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The development of simulation methods to study the structure
and dynamics of a macroscopically sized piece of polymer material
is important as such methods can elucidate structure—property
relationships. Several methods have been reported to construct
initial structures for homo- and co-polymers; however, most of
them are only useful for short linear polymers since one needs to
pack and equilibrate the far-from-equilibrium initial structures,
which is a tedious task for long or hyperbranched polymers and
unfeasible for polymer networks. In this method article, we pre-
sent PolySMart, i.e., an open-source python package, which can
effectively produce fully equilibrated homo- and hetero-polymer
melts and solutions with no limitation on the polymer topology
and size, at a coarse-grained resolution and through a bottom-up
approach. This python package is also capable of exploring the
polymerization kinetics through its reactive scheme in realistic
conditions so that it can model the multiple co-occurring poly-
merization reactions (with different reaction rates) as well as
consecutive polymerizations under stoichiometric and non-
stoichiometric conditions. Thus, the equilibrated polymer models
are generated through correct polymerization kinetics. A bench-
mark and verification of the performance of the program for
several realistic cases, i.e., for homo-polymers, co-polymers, and
crosslinked networks, is given. We further discuss the capability of
the program to contribute to the discovery and design of new
polymer materials.
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New concepts

Molecular dynamics (MD) simulation is a major asset in polymer model-
ing. Nevertheless, constructing close-to-equilibrium initial structures
(i.e., a key to achieve realistic polymer models) is a great challenge. Due
to the lack of a standard protocol to build up close-to-equilibrium initial
structures, most existing MD methods can only model oligomers and very
short polymer chains. Thus, current MD-made polymer models often lack
important characteristics of real synthetic polymers: (i) very large
molecular weights and (ii) wide molecular weight distributions. Bottom-
up methods (which make polymers from monomers by mimicking the
polymerization reactions through MD reactive schemes) are capable of
constructing close-to-real size polymers; however, the existing methods
are extremely case-dependent and able to handle only very limited
polymer types. Here, we introduce a general bottom-up scheme
(i.e., PolySMart: a free and open-sourced Python code package) by
which one can construct any polymer architecture, ie., linear,
branched, dendritic, and 3D networks, based on a great variety of
chemistries (e.g:, polyurethanes, polyamidoamine, polyethers, and
polyesters, as benchmarked in the paper), through reproducing/
mimicking experimentally obtained polymerization Kkinetics. Thus, it
enables MD modeling of an unlimited variety of polymers with realistic
molecular weights and molecular weight distributions in the future.

1 Introduction

Macromolecules are an interesting class of materials with a
large range of applications. Their characteristic feature is a
large molecular size, which gives them the capability of inher-
iting various properties from the monomers. Thus, one can
tune the final properties of macromolecules by incorporating
different monomers and imposing a specific molecular topology
by designing different chemical reaction routes. Experimental
techniques with molecular-size resolutions have been great tools
to establish structure-property relationships for synthesized
macromolecules. However, using experimental trial and error
methods is an expensive route in demand for cheaper, more
functional, and sustainable technologies, while theoretical
tools have been shown to be able to predict and model new
materials." Among them, molecular dynamics (MD) simula-
tions proved to be able to provide valuable insights into existing
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and new macromolecules” by calculating their structural and
dynamic properties on a molecular scale.>”

Despite the success of atomistic MD simulations in predict-
ing properties of molecular materials, the large length/time
scale of conformational transitions in polymers has been a
major challenge to model their behavior. Accordingly, several
attempts have been made to overcome these limitations, such
as the development of coarse-grained (CG) models to probe
time and length scales associated with macromolecules.®'° CG
models facilitate the simulation of large and complex polymers
but generally fail in providing transferability for various macro-
molecules and thermodynamic conditions."" Nevertheless, the
advancement in CG models during recent years promises a
bright future for CG MD simulation of macromolecules,* as
exemplified in the development of Martini3,"> which shows
promising capabilities to provide a semi-quantitative level of
accuracy. Another challenge in the modeling of macromole-
cules is generating reliable and close-to-equilibrium initial
configurations (starting coordinates), which is of great concern
for polymer modelers due to the large size and slow dynamics
of this material class."® Furthermore, it is also very hard to
correctly capture the large degree of polydispersity in classical
simulations, which (particularly) in the case of synthetic
macromolecules, greatly influences their final properties.'*"
Moreover, the rapid pace of materials development through
advanced synthesis methods has enabled a remarkably diverse
set of complex polymer architectures, e.g., hyperbranched"® and
dendritic'” polymers, 3D polymer networks,"® and supramole-
cular polymers,'® so that generating their starting coordinates
is not feasible without considering an automated bottom-up
method, i.e., building up macromolecules by connecting mono-
mers during a molecular relaxation process through an auto-
mated protocol. In general, two approaches have been used to
prepare equilibrated polymer models through MD simulations.
The first is building up macromolecules based on an input
sequence of monomers in the exact input configuration and
topology provided by the user combined with multiple energy
minimization and relaxation steps,'*?° while the second is poly-
merizing monomers/oligomers through a reactive MD scheme
on all-atom®" or CG** scales.

