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Abstract

The enumeration of structural isomers of organic molecules using programs capable of
enumerating all structural isomers for a given molecular formula has been expanding the chemical
library. Here, we report the development of the program (PolyENU) that completely enumerates
polymer structural isomers. PolyENU program enumerates all isomers of the repeating unit defined
by a molecular formula and a functional group constituting the polymer structure. From the
repeating unit of nylon 6 (CsH11NO and an amide group), 387 polymer isomers were generated by
PolyENU. The enumerated polymer library includes common organic polymers such as nylon 6,
polyleucine, poly(2-isopropyl-oxazoline), and poly(N-propylacrylamide), as well as many
unexplored polymers. The enumeration of nylon # (n = 3 - 10) yielded 36,505 polymers within 44
minutes. These results clearly indicate that PolyENU expands polymer chemical space and

contributes to diversity in polymer science.
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1. Introduction

Isomers in organic chemistry refer to compounds with the same molecular formula but
different molecular structures. As the number and variety of constituent atoms in a molecule
increase, the number of isomers exponentially rises, ensuring the diversity of organic molecules.
The exploration of structural isomers began classically with alkanes and has evolved to modern
informatics, employing combinatorial theory to develop programs capable of enumerating all
structural isomers for a given molecular formula.l'™! Presently, approximately 166 billion isomers

of organic molecules up to 17 atoms have been elucidated.®

On another front, polymer chemistry traces its roots back to Staudinger's conceptualization
of polymers!”! and Carothers' pioneering work in synthetic rubbers and fibers.® Since then,
polymer scientists have been developing new polymers and seeking new functions of the polymers
through huge experimental studies. Recently, the improvement of the functionality of the polymers

10121 T particular, the exploration of polymer

has been accelerated through machine learning.!
chemical space has been expanding with the construction of huge experimental libraries from the
existing polymers!'®! or virtual libraries from commercially available monomers synthesized by the

[14.15] These libraries are leveraged to facilitate the exploration of polymers and

standard protocols.
their functions. Here, we report on the development of the enumeration program of all structural
isomers of polymers. Disregarding the availability of monomers and the polymerization protocols,
we offered a comprehensive set of polymers defined by the molecular formula and the functional

group. In this report, we applied it to the complete enumeration of the repeating units of a series of

nylons.
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2. Enumeration of Polymer Structural Isomers

Figure 1 shows the scheme for the enumeration of polymer structural isomers, which is
named PolyENU. PolyENU is a SMILES-based Python program that allows the generation of all
polymer structural isomers in the polymer chemical space from a given repeating unit defined by
the molecular formula and the functional group. PolyENU first requires these two structural
parameters of the polymer for the exploration of polymer chemical space. Figure 1 shows an
example of the polymer enumeration defined by CsH;1NO for the molecular formula and an amide
group for the functional group. PolyENU then generates an exhaustive set of substituent groups
that can be introduced into the functional group by determining the atom sets usable as substituents,
which are the remaining atoms from the given molecular formula minus the partial molecular
formula corresponding to the functional group. Note that two polymerization points must be added

to represent linear polymers.

Next, the generation of substituent candidates is performed using enu!®, a program for the
complete enumeration of structural isomers for small molecules. The enu program has so far
succeeded in enumerating all structural isomers from CHs to CosHs>!!. In PolyENU, substituent
candidates are systematically generated based on the set of usable atoms for the substituent, which
also includes the polymerization and substitution points. The examples of substituent candidates
are summarized in Table 1. After that, polymer structural isomers are listed by exploring all pairs
of substituents that satisfy the given molecular formula with two polymerization points. At present,

only chain polymers with two polymerization points can be generated.

