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Abstract

Polymers enable countless modern technologies, yet vast regions of their chemical space remain unex-
plored. Traditional polymer discovery relies on chemical intuition, ingenuity, and experience (with a
healthy dose of serendipity), yet it fails to leverage millions of potentially accessible and synthesizable
polymer structures. Here, we present RxnChainer, a digital methodology integrating virtual polymer
generation, retrosynthetic analysis, and post-polymerization modification to systematically explore
synthetically accessible polymer space. Using commercially available monomers from the Toxic Sub-
stances Control Act (TSCA) and ChEMBL databases and RxnChainer, we generated over 289 million
hypothetical polymers across 44 polymerization pathways spanning 32 polymer classes, including
polyamides, polyimides, polyesters, and polyethers. Comparison with the known (i.e., previously
synthesized) spectrum of polymers revealed that a significant portion of these new synthesizable
structures are novel, i.e., previously unknown and unexplored. We demonstrate the methodology’s ver-
satility through automated retrosynthetic planning for 30,000 polyesters and targeted functionalization
via four post-polymerization modification pathways incorporating vinyl and nitrile pendant groups.
The resulting datasets enable downstream tasks such as property-driven screening, application-specific
design, and training of generative models.

Keywords: polymer informatics; machine learning; polymer synthesis; virtual forward synthesis;
retrosynthesis; post-polymerization modification

Introduction

Polymers are essential materials that underpin modern technology, from biomedical devices and
food packaging to energy storage and electronic systems. [1-6] They exhibit remarkable chemical
diversity, ranging from simple homopolymers and copolymers to complex polymer blends, composites,
and formulations. [7-10] This extraordinary chemical diversity, coupled with the vast array of possible
architectures, creates a polymer universe that is theoretically infinite. [11] Yet the vast majority of
this space remains unexplored, and critically, it is unclear which regions are synthetically accessible
and what property value ranges are achievable. This knowledge gap represents both a fundamental
challenge and an enormous opportunity for accelerated materials discovery.

To meet urgent comtemporary challenges, industries spanning energy, environment, and man-
ufacturing are exploring the replacement of existing materials with safer, higher-performing, and
environmentally friendly alternatives. [12] Examples include novel polymers for membrane separation,
fuel cells, food packaging, additive manufacturing, and high-energy-density capacitors. [13-19] Sys-
tematic and efficient search of the synthetically accessible polymer space offers a pathway to identify
candidates optimized for specific applications based on targeted property criteria.
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Traditional polymer design relies heavily on expert intuition and trial-and-error experimentation,
leading to lengthy development cycles and limited exploration of chemical space. [20] A fundamental
challenge is identifying designs that are both synthetically accessible and exhibit the target properties
required for specific applications. Meanwhile, emerging virtual design paradigms that leverage
artificial intelligence (AI) methods have enabled accelerated polymer discovery and design. [21]
Given the vast scale of the polymer chemical space, these Al-driven approaches may be effective
to systematically explore synthetically accessible regions and guide the identification of promising
candidates.

Among existing computational approaches, virtual forward synthesis (VFS) has generated hypo-
thetical polymer structures by digitally reacting commercially available monomers from databases
such as ChEMBL, ZINC-15, and eMolecules via known polymerization pathways. [22-24] Resources
including Open Macromolecular Genome (OMG), SMIPOLY, PolyVERSE, and PolyUniverse provide
access to millions of such polymers, [19,25-27] with select designs validated through experimental syn-
thesis. [19,28,29] While laboratory synthesis require optimization of reaction conditions depending on
the specific monomer pair, the computational generation of the polymers derived from commercially
available monomers via established polymerization chemistries provides a valuable starting point for
experimental exploration. In addition, computational retrosynthesis offers a complementary capability,
identifying commercially available precursors for target polymer structures and streamlining synthetic
planning. [30] Beyond these generation and retrosynthesis capabilities, post-polymerization modifi-
cation (PPM) provides an additional route to chemical diversity, enabling tuning of properties such
as mechanical strength, thermal stability, or chemical resistance without redesigning base polymer
architectures. [31-35]

Here, we introduce RxnChainer, a unified computational methodology that integrates polymer
generation, retrosynthetic analysis, and post-polymerization modification within a single algorithmic
framework for systematically exploring synthetically accessible polymer space. The methodology;,
shown in Figure 1, operates on a core algorithm that filters reactants based on compatibility criteria
and applies reaction chains to generate products, supporting three complementary applications:
forward synthesis for polymer generation, retrosynthesis for identifying synthetic precursors, and
post-polymerization modification for expanding chemical diversity. Using commercially available
monomers from the Toxic Substances Control Act (TSCA) and ChEMBL databases, we generated
over 289 million hypothetical polymers spanning 44 polymerization pathways across 32 polymer
classes. [22,36] Comparison with the PolyInfo database reveals that a substantial fraction of these
computationally generated structures are novel yet synthetically accessible, offering the potential to
significantly expand knowledge beyond the known polymer chemical space. [37]