Due to the rather long polymerization time frame as compared
to achievable atomistic MD simulation times (i.e., hundreds of
nanoseconds), most of the all-atom time frames cannot achieve
reasonable polymerization reaction conversions (>90%) to
generate the real-size polymer models without imposing wrong
kinetic/thermodynamic manipulations such as increasing the
reaction cut-off to reach higher conversions. Also, most of the
bottom-up methodologies are not sufficiently generic to be
used for a large class of polymerization reactions and are
mainly developed for specific chemical structures, i.e., epoxies
with a focus on 3D crosslinked networks. For instance, Grest
and Kremer generated a randomly crosslinked network starting
from well-equilibrated melts of linear chains of polymers and
investigated some network features.>> The reactions were
assumed to occur instantaneously, and the system was not
relaxed, which causes large internal strains and high energy
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spots. Lin and Khare modified this single-step polymerization
process using an annealing algorithm for finding reacting
atoms and a final energy minimization to reduce the energy
of the system.>* This algorithm finds the optimal connectivity
condition of new bonds in which the sum of the distances of
these bonds is minimized. The first procedure for performing
progressive polymerization/crosslinking reactions during a
multi-step MD simulation was developed by Doherty et al.>®
Their method attempts to identify the atomic pairs that are
spatially close and form the bond between them followed by
energy minimization and relaxation steps. Repeating this pro-
cedure several times avoids the occurrence of local strains and
results in the desired equilibrated structure. This general
concept is the core of the most developed methods for gene-
rating polymeric structures and networks. Several researchers
used similar methods with different details for constructing
various topologies in several all-atom>*° or united-atom®°
forcefields. In order to avoid the drawback of the repeated
discontinuities in the trajectories and energies of the system,
which are caused by repetitive stopping, rewriting the topolo-
gical information and continuing the dynamics, reactive force
fields have been developed. These types of force fields (e.g.,
ReaxFF*"), which use the concept of bond order to enable
chemical reactions, are based on quantum mechanics (QM)
calculations and allow an implicit QM consideration into the
MD simulations. However, due to the computational cost of
atomistic calculations, the system size and the simulation time
frame that can be modeled by these systems are limited.

CG polymerization methods can reach reasonable reaction
conversions due to the faster relaxation and longer achievable
simulation times. Also, polymerization schemes on the CG level
can be utilized for a large class of polymer chemistries (due to
the lower level of complexities in bond formation/breakage)
and may lead to more efficient high-throughput methods (due
to the lack of force field related challenges). Note that in cases
where atomistic detailed structures of polymers are needed,
after reaching the desirable polymer sizes/polymerization con-
versions, a reverse mapping of the CG structure onto a fully
atomistic representation can be done to proceed with all-atom
MD simulations. According to this concept, Komarov et al.
proposed a method for the polymerization of highly crosslinked
epoxy networks in CG representation.*” The network formation
and relaxation were performed by Monte Carlo simulation.
Later, Gavrilov et al. updated this multiscale methodology by
applying dissipative particle dynamics (DPD) and a prob-
abilistic reaction scheme for the construction of epoxy net-
works and predicting topological properties.*® Recently, some
reactive models in the CG scale were also introduced that
mimic the reactive events through a continuous potential with
a balance between attractive and repulsive interactions. For
instance, the titratable-MARTINI model models the pH-dependent
simulations by describing the protonation/deprotonation equili-
brium through individual CG beads representing acids/bases®*
instead of representing explicitly chemical bonding between CG
beads. Also, sticky-MARTINI was developed to model silica poly-
merization by describing the siloxane bonds as a continuous
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Lennard-Jones interaction between virtual sites and sticky particles
around a central silica particle.>> This model is limited to a specific
system, but the modeling concept has an outstanding potential to
be generalized as a general force field for other reactions in
different systems.

