for
mis-annotated, un-annotated and partially annotated in
the database. In vitro experiments result shows CLEAN
has successfully annotated these three halogenases which
other methods cannot.

Furthermore, we have implemented a free-to-use web
interface version of CLEAN for the broad research com-
munity. As part of the MMLI AlphaSynthesis platform, the
web tool of CLEAN can be accessed at Clean (https://clean.
frontend.mmlil.ncsa.illinois.edu/configuration). After the
tool went online, it gained wide community attention. In
the first 2 months alone, the web page attracted 20,100
page views and 12,531 of them were from unique view-
ers. Since the initial release of the website, we have been
constantly updating many features, including better result
filtering and displaying, computing efficiency, confidence
level display, and general user experience. It is worth not-
ing that many of the new features were suggested by our
users through the feedback function we provide.

Thrust 3 focuses on leveraging and advancing Al in
the context of developing processes for synthesizing on
large-scale target molecules with known functions. These
include chemical, enzymatic, and hybrid chemoenzymatic
routes designed to maximize efficiency in each case. There
is specific focus on the development of scalable synthe-
ses for three target molecules; Millad NX8000, C2’epiAmB,
and artemisinin, all three of which have important func-
tions driving the need for large-scale access, but none of
which have optimal large-scale syntheses. Millad NX8000
is a plastics clarifying agent synthesized yearly on ~6000
metric tons/year scale but requires superstoichiometric
tin and generates ~9000 metric tons/year of toxic tin
byproducts. C2’epiAmB is an exceptionally promising new
renal sparing polyene antifungal, a variation of which
has entered clinical trials in the U.S. and there is sub-
stantial room for improvement in its current synthesis.
Artemisinin is a critically important antimalarial com-
pound on the WHO’s list of essential medicines, but all
current routes for its manufacture are too expensive to
meet global supply demands.

The focus of Thrust 4 is on progress to discover novel
OPVs, which can transform the way we harness and use
sunlight. The key goal we are working toward is OPVs with
high efficiency and high stability. To date, no one has been
able to achieve both parameters. The MMLI’s approach to
address this problem is three-fold. First, the small amount
of literature on Al-guided optimization of OPVs focuses
on power conversion efficiency. However, the major chal-
lenge in this area has become device stability now that
the best cell is approaching 20% efficiency. There is a crit-
ical gap of relating molecular design to stability which is
exactly what the MMLI is addressing. Second, the major-
ity of Al for OPV literature mines published literature or
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computed properties, given scarce experimental data that
are consistent. Unfortunately, this severely limits the pre-
dicting power of Al Thrust 4 is addressing this issue head
on with high throughput syntheses and characterizations
to rely primarily on experimentally generated data. Finally,
other approaches to OPV discovery use Al optimization of
device properties as a function of formulation and process-
ing conditions, but this approach is intrinsically limited to
the maximum possible efficiency of the active layer chem-
istry. The MMLI’s innovative strategy uses Al to guide a
search through a large synthetic space of OPV chemistries.

The MMLI is targeting OPVs with >10% efficiency and
>10 years lifetime to be commercially viable for next-
generation energy capture applications and for mitigating
climate change. To achieve this goal, autonomous synthe-
sis, automated characterization, and AI-based methods are
integrated into a closed-loop approach to drive molecular
discovery guided by target criteria for OPV performance:
efficiency and stability.

While these thrusts are listed separately it should be
noted that there is active and intentional collaboration
between thrusts to further enable research and discovery.
These collaborations not only increase the impact of the
institute but also provide students and postdocs an oppor-
tunity for learning the value of collaborating with other
research teams.

ENGAGING INDUSTRY PARTNERS

The MMLI has an active Industrial Partnership Program
with the goal of providing the opportunity for the two-way
exchange of information between the MMLI and industry
researchers. The program is a way for MMLI researchers
to share the tools and databases being developed for more
efficient synthesis and discovery of chemical and materi-
als for a wide-range of applications. Industry researchers
can provide perspective on which projects will most benefit
society. There is a two-tier membership structure (Partner
and Associate), with the annual membership fees going
into a seed grant fund to support proof-of-concept propos-
als from the broader community and expand partnerships.
The MMLI continues to grow this program with significant
input from the current industry partners.