The enumerated SMILES data for structural isomers may be duplicated due to
symmetrically located substitution points and ambiguity in the definition of repeating unit

structures. For small molecules, canonical SMILES, a unique representation of SMILES, can be
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used to remove duplicate structures. Recently, BigSMILES!'®| an extension of SMILES to

17l have been proposed, but the source code is not

polymers, and its canonical representation
publicly available. In order to remove duplicate structures, PolyENU utilizes a canonical
representation of cyclic small molecules converted from repeating unit structures by directly
closing the two polymerization points. Since the smallest unit of cyclic molecules is a three-
membered ring, polymers with one or two atoms in the main chain are trimerized or dimerized,

respectively, before the ring closure. By following the above scheme, PolyENU completely

enumerates polymer structural isomers defined by any molecular formula and a functional group.
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1. Define molecular formula and functional group

Molecular formula: CgH,,NO
Functional group:
Defined SMILES:

Amide group
C(=0)(R1)N(R2)R;

To be substituted

2. Complete enumeration of substituent groups

C6 H11 N1 Of1
-) C1 N1 O1
C5 H11
+) X2 (Polymerization po
v C5 H11 X2 (Available atoms)

3. Generate polymer structural isomers

ints)

I §
x/\/U\NH X/\)LN «
x H
R, = -C(X)CX R, = -CCX
R, =-C(C)C R, = -H
R, = -H R, = -C(CC)X

X i
T/Y\X XJLH/\/\/\X
X
R,=-C R, =-X
R2 =-C R2 =-H
R; =-CC(X)CX R;=-CCCCCX

v

C(=0)(C(X)CX)NC(C)C ~ C(=0)(CCX)NC(CC)X

4. Remove duplicated isomers

/I’\)L Ji Cycllzatlon

CCC(X)NC(=0)CCX

ZT

\l\)l\ Ji/]’ Cycllzatlon 0

| CCC(CX)NC(=0)CX

5. Summarize enumerated polymers

C(=0)(C)N(C)CC(X)CX  C(=0)(X)NCCCCCX

Canonical
SMILES
—> CCC1CCC(=0)N1

CCCINC(=0)CCH1

Comparison

Canonical
SMILES
— CCC1CCC(=0)N1

CCC(C1)NC(=0)C1

Figure 1. PolyENU scheme for enumeration of polymer structural isomers.
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Table 1. Examples of substituent candidates enumerated by the enu program!®’.

#of C Substituent candidates
0 -H, -X
1 -C, -CX, -C(X)X
2 -CC, -C(X)C, -CC(X)X, ...
3 -C(O)C, -C(O)CX, -C(X)CCX, ...
4 -C(O)X)CC, -CCX)CX, ...
5 -C(CC)CC, -C(CCY(CX)CX, ...

3. Results and Discussion

3.1. Enumeration of polymer structural isomers of nylon 6

To demonstrate the PolyENU program, we addressed the enumeration of structural isomers
of nylon 6 (poly(e-caprolactam)), a typical synthetic fiber, using CsHi1NO as the molecular formula
and an amide group as the functional group as the input parameters of the repeating unit, yielding
387 polymer isomers. Among them, representative examples are shown in Figure 2a. They have
diversity beyond the classifications in polymer science, such as nylon 6 (1), polyleucine (2),
poly(N-pentyl)isocyanate (3), poly(2-isopropyl-oxazoline) (4), poly(N-propylacrylamide) (5),
poly(N-ethylmethacrylamide) (6), and poly(N-vinylbutyramide) (7). Thermo-responsive polymers
in water, such as poly(N-isopropyl acrylamide) (PNIPAM)!'® and poly(2-isopropyl-2-oxazoline)!"!
are included. Therefore, many kinds of polymers with various physical properties are depicted in
the complete enumeration, and many unexplored polymers are listed. This indicates that the

enumeration expands polymer chemical space.
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Figure 2. Representative examples of the polymer structural isomers in the C¢HiiNO polymer

group. (a) Commodity plastics and an unexplored polymer. (b) polymer analogs.