Previously, we developed a methodology for performing
chemical reactions on the Martini CG mesoscale and validated
the constructed structures for some linear and crosslinked
polyurethane systems.*®*” In the current work, we expand this
route as a generalized method for performing any step-growth
polymerization process, gathered in a scripting package (available
at https://github.com/HMakkiMD/PolySMart), which we added to
our reactive scheme for the GROMACS MD package.*® Unlike
most methods, the scheme is not designed for specific chemical
structures and can be used for any addition polymerization to
generate any polymer architecture (linear, branched, network, etc.)
by introducing easy-to-prepare input files. A multi-step reaction
process can also be considered, which offers a reactive scheme for
observing the evolution of the system not only at the endpoint but
during the whole process. The ability to define multiple parallel
(or competitive) reactions and to simulate multifunctional groups
with various reaction rates makes this method, contrary to
simplified schemes, suitable for realistic step-growth (co)polymer-
izations. Also, this code package can reproduce the correct
kinetics for competing polymerization reactions so that the final
equilibrated polymer models can be generated through correct
polymerization kinetics, a missing feature in most of the bottom-
up polymerization methods.

In Section 2 the workflow methodology and algorithm are
discussed and in Section 3 a set of robust validations against
experimental results are presented to check the accuracy of our
code package in constructing realistic polymer structures and
topologies through several case study systems. Each system
represents a special capability of this method: (3-1) a polydisperse
mixture of polylactic acid in a simple melt homo-polymerization,
(3-2) a realistic network structure of polyurethanes with dangling
chains, (3-3) a multi-step synthesis of a complex dendritic struc-
ture with multifunctional groups, and (3-4) a hyperbranched
polymer system with competitive parallel reactions.

2 Workflow methodology

The general idea behind this package is to perform polymeriza-
tion reactions through MD simulations to (i) study the chemical
and topological evolution of complex polymer structures during
polymerization and (ii) obtain well-equilibrated real-size ther-
moplastic and thermoset polymers to further MD simulation
studies. The algorithm utilized in PolySMart is based on
exploring the functional groups for the species that can react
(under user-defined conditions) and performing the reaction by
modifying related topologies followed by energy minimization
and further equilibrations. These steps are iterated until a
specified condition, e.g., a reaction conversion, is satisfied.
Due to the discussed advantages of the CG representation on
the atomistic scale, this package is basically designed using the
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Martini CG forcefield, which is shown to be among the most
successful CG methods for macromolecules.'®'?3¢39744

The scheme is developed in a generic way and can simulate
any addition polymerization, performing multiple reactions
with different natures at the same time, using non-stoichio-
metric reaction conditions, and performing multiple reactions
in multiple steps on a certain functional group. A schematic of
the workflow, which is divided into five major steps, is illu-
strated in Fig. 1.

Step 1: defining the inputs

All species must be defined on the CG scale by employing the
Martini forcefield. To specify the input parameters an input file
is introduced. This input file must provide (i) the topology file
of all reagent molecules and their numbers in the system,
(ii) the active beads and their maximum allowed number of
reactions, (iii) the distance range that the reaction can take
place within (reaction cut-offs), (iv) the probability of reactions
for the reacting bead pairs, and (v) all kinds of possible new
bonds, angles, and dihedrals (Martini), parameters which can
be formed or changed during the reactions and the user wants
to consider. Moreover, the number of iteration loops or con-
version limit (termination conditions of the process) must be
specified in this file. The simulation box containing all the
species should be constructed before starting the reaction
process. In the case of simulating solution polymerizations,
solvents (or any other inactive molecules in the reaction pro-
cess) should be inserted into the simulation box prior to the
reaction and their information should be introduced in the
input file accordingly.

Step 2: generating a single topology file based on the input
topologies

The topology of the reacting species is evolving based on the
reactions taking place. Thus, each reacting species stands a
chance to connect to another one during a reaction cycle and
the connectivity information should be updated accordingly.
Therefore, the program merges the individual topology infor-
mation of all the reagents (provided by the user as topology
files) in this step by reading the input individual topology files,
renumbering the beads, and editing the bonded parameters.
Note that the non-reactive components (e.g., solvents) can be
considered separately since their topological information does
not change during the reaction. After obtaining a single topology
for reacting species, the (user-defined) equilibration step is
performed. However, this step is not necessary if the input
structures have been well-equilibrated before.