A downstream task undertaken here is to determine property ranges accessible by such a compre-
hensive chemical space exploration. Machine learning models trained on existing polymer datasets
predict key properties of the generated polymers including bandgap, glass transition temperature, and
dielectric constant, revealing broad property ranges across polymer families. Diversity analysis of
the generated polymers through Tanimoto similarity distributions and UMAP projections maps the
structural landscape relative to known polymers, revealing regions of high novelty. To demonstrate
practical utility, the generated polymers were screened to identify polymer candidates that meet
desired target property criteria as attempted before. [13,18,19] Interestingly, many previously designed
polymers emerge from this screening, providing retrospective validation of the procedure adopted
here. Additional downstream applications of the generated library of polymers would be to train
generative models for synthetically-accessible polymer design, including language model pretraining
tasks as have been done recently. [38—40]
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Figure 1. (a) Overview of the RxnChainer methodology, which processes a pool of input reactants by filtering and
producing the output products based on a reaction chain containing multiple reaction steps. (b) Flow diagrams
showing different application examples of RxnChainer, including the generation of hypothetical polymers, the
retrosynthesis of hypothetical or known polymers, and post-polymerization modifications of base polymer.

Methods

Molecular Databases. In this work, we utilized the Toxic Substances Control Act (TSCA) inventory,
a comprehensive list of chemical substances manufactured or processed in the United States.[36]
The TSCA inventory is maintained by the Environmental Protection Agency (EPA) and contains
information on the chemical identity, production volume, and use of each substance. Our TSCA
inventory dataset (May, 2024 version) contains more than 70 thousand entries.

In addition to the TSCA inventory, we also utilized the ChEMBL database to identify potential
reactant molecules for polymerization reactions.[22] The ChEMBL database is maintained by the
European Bioinformatics Institute (EBI) and contains information on bioactive compounds, including
their chemical structures, biological activities, and pharmacological properties. The ChEMBL database
is widely used in drug discovery and development research, as it provides a wealth of information
on the chemical properties and biological activities of compounds. We used the database to identify
potential reactant molecules for polymerization reactions by filtering for compounds that contain
specific functional groups or structural motifs that are compatible with the polymerization reaction
chains we implemented. Our ChEMBL database dataset (2015 version) contains more than 1.2 million
molecular entries. Both databases contain molecular structures represented in the Simplified Molecular
Input Line Entry System (SMILES) format and identification numbers for each molecule.

Filtering of reactant molecules. A crucial step in generating polymers through the RxnChainer
methodology was identifying compatible molecules from molecular databases. We utilized the RDKit
library and SMILES arbitrary target specification (SMARTS) patterns for substructure searches and
screened for compatible molecules.[41] Simpler methods for filtering compatible molecules were
also implemented, such as string-based search. Additionally, the RxnChainer methodology also
incorporated capabilities to search for molecules with a user-specified Gasteiger charge difference for a
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specified SMARTS pattern. This is especially advantageous for AA-BB polycondensation reactions,
where a smaller Gasteiger charge difference between the reacting functional groups is a proxy for
similar reaction rates.

Polymerization rules through reaction chains. Polymerization reactions were executed within the
RxnChainer methodology through the use of reaction SMARTS[42] which serve as the foundation
for defining reaction rules, a functionality supported by RDKit. [43] Once a polymerization reaction
was chosen for implementation, we applied the reaction rules by obtaining general templates of
the reactions from the literature, textbooks, and other sources to form linear homopolymers. These
templates involve reacting functional groups and spacer groups with generalized reactions. We then
implemented the general template within the RxnChainer methodology by encoding the reaction rules
by writing their reaction SMARTS. The number of reaction SMARTS needed to encode a polymerization
reaction depends on the specific polymerization mechanism. The list of all reaction chains implemented
in this work is provided in the Supplementary Information.

Calculation of Synthetic Accessibility Score. The synthetic accessibility score (SA score) measures
the ease of synthesizing a molecule and is calculated using known molecular fragment data and a
complexity penalty. [44] In this work, we used the SA score algorithm implemented in the RDKit
library to evaluate the feasibility of synthesizing the hypothetical polymers. To calculate the SA score
for polymers, we first converted the polymer SMILES to monomer SMILES by replacing the dangling
bonds ([*]) with a hydrogen ([H]) atom and then calculated the SA score of the resulting structure. This
approach provides an estimate of the synthetic accessibility of the polymer based on the properties of
its monomer unit.

Similarity Calculation. The Tanimoto similarity metrics implemented in the RDKit library were used
to compare the hypothetical polymers with known polymers from the literature, which measures
the overlap between the molecular fingerprints of two compounds, and other structural similarity
indices.[45] Morgan fingerprints were implemented for fast similarity calculations.

RxnChainer Modules. The RxnChainer methodology for homopolymer generation, retrosynthesis,
and post-polymerization modification developed in this work has been implemented in PolymRize
[46], a standardized software platform for polymer informatics.

