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Abstract: The Polymer Maker SMILES-based (PolyMaS) software was used to generate linear macromol-
ecules from the repeating structural units (SRU) of polymers without limiting their length and molar
mass. The SRU input is stored in the SMILES code available on the Internet. PolyMaS makes head-tail
junctions to the desired length of the macromolecule.
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PolyMaS: Nowe oprogramowanie do generowania makroczasteczek
polimeroéw o duzej masie czasteczkowej z powtarzalnych jednostek
strukturalnych

Abstrakt: Oprogramowanie Polymer Maker SMILES-based (PolyMaS) zastosowano do generowania li-
niowych makroczasteczek z powtarzalnych jednostek strukturalnych (SRU) polimerow, bez ogranicza-
nia ich dtugosci i masy molowej. Dane wejsciowe SRU sa zapisane w dostepnym w Internecie kodzie

SMILES. PolyMaS wykonuje pofaczenia glowa-ogon do zadanej dtugosci makroczasteczki.

Stowa kluczowe: projektowanie komputerowe makroczasteczek.

The great advance in the field of polymeric materi-
als, particularly in the relationship between the molecu-
lar structure and its properties, led to the incorporation
of in silico tests [1-5]. They are virtual tests, carried out
to know the polymeric material properties in the early
stages of design, before being synthesized [6-8]. In this
sense, the motivation to develop in silico techniques is
related to the significant saving of resources that must
be used, considering the economic point of view as well
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as the time for research and development [9]. One way
of carrying out these virtual tests is to use quantita-
tive structure-property relationship (QSPR) models [10].
Traditional synthetic representations, such as monomers,
dimers, and trimers, have been used to generate these
models. However, to obtain models which are closer to
actual polymeric molecules, computational represen-
tations of very long polymer chains are necessary, and
these representations can be obtained by the generation
of macromolecules from the structural repetitive unit
(SRU). Moreover, in the case of polymeric material data-
bases, in which polydispersity is present, a more realistic
representation should include several chain lengths [10].

Although, there are some proprietary software tools
that offer generation of macromolecules from SRU for
polymers like HyperChem® [11], Amsterdam Modeling
Suite [12], QuantumATK [13] efc., they are not efficient
or useful enough to our work. HyperChem®, which
provides an option of polymerization from a monomer
(e.g. .hin and .mol formats), has strong limitations in the
number of SRUs that it polymerizes, not being sufficient
for the polymer complexity (size and structure) existing
in our databases [14]. On the other hand, Amsterdam
Modeling Suite can import data in SMILES code (.smi)
as inputs, but the output is in connection table format
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(3D) and it requires long time to generate polymer chains
with the required high degree of polymerization. This
excessive execution time for calculating 3D macromol-
ecules represents a drawback in the case of complex
polymeric molecules with very high molecular weight.
Finally, QuantumATK cannot deal with complex molecu-
lar structures as those present in our database.

In the last decade, we have been working with com-
plex polymeric materials predicting mechanical proper-
ties derived from tensile test [15]. Research has evolved
into increasingly realistic scenarios, and at this moment
we are addressing the issue of polydispersity [10, 17].
The average molecular weights (Mw) of the poly-
meric molecules in our database are between 10* and
10° g/mol [15]. These materials have the characteristic
of being polydisperse and also the different molecules
that compose them are entangled with each other. For
this reason, a 3D representation of a single molecular
chain would not represent “the bulk material” and the
computational effort associated with this representation
would not be justified. For our QSPR predictive model-
ing objectives, 3D molecular descriptors (which are com-
puted on 3D structures) are not necessary; moreover,
they are not desirable because, when stabilizing the 3D
structure, it adopts a shape that is very far from reality.
In other words, it does not represent the entanglements
of “the bulk material”. Consequently, our investigations
are based on 2D structures which, although they do not
describe the three-dimensional reality, are able to cap-
ture important structural information that is indepen-
dent of 3D.

Due to mentioned disadvantages and limitations of
the proprietary software tools, we set out to develop an
algorithm to build representations of high molar mass
(MM) polymers based on simple molecular representa-
tion codes. The PolyMaS software tool aims to generate
macromolecules, in short time, from SRU expressed in
a computational representation. The output of this com-
putation is a single 2D polymeric chain in SMILES code
with the desired polymerization degree (PD). In the fol-
lowing section, a detailed explanation of the algorithm
is provided.

SOFTWARE DESIGN

PolyMaS$ uses the Simplified Molecular Input Line
Entry Specification (SMILES) [18] as a molecular repre-
sentation format. This specification describes, in a simple
and unambiguous way, the structure of a molecule.
SMILES is an easy-to-interpret language for both infor-
matics and chemists, because it uses ASCII characters to
describe molecules.