Step 3: determining the reacting beads and forming
neighboring lists

The specified reactions can take place when the reacting beads
approach each other within a defined cut-off distance. This step
function protocol avoids the formation of over/under-stretched
bonds (that cause instabilities and high energy local points)
and has proved to be effective for deciding whether the reaction
is to be performed or not.*> According to the input of the
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Fig.1 The workflow of PolySMart for performing a reaction process. As an example, a box containing three different molecules that can react with each

other is illustrating the workflow.

process, see step 1, for all the beads that can react at this stage
their mutual distances are determined by a neighbor search.
In the case where the distance of any reacting beads falls into
the specified reaction cut-off (provided by the user in step 1),
the probability of the reaction will be considered and the bead
pairs that must be connected at this step are identified.
The combination of reaction cut-off and assigned probability
determine the speed of the reaction and final molecular
structures. In the Martini3 forcefield, the beads are categorized
into three sizes (i.e., regular, small, and tiny). Thus, we defined
the reaction cut-off based on the Lennard Jones radii of the
reacting beads (g parameters in the force field). In this way,
the limitation of the geometrical effects for the approach of
different bead pairs will be treated similarly for all possible
reactions in the system. Now the probability can be determined
by considering the relative reactivity of the bead pairs. Such a
feature is of great importance for cases with two (or more) types
of possible reactions on a bead type (e.g., for multiblock
copolymers). For instance, consider that bead ‘A’ can react with

2284 | Mater. Horiz., 2023, 10, 2281-2296

both beads ‘B’ and ‘C’. If the relative reactivity of ‘B’ reacting
with ‘A’ is twice as much as for ‘C’ reacting with ‘A’, the
probability of the formation of ‘A-B’ and ‘A-C’ connections
can be introduced as 1.0 and 0.5, respectively. The possibility of
capturing more than one reaction on the same bead is another
unique feature of PolySMart. Thus, if a reacting bead has two
(or more) functional groups, the bead can react more than
once. Accordingly, different conditions can be introduced for
each of these reactions (in step 1), and the bead can react more
than once, in cases where the conditions are satisfied. Note
that, on each reaction cycle, only one reaction is allowed on
each bead to avoid instabilities and high-energy local spots in
the system.

Step 4: modifying topology and structure files

The core of the program lies in this step which modifies the
topology information according to the reactions that took
place. The modifications include changing the bead types
and bead names and adding the newly formed bonded

This journal is © The Royal Society of Chemistry 2023
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interactions in both the structure and topology files. The new
bead types and names are read from the input file (step 1). The
structure file and ‘“atoms” and “constraints” sections of the
topology file are modified accordingly. Adding new bonds to
the “bonds” section of the topology file is straightforward. As a
result of newly formed bonds, new angles, and dihedrals
should be considered (in different cases, their numbers may
be different according to the structure and complexity of the
molecules). To this end, the program identifies new angles and
dihedral angles that should be considered formed. The algo-
rithm for finding these new bonded interactions is based on
exploring the system for all the beads which are connected to
the reacting beads (named second-order beads) and all the
beads which are connected to the second-order beads (named
third-order beads). After finding all the new bonds, angles, and
dihedral angles in the system, the program matches them with
the defined list of bonded interactions as specified by the user
in the input file and determines the corresponding function
types and constants. Eventually, the list of the new bonded
interactions is added to the topology file if the parameters are
provided by the user in the input file, otherwise will be ignored.
The ignored bonded interactions will be gathered in a separate
output file for the user’s information.

Moreover, the reaction of beads may affect some other
bonded parameters of the system in the vicinity of the reaction
spots. This issue is especially important in the case of multi-
functional beads and condensation reactions (due to the break-
age of the bead to a smaller bead size). Multifunctional beads
may undergo considerable changes in the previously existing
angle and dihedral parameters after each reaction. Condensa-
tion reactions may also affect the bead type/size of the reactant
bead (e.g., from polar to nonpolar or from R-type to T-type)
which can have a considerable impact on the other existing
bonds or angles. Therefore, PolySMart performs all necessary
updates on the topology information of the system to maintain
the topology of the polymer close to the equilibrated structure
during the polymerization reaction.

The topology information for each cycle is accessible, making
it possible to do post/during reaction data processing for ana-
lyses that need connectivity information of any species, e.g., the
crosslinking density of complex networks and dispersity index.

Step 5: equilibration of the new structure

The addition of new bonded interactions is associated with instant
structural instabilities due to the unrelaxed structures around the
reaction spots. Hence, after each reaction cycle, an energy mini-
mization step followed by a (user-specified) short equilibration
step will be normally applied to eliminate these instabilities by
putting the beads in the proper positions and correcting the
orientations at these places. Then, the conversion of the reaction
is calculated (based on the number of reacted and unreacted bead
types specified in Step 1) and in cases where the termination
condition is satisfied, the process stops. Otherwise, the iteration of
the algorithm continues until the termination conditions are met.