3.2. Systematic enumeration of polymer structural isomers of nylon n (n = 3-10)

For further demonstration, we systematically enumerated polymer structural isomers for
nylon n (n =3 - 10). Figure 2b shows examples of polymer analogs related to the main chain (top)
and the side chain (bottom) structures, respectively. PolyENU is a complete enumeration program
that restricts a molecular formula and a functional group composing repeating unit structures, thus
making it directly impossible to obtain polymer analogs. However, it was shown that PolyENU can
enumerate not only polymer structural isomers but also polymer analogs by systematically

changing the number of atoms, especially the carbon atom, in the molecular formula.
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Table 2 summarizes the total number of enumerated structural isomers of nylon n (n =3 -
10) and the computational time, together with the number of polymer structural isomers as a
function of the number of atoms in the main chain. The number of polymer isomers increases as
the total number of atoms in the molecular formula increases. Moreover, we also estimated the
numbers of the small molecules generated from the repeating unit terminated by two hydrogen
atoms. The increase of the total numbers observed in the nylon # is considerably lower than that in
small molecule analog: 23,416 isomers for the polymer with CioH;oNO and 330,823 for the small
molecules with CioH2NO. This is attributed to many duplications in the enumeration of the
polymers due to symmetrically located substitution points and ambiguity in the definition of
repeating unit. In addition, PolyENU achieves complete enumeration in practical time using the
enu program, which is capable of very fast enumeration through graph theory. In fact, it confirmed
that 36,505 polymers in the polymer chemical space of nylon n (n = 3 - 10) could be generated
within approximately 44 minutes. Most industrially used commodity plastics have roughly 40 or
fewer atoms in their repeating unit structure, which suggests that the PolyENU program can be

applied to commodity polymers with various functions for further exploration of new polymers.
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Table 2. Summary of complete enumerations of polymer structural isomers for C,H»,.1NO homopolymer groups (n = 3 -

10).

# of atoms in C3H5NO C4H7NO C5H9NO C6H11NO C7H13NO CngsNO C9H17NO C10H19NO

mainchain  (n=3)  (1=4) (=5 (=6 (=7 (=% (=9 (=10 @l
1 8 21 55 146 388 1,036 2,778 7479 11,911
2 5 15 4 116 319 876 2,397 6,561 10,331
3 3 8 22 61 168 462 1,271 3,494 5489
4 1 13 39 115 332 948 2,686 4,138
5 - 1 5 18 58 179 538 1,588 2,387
6 ; - 1 6 25 89 295 936 1,352
7 - - - 1 7 32 124 438 602
8 - - - - 1 8 41 173 223
9 ; - - - - 1 9 50 60
10 - - - - - - 1 10 11
11 ; ; ; ; ; ; ; 1 1
Total 17 49 138 387 1,081 3,015 8402 23,416 36,505
. 2,648.3
“Time / s 1.4 26 6.3 18 50 168 542 1,860
(~ 44 m)
bSmall
84 299 1,015 3345 10,777 34156 106,849 330,823 487,348
molecules

“Computed by a workstation-type Intel Xeon Gold 6136 3.00 GHz processor with only one core. The memory capacity was 192 GB.
bTotal number of complete enumerations for small molecule generated from the repeating unit terminated by two hydrogen atoms
(CyH2,+1NO).
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4. Conclusion

We have developed PolyENU, a SMILES-based Python program for exhaustively
enumerating polymer structural isomers. PolyENU performs the complete enumeration of
polymers in the polymer chemical space based on a molecular formula and a single functional
group of a repeating unit structure. As the first demonstration, many kinds of polymers are
generated, such as polyamides, polypeptides, and polyacrylamides as the structural isomers of
nylon 6. We addressed the complete enumeration of nylon » (n = 3 - 10) and obtained 36,505
different structural isomers within 44 minutes. In conclusion, the expanded polymer chemical space

generated by PolyENU contributes to diversity in polymer science.
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