Using the formal grammar [19] with which any SMILES
is build, we can explain the generation of macromole-
cules process of PolyMaS. A SMILES string consists of
a chain made up of atoms followed by a terminator. The
symbol ¥ is also accepted as a valid atom and represents

a “wildcard”. Some sentences that make up the grammar
are included below in order to understand the PolyMa$S
algorithm (see Table 1).

The **" represents an atom whose atomic number
is unknown or unspecified. It does not have any spe-
cific electronic properties or valence. If specified out-
side square brackets, it takes on the valence implied by
its bonds. If it is inside square brackets, it takes on the
valence implied by its bonds, hydrogens, and/or charge.
The full formal grammar can be seen in the OpenSMILES
website [19].

The algorithm input is the SRU computational repre-
sentation in SMILES format. Asterisks (*) are used as indi-
cators that locate both the head and tail of the SRU. Once
these indicators are located, a head-tail polymerization
between two SRUs is imitated. The result is a computa-
tional representation of a single linear polymer chain in
SMILES format.

As an example, Figure 1 shows the PolyMaS meth-
odology for the generation of a single chain of polysty-
rene (SRU: C(C)cleccecl) with the desired polymerization
degree (PD).

The SMILES chain complies with the grammar
described above. The example for polystyrene includes
the following grammar items:

— Two carbon atoms indicated with the uppercase
letter C

— Branches indicated with parenthesis‘()’

— An aromatic ring within the parenthesis indicated
with ‘clcececl’

— The “wildcard” indicated with asterisks .

PolyMaS uses the “wildcard” to identify the head
and tail of the SRU (Figure 1; Step 1): *C(C*)clececcl. It
saves a copy without the first *, that is, without the head
(Figure 1; Step 2). It replaces the SRU tail (second *) from
step 1 by the SRU saved in step 2 (Figure 1; Step 3). Thus,
a new SMILES chain consisting of two SRUs is obtained
as follows: *C(CC(C*)clcccecl)cleccecl. This new chain
also complies with the SMILES formal grammar. In this
way, PolyMaS repeats the process until the desired PD is
obtained (Figure 1; Steps 4-5).

RESULTS AND DISCUSSIONS
Software specifications and dependencies

The algorithm is implemented in the R language. It
requires the doParallel and foreach libraries because the
code is suitable for execution, taking advantage of paral-
lel computing. The benefits of parallel computation are
more evident when several molecules of large polymer-
ization degrees are generated. However, the software is
uploaded to a web server so that installation or depen-
dencies are not necessary. In this sense, our software is
operating system agnostic. PolyMasS is licensed by GNU
GPL and can be used in a very simple way through this
web page: http://lidecc.cs.uns.edu.ar/ChIT/ALIS/PolyMaS/


http://lidecc.cs.uns.edu.ar/ChIT/ALIS/PolyMaS/PolyMaS.php
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Table 1. Formal grammar for SMILES code

Formal Grammar

atom := bracket_atom | aliphatic_organic | aromatic_organic | *’

aliphatic_organic =B’ | ‘C’' | 'N" | ‘O’ | 'S’ | ‘P’ | ‘F" | ‘Cl" | ‘Br’ | 'T’

aromatic_organic:="b" | ¢’ [ n" | 0" | " | “p’

bracket_atom :=‘[" isotope? symbol chiral? hcount? charge? class? ‘]’

symbol ::= element_symbols | aromatic_symbols | “*’

isotope ::= NUMBER

element_symbols :="H’ | ‘He’ | ‘Li" | ‘Be’ | ‘B’ | ‘'C’ | 'N" [ ‘O’ | “‘F’ | ‘Ne’ | ‘Na’ | ‘Mg’ | ‘Al | ‘Si” | ‘'P" | ‘S" | 'CI" | ‘Ar" | ‘'K’ | ‘Ca’
1S’ 1" 1V 1 'Cr’ | "M’ | “Fe” | ‘Co” | ‘Ni” | ‘Cu’ | “Zn’ | ‘Ga’ | ‘Ge” | “As” | ‘Se’ | ‘Br’ | 'Kr’ | ‘Rb’ | ‘Sr” | Y’ | “Zx" | ‘Nb’ | ‘Mo’
| “Tc’ | ‘Ru’ | ‘Rh’ | 'Pd’ | ‘Ag’ | ‘Cd’ | “In” | ‘Sn’ | ‘Sb” | “Te’ | ‘'I' | "Xe’ | “‘Cs” | ‘Ba’ | ‘Hf" | “Ta’ | ‘W’ | ‘Re’ | “Os’ | “Ir” | ‘Pt’ | ‘Au’ |
‘Hg' | “TI" | ‘Pb’ | “Bi’ | ‘Po’ | ‘At’ | ‘Rn’ | “Fr’ | ‘Ra’ | ‘Rf’ | ‘Db’ | ‘Sg’ | ‘Bh’ | ‘Hs' | ‘Mt’ | ‘Ds’ | ‘Rg’ | ‘Cn’ | “FI' | ‘Lv’ | “La’ | ‘Ce’ |
‘Pr’ | 'Nd’ | Pm’ | ‘Sm’ | ‘Eu’ | ‘Gd’ | “Tb’ | ‘Dy’ | ‘Ho’ | “Er’ | ‘“Tm’ | “Yb’ | ‘Lu’ | ‘Ac’ | “Th’ | ‘Pa’ | ‘U’ | ‘Np’ | ‘Pu’ | ‘Am’ | ‘Cm’ |
Bk’ | ‘Cf’ | “Es” | “Fm’ | ‘Md’ | ‘No’ | 'Lr’