It should be mentioned that the termination condition can
be expressed as a conversion value limit for a specific reactive
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bead and the number of reaction cycles. The former is efficient
in complex reactions where the user does not have an estimation
about how the reactions will proceed and which species will be
consumed sooner, while the latter can prevent the system from
getting stuck in infinite loops in cases where the conversion of
the reaction does not reach beyond the specified limit.

3 Test case results
3.1 Homo-polymerization of lactic acid

Building realistic initial structures is an important part of any
computational simulation. This is challenging in simulations
of polymers due to their long chains which need heavy comput-
ing power and longer times to ensure an equilibrated structure.
This is particularly problematic for glassy polymers, for which
annealing the structure above T, and cooling down to room
temperature generates unrealistic morphologies, due to the
high heating/cooling rates in molecular simulations*® not
achievable experimentally. Furthermore, using a monodisperse
structure for a polymeric system, which is widely used in
MD simulations, is not necessarily a realistic assumption and
might lead to serious misunderstanding of structure-property
relationships.*”

Homo-polymerization of small monomers through step-
growth polymerization is a simple but important example to
evaluate the ability of PolySMart in producing reliable polymer
structures with respect to (i) polymer chain size and distribu-
tion and (ii) well-equilibrated polymer morphology. To this
end, we polymerize lactic acid (LA) to obtain polylactic acid
(PLA), as a widely used polymer in biological applications*®*°
and analyze the performance of the process.

First, the interaction parameters and coordinate files of a
box containing 25000 monomers were generated by the Mar-
tini3 force field. The details of the force field generation and
parameters are reported in ESL{ Section S2 and Table S1.
Fig. 2(a) shows the CG structure of the monomer and polymer
based on the Marini3 CG parameters. Next, the inputs related
to the newly formed bonded interactions and the termination
conditions (i.e., a conversion of 99%) were set. An initial 50 ns
relaxation using NPT conditions was used. Thereafter the
polymerization reactions were switched on. A reaction cut-off
of about 5% larger than the van der Waals radius of the reacting
beads was chosen. After each iteration loop, an energy mini-
mization followed by a 1 ns relaxation under NPT conditions
was done. Details of the MD simulation settings are reported in
the ESL,f Section S3.

Fig. 2(b) illustrates the conversion of the polymerization
process as a function of reaction time. As shown, the conver-
sion grows sharply at the beginning (due to the greater avail-
ability of monomers), considerably slows down after 90%
conversion, and continues until it reaches 99% conversion at
reaction cycle 291. In fact, this is a well-known characteristic of
step-growth polymerizations.>*™?

Each individual chain length during the simulation was
calculated. Knowing the bead’s weight and length of each

Mater. Horiz., 2023,10, 2281-2296 | 2285
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Fig. 2 Polymerization of the lactic acid test case. (a) Martini CG model and bead types for the monomer and polymer. (b) Evolution of the process
conversion during the iteration loops of reactions. (c) Variation of the molecular weight of chains with the evolution of conversion. (d) A set of graphs
representing the molecular structure of the chains at the final conversion. The chains are plotted only based on the connectivity information of the beads,
and the positions of the beads and chains are changed to achieve a clear representation of all chains in the mixture.

chain, the molecular weight and its distribution can be obtained.
To evaluate the resulting polymer, the evolution of molecular
weight at different stages of the reaction was calculated and
shown in Fig. 2(c). Results show that the molecular weight grows
very slowly at the beginning of the reaction and rapidly increases
in the last steps of the polymerization, a typical kinetic for step-
growth polymerizations.’®>* Our results show that PolySMart
can correctly mimic these trends. More accurate input values
to PolySMart, such as quantum calculated cut-off distances for
reacting beads, will result in more precise kinetic parameters,
enabling PolySMart to better estimate the polymerization
kinetics.

Table 1 compares the M,,, M,,, and dispersity index P values
for the constructed polymer systems at three different conver-
sion values above 95% with the experimental values for PLA
synthesized without the presence of any catalyst obtained via
GPC measurements.>® Due to the relatively large variations in
molecular weight at high conversions in step-growth polymer-
izations and also the challenges in measuring the exact con-
version values in an experiment, a direct comparison between
simulation and experimental results may not be straight-
forward. However, according to the results in Table 1, the
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Table 1 Molecular weights and dispersity index for our simulation and
experimental data>>