Results and Discussion
Owerview of the RxnChainer Methodology

The RxnChainer workflow (Figure 1a) begins with a pool of reactants and a defined reaction chain.
Reactants are filtered based on compatibility criteria including SMARTS patterns, functional groups,
Gasteiger charge, molecular weight, and other molecular properties.[42,47] Compatible reactants then
proceed through the reaction chain, which may consist of multiple reaction steps, each specified by
a reaction SMARTS pattern. The reaction step may input the products of a previous reaction step as
reactants for the subsequent step. This sequential approach enables combining multiple reactions for
complex polymerization or product generation tasks.

New hypothetical homopolymer designs can be generated using this approach by providing a
list of reacting molecules (monomers) and a polymerization reaction template, as illustrated in Figure
1b. In the filtering stage, the input monomers are screened against the defined compatibility criteria
to ensure only suitable monomers proceed to the polymerization stage. In the polymerization stage,
the specified reaction chain is applied to the filtered monomers to generate hypothetical polymer
structures. This approach can be used for various polymerization methods, including polyaddition,
polycondensation, and ring-opening polymerization as demonstrated later in this manuscript.

Beyond forward synthesis, the RxnChainer methodology also enables retrosynthesis of hypotheti-
cal or known polymers. Given a target polymer structure and a set of reaction chains, this approach
identifies the polymer class and then applies class-specific inverse reactions to obtain plausible reac-
tants. The methodology further supports post-polymerization modifications for expanding chemical
diversity. Starting from a base polymer, functional groups of the base polymer are identified during
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filtering to select compatible modification reactions from a predefined library. The group-specific
reactions are then applied to the base polymers to generate a set of modified polymers. Additional
technical details on the implementation and specific templates used in each stage of the RxnChainer
methodology are provided in the Methods and Supplementary Information sections.

Generation of Hypothetical Polymers

In this study, we generated polymer designs utilizing the TSCA inventory [36] and the ChREMBL
database [22] via RxnChainer. The TSCA inventory comprises a comprehensive list of chemical sub-
stances manufactured or processed in the United States, making it a valuable resource for identifying
potential monomers for polymer synthesis. ChEMBL was selected due to its extensive collection
of bioactive molecules, which can also serve as potential monomers for polymerization reactions.
Considering commercially available molecules from these databases increases the possibility of later
synthesis for the generated hypothetical polymers.

We successfully implemented 44 polymerization reaction templates using the RxnChainer method-
ology. The templates include 22 polycondensation, 13 polyaddition, and 9 ring-opening polymerization
reactions. As shown in Figure 2a, the generation workflow begins with 70,000 molecules from TSCA
and 1.2 million molecules from ChEMBL. Following filtering for monomers compatible with the
reaction templates, 14,470 TSCA molecules (20.7%) and 293,875 ChEMBL molecules (24.5%) were
retained as suitable reactants. The number of polymers generated for each class, grouped by their
types and templates, are detailed in Table 1. Notably, the polycondensation reactions yield the highest
number of hypothetical polymers due to the multiplicative potential arising from two distinct reactants,
followed by polyaddition and ring-opening polymerization. A comprehensive list of the implemented
polymerization reaction templates, including the reaction steps for representative polymers from each
class, is available in the Supplementary Information.
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Figure 2. (a) Overview of generated polymers using RxnChainer. We considered 70,000 molecules from the TSCA
inventory and 1.2 million molecules from the ChEMBL database. After filtering for relevant monomers suitable
for our polymerization routes, 14,470 molecules from TSCA and 293,875 molecules from ChEMBL were retained.
These monomers were used to generate 289 million hypothetical homopolymers spanning 32 polymer classes
through 46 reaction chains. (b) Comparison of the number of hypothetical polymers generated in this work with
previous studies (OMG, SMIPOLY) across different polymer classes.
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Table 1. Number of hypothetical homopolymers generated using RxnChainer grouped by different reaction
types, polymer classes, reaction routes, and monomers from the TSCA inventory and the ChEMBL database. The
polymer classes are grouped by their reaction types (polyaddition, polycondensation, and ring-opening). The

reaction routes are defined by the monomer classes. The number of corresponding monomers for each class is

shown in parentheses.