aromatic_symbols :==b" | ‘@ | 0" | 0" | ‘p’ | ’s" | "se’ | ‘as’

chiral :=‘@ | ‘@@’ | ‘@THI’ | ‘@TH2' | ‘@ALl’ | ‘@AL2’ | ‘@SP1’ | ‘@SP2’ | ‘@SP3’ | ‘@TB1’ | ‘@TB2’ | ‘@TB3’ | ... | ‘@TB20’ | ‘@OH1’ |
‘@OH2’ | ‘@OH3’ | ... | ‘@OH30" | ‘@TB’ DIGIT DIGIT | ‘@OH’ DIGIT DIGIT

hcount :="H’ | "H’ DIGIT

charge :=" | *’ DIGIT? DIGIT | +' | +' DIGIT? DIGIT | ‘-’ deprecated | “++" deprecated

class :="" NUMBER

bond o= i | s I 1#1 | /$r | /:; | 1// | /\;

ringbond ::= bond? DIGIT | bond? ‘%" DIGIT DIGIT

branched_atom ::= atom ringbond* branch*

branch ::=‘(" chain ‘)’ | /(' bond chain ‘)" | /(" dot chain ‘)’

chain ::=branched_atom | chain branched_atom | chain bond branched_atom | chain dot branched_atom

dot ="/

smiles ::= terminator | chain terminator
terminator := SPACE | TAB | LINEFEED | CARRIAGE_RETURN | END_OF_STRING

Styrene Monomer
(O,

MOLECULAR WEIGHT

1) SMILES with asterisks
representing the head (*) 2) A copy is saved 3) Replace the tail of (1) with
and tail (*). without head. the SMILES obtained in (2)

“Head {Ej rait T@ @

*C(C*)clcccccl C(C*)clcccccl *C(c( C*)clcccccl)clcccccl
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5) Pracess ends upon obtaining the
desired polymerization degree
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4) Repeat the same process starting
with polymerization degree n-1
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Fig 1. PolyMaS algorithm methodology using the polystyrene SRU as an example. In step 1, the head and tail are identified: *C(C¥)
clcceccl. In step 2, a copy is saved without the first ‘*/, that is, without the head. In step 3, the SRU tail of step 1 is replaced by the
SRU saved in step 2. Therefore, a new SMILES chain consisting of two SRUs is obtained as follows: *C(CC(C*)clcccccl)cleccecl. In
steps 4 and 5, this process is repeated until the desired polymerization degree (PD) is obtained
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2.40 GHz, reporting an average runtime of 0.182 [s] with
a standard deviation of 0.141 [s].

CONCLUSIONS

7

In this paper, we present PolyMas$, a software tool that
generates macromolecules starting from a SRU, with
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no size limit. For this task, only the SRUs expressed in
SMILES format and the desired polymerization degree
must be known. By entering these two input parameters,
the software generates the macromolecule with the chain
expressed in SMILES code.

Using PolyMaS, the possibility of obtaining a computa-
tional representation of high molar mass chains becomes
feasible. In addition, most of molecular descriptor cal-
culation tools support the PolyMaS output. This feature
allows the calculation of descriptors for a large variety
of high molar mass chains, which leads to more realistic
databases for linear polymers with polydispersity.

The software is available on the web; and also, if the
user prefers, it can be installed locally. To the best of our
knowledge, PolyMaS is the fastest tool available today to
obtain the desired polymerization degree for the 2D rep-
resentation of high molar mass polymers. Furthermore,
since the tool is freely available as an R package, it offers
integration possibilities in a work pipeline, speeding up
and automatizing the task for large databases. This last
point represents an additional advantage with respect to
the functionalities offered by other tools.
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