MD (PolySMart) at conversion

Experimental

(GPC) 95.2% 97.3% 98.1%
M, (g mol™Y) 1714 1210 1701 2093
M,, (g mol™?) 3600 2178 3359 4845
D 2.1 1.8 1.97 2.32

structure obtained at 97.3% conversion seems to represent
the structure of PLA closest as compared to the experiments.
Fig. 2(d) depicts the structure of simulated chains at the
final conversion. This graph is made based on the connectivity
information of polymer chains only*® without preserving the
coordinates of each bead to have a clearer illustration of the
chain distribution (a more detailed discussion about these
graphs is given in the ESIf Section S1). It is obvious that a
variety of chain structures and sizes are obtained, a result that
is far from simplified mono-size polymer chains often used in
MD simulations. Also, the presence of loop chains and the wide
distribution of chain sizes may cause specific interactions
(e.g., physical entanglements), which must be considered for
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further structure-property relationships. More elaborate graphs
for different conversion values given are depicted in Fig. S1
(ESIt) showing that up to conversion ~70% almost no polymer
chains are still formed and most of the components are in the
form of unreacted monomers, dimers, trimers, and short oligo-
mers. At conversion x90% still monomers and short oligomers
are present and some chains are forming. With the evolution
of the reaction, the chains rapidly grow in size and almost no
monomers are present at conversion x99%. Thus, this case
study signifies the importance of the possibility of reaching very
high conversions in polymerization schemes, which is difficult
in the case of pure all-atom MD approaches.

3.2 Crosslinked polyurethane networks

Crosslinked polymer networks are an important class of mate-
rials with a wide range of applications.>*>® However, experi-
mental characterization of the network structure to elucidate
the relationship between the network topology and polymer
properties is very challenging due to the insolubility of the
polymer networks. Most of the earlier attempts to identify
the properties of crosslinked polymer networks are based on
statistical theories and models. Based on these models, the
network is regarded as a uniform tree-like structure used to
explain mechanical properties or solvent swelling.””*® How-
ever, defects in the polymer networks are unavoidable during
crosslinking, and the inability to quantify defects impedes the
prediction of polymer network properties.>® Topological features
of networks are divided into three length scales:*° (i) 10-100 nm,
which can be characterized using conventional scattering techni-
ques, (ii) 1-10 nm, which can be characterized qualitatively (but
not quantitatively) by using scattering and spectroscopic techni-
ques, and (iii) <1 nm, which cannot be characterized using
conventional experimental techniques.”® MD simulations are
capable of quantifying medium and smaller defects in polymer
networks. Nevertheless, building up an equilibrated crosslinked
polymer network in MD without a reactive scheme is unfeasible.>®
Thus, PolySMart can be used as an effective tool to generate
reliable, complex, and experimentally relevant polymer networks
for further analysis as well as to determine topological defects.
In this section, polyurethane networks based on polyethy-
lene glycol (PEG), as elastic chains that connect to the network
from two ends, and PEG monomethyl ether (mPEG), as dan-
gling chains that connect to the network from one end, were
prepared by PolySMart. For the evaluation of our model pre-
diction and its analysis capacity compared to experimentally
determined values, similar materials and reaction conditions
were used as in the study by Albers et al.®® (i.e., elastic and
dangling chain lengths, and crosslinker concentration). CG
models of PEG with a molecular weight of 2000 ¢ mol~ ", mPEG
with molecular weights of 750, 2000, and 5000 g mol ', and
a trimerized hexamethylene diisocyanate crosslinker, were
created based on Martini3 (see Fig. S2 and Table S2, ESIt for
bead typing and interactions). The termination condition of
the reactions was set to a conversion of 98% for all models
and Table 2 shows the calculated crosslinking density and
M, values. It should be noted that our calculated network
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Table 2 M. calculated from the simulation, and M. calculated by using

the standard phantom model based on experimental swelling data and
crosslinking density®?

Simulation  Experimental Crosslinking density
M, (g mol™") M. (g mol™) (mol m?)
PEG2000 3650 3552 £ 562 345
PEG2000/mPEG750 3560 2127 £ 2 354
PEG2000/mPEG2000 4000 2710 =110 315
PEG2000/mPEG5000 4950 4422 £ 56 250

properties, as shown in Table 2, were derived directly (and
without approximation) from the network topology and based
on bead connectivity information. Also, the Phantom network
model® is used to calculate the crosslinking density and M, of
networks based on experimental data (e.g., swelling properties),
as taken from the study by Albers et al®' and reported in
Table 2. It should be noted that real polymer networks contain
physical chain entanglements and topological defects (e.g.,
loops), which have complex influences on the polymer network
properties®>® and have not been considered in the many
polymer network models, including the Phantom model.