Polymer Class Reaction Route TSCA ChEMBL
Reaction Type: Addition
Polyacetylene Acetylene 109 (109) 4,796 (4,796)
Polyaldehyde Aldehyde 819 (819) 7117 (7,117)
Polyamicacid Dianhydride + Diamine 4,913 (17+289) 10,971 (3+3,657)
Polyamide Heterocumulene 74 (74) 10 (10)
Polydiene Diene 22 (22) 26 (26)
Polyethersulfone Vinylsulfonylethanol - 18 (18)
Polyhemiacetal Cyclic Acetal 19 (19) 267 (267)
Polymaleimide Maleimide 16 (16) 142 (142)
Polyoxazolidone Diepoxide + Diisocyanate 1,300 (25+52) 58 (29+2)
Polysuccinimide Dimaleimide + Diamine 972 (9+108) 4,748 (2+2,374)
Polyurea Diamine + Diisocyanate 9,176 (37+248) 5,012 (2+2,506)
Polyurethane Diol + Diisocyanate 26,159 (37+707) 15,730 (2+7,865)
polyalkene Vinyl Monomer 924 (924) 13,004 (13,004)
Reaction Type: Condensation
Polyamide Diacid + Diamine 56,165 (239+235) 3,661,596 (2,316+1,581)
Polyamide Diacid Chloride + Diamine 8,526 (29+294) -
Polyamide Dimethyl Ester + Diamine 27,636 (94+294) 4,184,510 (1,355+1,581)
Polyester Diacid + Diol 112,540 (170+662) 4,924,920 (840+5,863)
Polyester Diacid Chloride + Diol 18,536 (28+662) -
Polyester Dimethyl Ester + Diol 38,340 (60+639) 2,157,805 (373 +5,785)
Polyether Dichloride + Diol 112,200 (200+561) 19,097,736 (4,123+4,632)
Polyether Dibromide + Diol 36,465 (65+561) 2,427,168 (524+4,632)
Polyether Diiodide + Diol 7,293 (13+561) 226,968 (49+4,632)
Polyimide Dianhydride + Diamine 4,913 (17+289) 10,971 (3+3,657)
Polynorcantharimide  Difuran + Dimaleimide 108 (12+9) 618 (309+2)
Polyoxadiazole Diacid Chloride + Dihydrazide 135 (27+5) -
Polyoxadiazole Diacid + Dihydrazine 230 (230+1) 2,125 (2,125+1)
Polyoxime Dialdehyde + Diaminoxy - 294 (147+2)
Polypyrazoline Tetrazole-Alkene - 5(5)
Polysulfates Diacid 888 (888) 11,294 (11,294)
Polysulfonate Primary + Diol 1,185,954 (2,114+561) 252,564,432
(54,526+4,632)

Polythioether Diene + Dithiol 4,991 (161+31) 61,920 (860+72)
Polythioether Diyne + Dithiol 403 (13+31) 12,456 (173+72)
Polythioether Dibromo + Dithiol 2,449 (79+31) 141,636 (1,914+74)
Polythiourethane Diisocyanate + Dithiol 1,581 (51+1) 148 (2+74)
Polytriazole Diazide + Dialkyne 130 (10+13) -
Reaction Type: Ring Opening Polymerization (ROP)
Polyamide Lactam 178 (178) 56,293 (56,293)
Polycarbonate Cyclic Carbonate 15 (15) 133 (133)
Polyalkene Cyclic Alkene - 12,502 (12,502)
Polyester Lactone 451 (451) 40,131 (40,131)
Polyether Cyclic Ether 558 (558) 14,280 (14,280)
Polythiocane Cyclic Thiocane - 9(9)
Polythioester Cyclic Thioester 6 (6) 3,999 (3,999)
Polythioether Cyclic Thioether 9(9) 4,291 (4,291)
Polythionoester Cyclic Thionoester 67 (67) 2,401 (2,401)

Total 1,665,253 287,640,070

A comparative analysis of the total number of unique polymers generated across the 32 poly-
mer classes established in this work with those produced in previous studies, including the Open

Macromolecular Genome (OMG) and SMIPOLY, is presented in Figure 2b. The comparison reveals

that RxnChainer substantially expands the accessible polymer space across nearly all polymer classes.

For instance, polysulfonate, the most populated class in this work, accounts for over 2.5 x 108 poly-
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mers, vastly exceeding the combined contributions from OMG and SMIPOLY. Similarly, for polyether,
polyester, and polyamide—classes with significant industrial relevance—this work generates 107 to 108
polymers, representing 2-3 orders of magnitude improvement over previous databases. The enhanced
coverage is particularly pronounced for condensation polymers, where the multiplicative nature of
two-reactant systems (e.g., diol + dichloride for polyether, diacid + diamine for polyamide) enables
combinatorial expansion of the design space. Even for less-explored classes such as polytriazole,
polyoxadiazole, and polythiourethane, RxnChainer provides substantial coverage.