CULTIVATING MOLECULAR
INNOVATORS

As MMLI increases its access and exposure to learners and
the general public, it is critical that all of the Thrust 5
initiatives share a common framework with which to sit-
uate particular contributions to the larger MMLI identity

of democratization. The dimension of identity spans from
“Chemical Learners” to “Molecular Innovators”. At one
extreme of the dimension, chemical learners are focused
on a structural and formal exploration of chemistry via
MMLI’s tools and research. At the opposite extreme,
molecular innovators are leveraging the work of MMLI as
problem-solving tools focused on the function of molecules
and do not engage with formal chemical representations.
This span of interaction identities is then framed by the
mediums in which they engage with MMLI across the
physical and digital resources (in-class labs, camp activ-
ities, online lessons, etc.). The goal with this framework
is to ensure that MMLI grows not only considering the
extremes of the framework, but also to facilitate blending
and transitioning between dimensions to provide a more
holistic engagement experience whenever possible.

The MMLI is revolutionizing the way chemistry is
taught and capture the imagination of a new generation
of molecule makers by building on our already established
momentum of engagement with educators and students
through several mechanisms, including but are not lim-
ited to the MMLI in a Box, a Digital Molecule Maker
(DMM), as well as establishing international and indus-
trial partnerships. The MMLI aims to democratize the
molecule making process and support the next genera-
tion of molecule makers, thereby having a wide range of
broader impacts.

The MMLI in a Box transforms all the powers of a real
lab into carefully crafted low-tech material (e.g., lenticu-
lar printed cards, 3D printed macroscopic models), and
highly intuitive, engaging hands-on and role-play activities
inspired by the latest Next Generation Science Standards
guidelines (NGSS Lead States, 2013). These materials and
activities empower teachers to help their students enter
the awe-inspiring world of molecules, Al, and Al-powered
molecule making.

The DMM is the product of a collaboration between the
MMLI and the Siebel Center for Design at the UIUC. The
DMM interface allows researchers to make their chemical
building-blocks available for exploration by learners, who
can then combine them while getting dynamic feedback
properties of a molecule during its construction. The DMM
offers the opportunity for learners to contribute to actual
research initiatives by facilitating the connection between
a molecular block set, a proposed molecule, and its cre-
ation via automated synthesis. The current version of the
DMM allows learners to engage with a “10x10x10” (ten
start, middle, and end blocks) molecular block set from
the Burke Lab at the UIUC. This block set was created to
explore molecular structure and light absorption. Already,
student molecule submissions are assisting the lab in
improving the quality of Al-assisted molecular property
predictions and testing the automated synthesis workflow.
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The DMM coupled with the MMLI in a Box further
supports the development of such intuitions, as well as cre-
ativity and imagination, by allowing students to explore
thousands of instances of Lego-like building of molecules
as they design their own new molecule with novel func-
tions. Finally, synthesizing student-designed molecules
allows students to reflect on their intuitions.

MMLI IN THE CLASSROOM

MMLI has partnered with the School of Chemical Sci-
ences at UTUC to implement a three-part sequence into
the undergraduate labs. The curriculum in this sequence
aims to integrate both data science and automated synthe-
sis into both general and organic chemistry courses. Part
1 is an adaptation of the K-12 version of the MMLI in a
Box where students are exposed to the power of molecules,
synthesize dyes in a mix-and-match fashion, participate in
a novel role-playing game, and combine all that knowl-
edge to analyze a data set from an original research project.
During the 2022—2023 Academic Year, ~1050 students in
General Chemistry I and II participated in the MMLI in a
Box activity.

In Spring 2023, the second part of the three-part
sequence was piloted at the General Chemistry II and
Organic Chemistry I level with an activity focused on
automating synthesis. Over 100 students came to the
Molecule Maker Lab space to participate in the activity to
leverage skills that were directly applicable to the work
of MMLI, providing a source of inspiration and tangible
connection to the science of automated small-molecule
synthesis.

CONCLUSION

The MMLI is committed to accelerating, advancing, and
democratizing molecular innovation by creating an open,
exciting, and dynamic interdisciplinary ecosystem that
will catalyze highly impactful and inclusive collaborations
between world-leading PIs, top-notch students, postdocs,
and fellows in AI and chemistry, and passionate and
creative leaders in education and community engage-
ment. The MMLI is transforming chemical synthesis and
generating use-inspired AI advances. Simultaneously,
the MMLI is also acting as a training ground for the
next generation of scientists with combined expertise in
chemistry and AI. The long-term impact of the MMLI
will be substantial and is expected to shift the paradigm
of how molecules are discovered and used to address
society’s grand challenges. These collective activities will
powerfully enable the more efficient manufacturing and

discovery of molecules with important functions, drive
the advanced development of a wide range of frontier
Al methods, and broaden access to the small molecule
making process. More information can be found on the
MMLI website (https://moleculemaker.org/).
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