Fig. 3 displays simulation snapshots from the final poly-
merization of four cases presented in Table 2. As shown, a
rather uniform distribution of crosslinking points (junctions)
for all cases can be seen, which is expected due to the similar
nature of elastic and dangling chains. Graph representations
for all simulation results (similar to Fig. 2(d)) are shown in
Fig. S5 (ESIT).

Based on the connectivity information of the modeled poly-
mer network building blocks, we quantified the defects and
network properties (see Fig. 4(a)), an infeasible analysis
through direct experimental results. Fig. 4(b) shows the propor-
tion of junctions in a network based on the number of reac-
tions, a valuable property for synthetic polymer networks.
Another network defect that causes the junction to be elastically
disabled is the formation of different loops (see Fig. 4(a)). The
formation of loops in various orders reduces the stiffness,
extensibility, and toughness of the polymer network.®®> Consi-
dering that these loops are chemically and spectroscopically
indistinguishable from completely reacted junctions, giving a
quantitative measure for them is extremely challenging in
experimental studies.®®®® Here, we employed simple graph
theory computations on the polymer networks generated by
PolySMart to emphasize the capabilities of this tool in studying
polymer network topologies (see Fig. 4(b) and (c)). Of course,
it can be easily adapted for constructing more complex
networks, e.g., interpenetrating polymer networks, to further
study the structure-property relationships and formulate
design principles for precisely tailored polymer networks.

3.3 Poly(amidoamine) dendrimers

Dendrimers and dendritic polymers are another interesting
class of polymers that find many applications including (but
not limited to) biomedical (e.g., drug delivery) applications.”®"*
Dendrimers have a core segment with more than one function-
ality. Each functional group that grows as an arm also contains
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. Elastic Chain

Fig. 3 MD snapshots of the final networks for crosslinked polyurethane.

a terminal group with more than one functionality. This results
in the formation of a star-shaped macromolecule which is
growing exponentially with each generation.””””® These macro-
molecules can be produced with a large number of generations
and can act as single-chain nanoparticles (up to tens of
nanometers) for special species. Producing an equilibrated
initial structure for these macromolecules is a challenging step
in high-throughput MD simulations due to the complexity and
the large size of the molecules. Here, we attempt to model the
synthesis of a dendrimer utilizing PolySMart and try to validate
the structural parameters. Note that the ability of PolySMart in
performing multiple reactions on multi-functional bead types
unlocks several polymerizations or crosslinking chemistries,
e.g., amines, amides, etc., for modeling an unlimited library of
dendrimer (or network) topologies.

We carried out our simulations according to the experi-
mental procedure for the synthesis of NH;-core polyamidoa-
mine (PAMAM) dendrimer’® until the 7th generation. Each
generation is composed of two steps: (i) addition of the methyl
acrylate to the amine-terminated molecule (from the previous
generation or the core segment) as the alkylation step and
(ii) condensation of the ester-terminated arm with ethylene-
diamine (EDA), see Fig. 5(a). The procedure was carried out on
10 core segments in methanol as a solvent. For the first step

2288 | Mater. Horiz., 2023,10, 2281-2296

. Dangling Chain

. Junctions

(the half generations), methyl acrylate molecules were added to
a simulation box containing 10 solvated dendrimers in metha-
nol. After a 50 ns relaxation, the reactions were switched on
until the conversion of 99% (for detailed information on CG
parameterization and MD simulations see ESI,{ Sections S2
and S3). For the second step (the full generations), the
unreacted methyl acrylate molecules were removed from the
box and the EDA molecules were added, similar to the experi-
mental process. Before switching on the reactions, a 50 ns
relaxation step was performed on the simulation box. The
reactions at this step continued up to full conversion. These
two steps were repeated to produce 10 dendrimers of the 7th
generation. A relaxed structure of a dendrimer molecule with
the color-separated guide for beads of each generation is shown
in Fig. 5(b). Three main arms are developed similarly and the
terminal beads in each arm produced two similar branches in
the next generation.