Novelty and Synthetic Feasibility of Generated Polymers

To investigate the novelty of the polymers, we conducted a comparative analysis of the generated
polymers from the top 16 polymer classes, randomly sampling a maximum of 10,000 polymers from
each class for computational efficiency. We calculated the Tanimoto similarity matrix for the selected
polymers and 13,000 known homopolymers sourced from the PolyInfo database [37] utilizing Morgan
fingerprints. [45,48] The similarity metrics for each of the polymer classes, based on numerical
representation and the randomly selected polymers are presented in Figure 3a. It can be observed that
for nearly all polymer classes, there is at least one exact match within the known polymer space, which
is anticipated, given our use of commercially available molecules. Interestingly, for four polymer
classes, namely polysulfonate, polynorcantharimide, polythiourethane and polytriazole, no matches
were identified within the known polymer space. On average, the hypothetical space demonstrates
significant distinctiveness from the known polymer space, as evidenced by the low average Tanimoto
similarity values and their associated standard deviation.
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Figure 3. (a) The Tanimoto similarity scores of the generated polymers compared to the known polymers, grouped
by the top 16 polymer classes. The low average similarity scores indicate highly novel polymers generated in this
work. Some polymers show a perfect similarity of 1.0 with the known polymers. (b) The distribution of Synthetic
Accessibility (SA) scores of the hypothetical polymers generated in this work compared to 13,000 known polymers.
Polymers with lower SA scores are predicted to be more synthetically accessible.
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Next we assessed the synthetic feasibility of the hypothetical polymers by employing the Synthetic
Accessibility (SA) score implemented in RDKit. The metric evaluates molecules based on fragment
similarity and imposes penalties based on the complexity of well-known fragments. [44] In our
approach, we initially converted the PSMILES to molecular SMILES by adding hydrogen atoms to the
dangling bonds. While this scoring method is an approximation, the same fragment-based penalties are
equally applicable to the polymers and provides a relative measure for selecting promising candidates
for synthesis. The distribution plots of the SA scores for the hypothetical polymers generated in
this study and the known polymers are depicted in Figure 3b. Polymers with low SA scores closer
to 1 are deemed more synthesizable. The vast majority of the hypothetical polymers possess an
SA score ranging from 2 to 6. In comparison, previously synthesized polymers have SA scores in
the range of 2.5 to 7. There is a significant overlap in the distribution plots of SA scores between
hypothetical and known polymers, suggesting that a large portion of the generated polymers are
potentially synthesizable. This information, combined with polymer design considerations, provides
valuable insights regarding which polymers to prioritize for synthesis and testing.

Retrosynthesis of Hypothetical Polymers

The capabilities of RxnChainer also extend to retrosynthetic analysis of polymers, enabling the
deconstruction of complex polymer structures into their constituent monomers or reactants. This
functionality is particularly valuable for researchers aiming to determine the routes to synthesize
existing polymers or to identify the commercially available monomer candidates to create new poly-
mers. The overview of the retrosynthesis workflow is illustrated in Figure 4a. The process begins
with the classification of the input polymer via substructure matching using the RxnChainer’s filtering
capabilities. This approach mirrors established retrosynthetic strategies in polymer chemistry, where
the polymer backbone and functional groups guide the selection of likely synthetic routes. Once
the polymer class is determined, RxnChainer applies a set of inverse reaction templates specific to
that class to deconstruct the input polymer into its constituent monomers or reactants. If a polymer
class cannot be determined, the workflow does not yield a result for the input polymer. Multiple
retrosynthetic pathways may exist for a single polymer, reflecting the diversity of synthetic strategies
available in polymer science.

In this study, we demonstrate retrosynthetic capabilities of RxnChainer for polyesters, providing
proof-of-concept examples for the class as illustrated in Figure 4b. First, the apparent monomer is
identified by detecting the repeating unit of the input polymer structure. Next, the polymer class of
the apparent monomer is determined through substructure matching in the filtering stage. Once the
class is established, RxnChainer applies one or more pre-defined inverse reaction chains specific to the
identified polymer class to generate the constituent monomers. For polyesters, three inverse reaction
chains, each corresponding to an independent retrosynthetic route, have been implemented: the diacid
plus diol route, the diacid chloride plus diol route, and the dimethyl ester plus diol route, shown
in Figure 4c,d,e. Each polyester can, in principle, be synthesized via any of these three pathways;
the choice of which route to pursue in practice depends on the availability of the corresponding
monomers or starting materials. For each pathway, reactant molecules are generated by applying
the corresponding inverse reaction chain, enabling comprehensive identification of the monomeric
precursors.

To assess the accuracy of the retrosynthesic workflow of RxnChainer, 30,000 polyester polymers
were randomly selected from the pool of polymers generated specifically from the TSCA inventory. The
workflow was then applied to these polymers to recover their constituent monomers. For validation,
the identified monomers were subsequently canonicalized and finally compared to the cannonical
version of the original monomers found in the TSCA inventory. As shown in Figure 4f, on average,
the workflow correctly matched the original monomers for 95% of the selected polyester polymers,
with the accuracy varying depending on the specific reaction pathway. Approximately 5% of the
polyesters didn’t lead to the generation of the original monomers primarily because of the presence of
multiple ester linkages in the polymers, making the heuristics-based approach for retrosynthesis prone
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to errors. Regardless, the high accuracy demonstrates the effectiveness of RxnChainer’s retrosynthetic
capabilities in identifying plausible monomeric precursors for target polymers. The results also
signify that there is a limit to how much a heuristics-based approach using reaction SMARTS can be
successfully used to identify polymer reactants with certainty.

a
‘ RxnChainer Identification of polymer class
O ) : RS A
Class specific inverse reaction chains

Target Polymer Constituent Monomers

<

C [o} OH

Diacid + Diol

Polyesters Apparent Monomer HO OH 4+

3
O

N
Q.
)

Diacid Chloride
+ Diol

0o o [o] / Cyclopropane-1,2- (2-hydroxy-4-methoxyphenyl)
M dicarboxylic acid (2-hydroxyphenyl)methanone
[o] (o] *
OH
CK“Q o o
OO — i -
~ I ! Lo}
o 0 L_wd cl o

_—

O

" Cyclopropane-1,2- (2-hydroxy-4-methoxyphenyl)

Poly(S-methoxy-1a, 14a-dihydro- Polyester dicarbonyl dichloride (2-hydroxyphenyl)methanone
1H,8H-dibenzo[g,j]cyclopropalc][1,6] Linkages

dioxacycloundecine-2,8,14-trione)

*

O OH
e (o] (o]
+ Dimethyl Ester
\OMO/ o O OH + Diol
Cyclopropane-1,2- (2-hydroxy-4-methoxyphenyl)
dicarbonyl dichloride (2-hydroxyphenyl)methanone
f Polyester Reaction Path Polymer Count Retrosynthesis Accuracy
Diacid + Diol 10,000 0.90
Diacid Chloride + Diol 10,000 0.98
Dimethyl Ester + Diol 10,000 0.97

Figure 4. (a) Overview of the retrosynthesis pipeline used to identify the constituent monomers of a target polymer.
The polymer class is first identified by the RxnChainer and the monomers are identified by inverse reaction
chains. (b) Identification of the apparent monomer and polymer class. (c, d, e) Determination of the constituent
monomers identified by different inverse reaction pathways for the identified polymer class. (f) Accuracy of
the retrosynthesis pipeline in identifying the monomers for 30,000 polyester polymers generated from known
monomers.

Post Polymerization Modification

Post-polymerization modification (PPM) is another powerful approach to modify the properties
of polymers. This is particularly useful when desired properties of the polymer are not immediately
achievable through the initial polymerization reaction. Many existing polymers, such as ion exchange
membranes, are modified to achieve the desired transport properties using PPM [49].

RxnChainer, as a general capability, can also be used to implement in-silico PPM to modify known
or generated polymers. In the RxnChainer PPM workflow, illustrated in Figure 5a, we first identify
the class and pendant group of the input polymer using substructure search in the filtering stage.
Once the pendant group is identified, a set of pre-defined reaction chains are applied to modify the
polymer. This is performed by using a set of group-specific reaction templates that are designed to
modify the polymer by adding functional groups or changing the polymer architecture, similar to
laboratory experiments.

As a proof of concept, we have defined reaction chains for polyolefins or vinyl polymers to modify
the polymer with 4 different functional groups. We selected these functional groups based on their
tendency to improve the properties of the base polymer, such as hydrophilicity, hydrophobicity, and
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reactivity. A primary advantage of the reaction chains is that they are designed to be compatible with
vinyl polymer backbone and can be applied to any vinyl polymer. Figure 5b shows an example of a
vinyl polymer containing nitrile and vinyl pendant groups. The PPM workflow identifies the compati-
ble pendant groups and applies the corresponding reaction chains to modify the polymer. The nitrile
group is modified using a cycloaddition reaction to form a triazole group, which is known to increase
the hydrophilicity of polymers. Similarly, the vinyl group is modified using thiol-ene, epoxidation, or
halogenation reactions to form different functional groups. The thiol-ene reaction is known to increase
the hydrophobicity of polymers, while the epoxidation and halogenation reactions introduce reactive
groups to the polymer backbone. The generated polymer structures after functionalization are shown
in Figure 5¢c. These polymers can be further modified by applying the PPM workflow iteratively.
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Figure 5. (a) Workflow to perform post-polymerization modification (PPM). First, the pendant groups of the base
polymers are identified, then compatible functionalization reaction chains are applied to generate the modified
polymers. The generated polymer can be further functionalized iteratively. (b) Example functionalizations
performed on a base polymer containing nitrile and vinyl pendant groups. (c) Generated polymers after function-
alizations via different groups. (d) Predicted bandgap and dielectric constant of the modified polymers compared
to the base polymer.

Figure 5d shows the effects of the post-polymerization modification on the properties of a base
vinyl polymer. The results show that the post-polymerization modification significantly alter the
bandgap and dielectric constant of the polymer as predicted using a Polymer Genome-based machine
learning model,[50] implemented in PolymRize.[46] The modification performed by epoxidation
(polymer 5) simultaneously increase the bandgap and dielectric constant of the polymer, which is
desirable for dielectric materials. Similarly, the modification performed by the thiol-ene reaction
(polymer 2) significantly increase the dielectric constant of the polymer while maintaining a low
bandgap, which is desirable for conductive polymers. These results demonstrate the potential of the
PPM workflow to modify the properties, which can be directly validated in the laboratory.

This in-silico PPM approach implemented here using RxnChainer ensures that the final polymer
structures are synthesizable in practice as the same chemical modifications can be performed in the
laboratory to improve the properties of a base polymer. The workflow is designed to be flexible and can
be extended to other polymer classes by defining new reaction templates. In addition, the workflow can
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be applied iteratively to further modify the properties of a modified polymer. This approach, combined
with an optimization algorithm such as Bayesian optimization or Genetic Algorithm, could be used to
automatically search for an optimal polymer chemistry that is directly reproducible in the laboratory.

Downstream Applications for Polymer Discovery

The library of hypothetical polymers generated in this work using the RxnChainer methodology
enable multiple downstream utilities. These applications leverage the diversity, synthetic accessi-
bility, and property predictions associated with the generated polymer structures to accelerate both
computational and experimental research efforts. We highlight a few use cases below.

I. Accessible Property Values of Generated Polymers

We predicted several key properties for the newly generated polymers, including bandgap,
glass transition temperature (Tg), and dielectric constant. To do this, we used machine learning
models implemented in PolymRize that were trained on extensive datasets of known polymers with
computational or experimentally measured properties. The accuracy of these models have been
validated in prior studies, demonstrating their capability to provide reliable property predictions for
novel polymer chemistries.[25,38,50] We applied these models to a randomly selected subset of 10
million polymers from our generated library, covering various polymer classes.

As shown in Figure 6, a wide range of property values is covered by different polymer chemistries
and they exhibit substantial variation across the generated polymer classes. Bandgap values range from
approximately 0 eV to nearly 8 eV, with the majority of polymers falling within the 2-5 eV range. Glass
transition temperatures (Tg) span from below 200 K to above 600 K, with a concentration of values
between 300 K and 500 K. Notably, polyimides and polyethers exhibit higher Tg distributions relative
to other polymer classes, consistent with their known thermal stability. Dielectric constants vary widely
from approximately 2 to over 8 at 60 Hz, with polyamides displaying a higher dielectric constant
distribution compared to other polymer classes, which can be attributed to their polar chemical
structure. These observed trends are consistent with the established characteristics of these polymer
classes and validate the predictive capability of the employed machine learning models.

Polyacetylene
Polyaldehyde
Polyamide
Polycarbonate
Polydiene
Polyester

iinnna

Number of Polymers

Polyether
Polyethersulfone
Polyhemiacetal
Polyimide
Polymaleimide
Polynorcantharimide

1

Number of Polymers

Polyoxadiazole
Polyoxazolidone
Polysuccinimide
Polysulfate
Polythiocane
Polythioester

Number of Polymers

Polythioether
Polythionoester
Polythiourethane
Polytriazole
Polyurea
Polyurethane

Number of Polymers

pinina

2 4 6 8 200 400 600 800 0 2 4 6 8
Predicted Bandgap (eV) Predicted Glass Trans. Temp. (K) Predicted Dielec. Const. (60 Hz)
Figure 6. (a) Bandgap, (b) Glass Transition Temperature (Tg), and (c) Dielectric Constant distributions of randomly
selected 10 million generated polymers predicted using the PolymRize ML models. The histograms show the
number of polymers (y-axis, log scale) versus the predicted property values (x-axis). Different colors represent
different polymer classes grouped by a block of 6. Dielectric constant is shown for frequency 60 Hz.
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II. Chemical Space Exploration and Diversity Analysis

The systematically generated library of the hypothetical polymers also enables quantitative
analysis of accessible polymer chemical space. We computed Uniform Manifold Approximation and
Projections (UMAPs) using Morgan fingerprints (see Figure S1), which compare 10,000 generated
polymers randomly selected from the top 16 polymer classes against 13,000 known homopolymers
from the PolyInfo database. The results suggest that while many of the generated polymers overlap
with known space, a significant portion represent entirely novel chemistries warranting investigation.
The UMAP projections also reveal regions of high structural novelty where property predictions may
be less reliable, guiding prioritization of experimental characterization to fill data gaps. Conversely,
regions of high similarity to known polymers provide opportunities for targeted optimization of
established chemistries. This dual capability supports both exploratory research into uncharted
chemical spaces and iterative improvement of existing materials.

III. Property-Driven Screening: Example of Dielectrics Design

The availability of 289 million synthetically accessible polymer structures with predicted proper-
ties enables high-throughput virtual screening for application-specific design. This capability supports
the systematic exploration of the structure-property relationships across vast chemical spaces that
would be impractical to synthesize and test experimentally. For instance, polymers for high-energy-
density capacitors, a critical application for advancing energy storage technologies, must satisfy
multiple property constraints simultaneously. High glass transition temperatures (T; > 425 K) ensure
thermal stability, wide bandgaps (E; > 4 eV) enable higher breakdown fields, and elevated dielectric
constants (¢ > 3 at 60 Hz) increase energy storage capacity. Since energy density scales as U ~ %eEz,
both high dielectric constant and breakdown strength are critical. [19]
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o o
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Figure 7. Structures of recently synthesized all-organic homopolymer dielectrics rediscovered in the RxnChainer-
generated library, spanning polynorbornenes, polyimides, polysulfates, and polyethersulfones. Corresponding
ML-predicted and experimentally measured properties are listed in Table 2.

When applying these screening criteria to our virtual library, numerous candidates passed the
property thresholds. Notably, several of these candidates match recently synthesized all-organic
homopolymer dielectrics reported in the literature (Table 2). Among these rediscovered polymers,
polynorbonene-based dielectrics including POFNB, 0-POFNB, and PONB-2Me-5Cl exhibit glass transi-
tion temperatures ranging from 459 to 517 K and bandgaps between 4.39 and 5.0 eV, with measured
energy densities reaching 5.7 to 8.3 J /cc. [51-53] Polyimides such as HBPDA-PACM and PI-oxo-iso
achieve even higher T, values (527-531 K) and exceptionally wide bandgaps up to 6.32 eV, with
energy densities of 2.1 to 5.65 ] /cc. [19,54] Polysulfate P6 demonstrates a Ty of 551 K, a bandgap of 3.8
eV, dielectric constant of 3.4 at 473 K, and an energy density of 6.37 J/cc. [55] The polyethersulfone
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sAI-DG_p1 achieves the highest Tg of 573 K with a bandgap of 4.0 eV, dielectric constant of 3.7 at 473 K,
and energy density of 6.2 J/cc. [56] The fact that these recently synthesized high-performance polymers
were independently identified through our computational screening demonstrates that RxnChainer
can effectively navigate the vast polymer design space to find promising candidates.

Table 2. Recently synthesized all-organic homopolymer dielectrics rediscovered in the RxnChainer-generated
library. For each property, the first line shows the ML-predicted value and the second line (in italics) shows the
experimentally measured value. Measurement conditions for dielectric constant are noted in parentheses.

Polymer Class Tg (K)  Bandgap (eV) € Ref.
Polynorbonene 453.5 4.433 2.543
POFNB [51]
(Polyalkene) 459 4.9 2.52
Polynorbonene 503.9 4.402 2.892
0-POFNB [52]
(Polyalkene) 517 5.0 2.8b
Polynorbonene 506.7 4.659 2.909
PONB-2Me-5Cl (53]
(Polyalkene) 505 4.39 3.0
Alicyclic 496.9 5.616 2.764
HBPDA-PACM [54]
polyimide 527 6.32 2.82
. Polyimide 511.5 3.308 3.395
Pl-oxo-iso [19]
Polyimide 531 4.3 —
Polysulfate 538.0 3.462 2913
Polysulfate P6 [55]
Polysulfate 551 3.8 3.4°
Polyethersulfone  493.7 3.893 2.678
sAI-DG_pl [56]
Polyethersulfone 573 4.0 3.7

a Measured at 423 K, 1 kHz. P Measured at 473 K, 1 kHz.

IV. Training Data for Generative Models

Beyond screening existing designs, the generated datasets provide training data for polymer-
specific generative models. Large-scale polymer datasets enable pretraining of chemical language
models such as polyBERT,[38] polyT5 [40] and polyBART [39], which learn representations of polymer
structures and chemical space from SMILES strings. The diversity of polymer classes (32 classes
spanning addition, condensation, and ring-opening polymerizations) and structural variety within
each class provides a comprehensive coverage of polymer chemistry grammar. These pretrained
models can subsequently be fine-tuned for specific tasks including property prediction, inverse design,
and reaction outcome prediction. The systematic generation approach ensures that training data
encompasses both common polymer architectures and novel structural motifs, improving model
generalization.

Conclusion

RxnChainer provides a unified computational methodology integrating polymer generation, ret-
rosynthesis, and post-polymerization modification for systematically exploring synthetically accessible
polymer space. Using commercially available monomers from the TSCA and ChEMBL databases, we
generated over 289 million hypothetical polymers across 44 polymerization pathways spanning 32
polymer classes. Comparison with the PolyInfo database reveals that a substantial fraction of these
structures are novel yet synthetically accessible, significantly expanding the known polymer chemical
space. Beyond generation, retrosynthetic analysis of 30,000 polyesters achieved 95% accuracy in identi-
fying constituent monomers, demonstrating automated synthetic route planning. Post-polymerization
modification pathways targeting vinyl and nitrile pendant groups enable property tuning through
triazole formation, thiol-ene, epoxidation, and halogenation reactions. The generated library enables
multiple downstream applications. Machine learning property predictions reveal wide accessible
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ranges—bandgaps from 0 to 8 eV, glass transition temperatures from 200 to 600 K, and dielectric
constants from 2 to 8—supporting high-throughput virtual screening. Property-driven screening
independently rediscovered recently synthesized high-performance dielectrics including polynor-
bornenes, polyimides, polysulfates, and polyethersulfones, validating the approach. The library also
provide comprehensive training data for polymer-specific language models. These results demonstrate
RxnChainer’s capability to bridge computational design with practical polymer discovery.

Supplementary Materials: The supplementary information related to this work is available free of charge at
Preprints.org. List of polymerization reaction templates implemented in RxnChainer, and additional figures and
tables (PDF). References [57-81] are cited in the supplementary materials
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