Fig. 5(c) shows the number of beads for 10 dendrimers in
different generations. The monotonic growth of the particles is
a characteristic feature of dendrimers, which is evident for the
dendrimers generated by PolySMart (see Fig. 5(c)). All particles have
the same size in every step of the generation development with a
negligible deviation arising from the incomplete conversion of
reactions in the half generations, as also expected in experimental

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Crosslinked polyurethane test case: (a) schematic presentation of a typical polymer network and possible defects. (b) Junctions percentage based

on the number of connectivity. (c) Loops percentage per junction.

synthesis. The radius of gyration R, is another structural parameter
that can be calculated for particles in each generation. The
comparison of this parameter in the structure generated by Poly-
SMart and other atomistic MD simulations” in Fig. 5(d) shows a
good quantitative agreement. The larger deviations between our
results and the reference values for higher generations are due to
the incomplete conversion of reactions in our simulations as
compared to the atomistic simulations assuming a complete and
ideal structure for dendrimers (see Fig. 5(d)). PolySMart gives better
control over the final dendritic structures due to the user-defined
conversion limit of each generation step by using the reaction
conversion values obtained from laboratory experiments. The
results obtained in this case study verify the accuracy of the
constructed structures by using PolySMart in cases where multi-
functional bead types exist during the reaction.

3.4 Hyperbranched polymers

Hyperbranched (HB) polymers are a special sub-class of den-
dritic polymers that have attracted considerable interest due to

This journal is © The Royal Society of Chemistry 2023

their particular properties in comparison with linear and cross-
linked polymers. For instance, HB polymers exhibit excellent
solubility, low solution viscosity, modified melt rheology, irre-
gular topology, and high functionality when compared with
linear polymers.'®%°"® These particular properties lead to the
use of HB polymers in various applications ranging from
functional coatings,®* biomaterials,*> nanocomposites,®® opto-
electric materials,’” and additives.*® Generally, HB polymers
are easily prepared by the polymerization process of A, + B,
(where A, and B,, are monomers with two A and n B functional
groups); however, the A, + B, approach might result in HB
structures with a high risk of gelation and unfavorable intra-
molecular cyclization. To overcome this problem, recently
specific monomers with unequal reactivity, A, + CB, were
designed.® In this case study, we report the one-step polymer-
ization process of HB polymers with 1,6-dibromohexane (A,)
and 3,5-dihydroxybenzoic acid (CB,, C: carboxylic acid, B:
hydroxyl) as monomers (see Fig. 6(a)), as also used in a recent
experimental study.®® The reaction between functional groups
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Fig. 5 PAMAM dendrimer test case: (a) the reactions of different steps in PAMAM dendrimer synthesis. (b) Schematic structure of a relaxed PAMAM
molecule with the evolution of the generations. Beads belonging to each generation are specified with different colors. (c) The number of beads for each

dendritic molecule during generations 3 to 7. (d) The radius of gyration Rgq

calculated via atomistic MD simulations.”®

is based on nucleophilic substitution reactivity. The "H NMR
spectra revealed the rate of reaction between Br and hydroxyl
and carboxylic acid should be carboxylic acid (COOH) >
second hydroxyl (OHg) > first hydroxyl (OH,) > original
hydroxyl (OH). It was also proven that the reactivity of the
original B is negligible as compared to other reactants.®
To find the reaction probability of different reactant species
in simulations, we mimicked the reaction between monofunc-
tional 1-bromohexane and 3,5-dihydroxybenzoic acid. We
tuned the reaction probability ratio in PolySMart to achieve
the same product ratio as reported in a reference paper.*® More
details are given in the ESI, T Section S3 while the comparison of
the product ratio obtained by '"H NMR analysis and MD
simulation is listed in Table S10. The reaction probabilities

2290 | Mater. Horiz., 2023, 10, 2281-2296

for dendrimers built with PolySMart in comparison with ideal structures

that reproduced the product ratio closest as compared to
experimental results were used for the polymerization process
of the main case (1,6-dibromohexane + 3,5-dihydroxybenzoic
acid). The original hydroxyl bead (COH) converts to the first
hydroxyl bead (COH,) after the reaction of carboxylic acid
occurred, and the first hydroxyl bead (COH,) converts to the
second hydroxyl bead (COHg) when the first hydroxyl bead was
reacted (Fig. 6(c)). Different reaction rates can be simulated by
incorporating these converting factors in PolySMart.

For HB polymer synthesis by PolySMart, 2500 molecules of
1,6-dibromohexane, 2500 molecules of 3,5-dihydroxybenzoic
acid, and 5000 molecules of dimethylformamide (DMF) were
first inserted into the simulation box in accordance with the
reference paper’s molar ratio.*® Following energy minimization,

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Hyperbranched polymer test case: (a) CG mapping of monomers based on the Martini3 force field. Bead labeling is different from the Martini
model. The corresponding Martini beads are mentioned in brackets. (b) Different unit types present in HB polymers. (c) The reactivity sequence of

functional groups and final structure of the HB polymer.

the system was equilibrated under NPT conditions. Thereafter the
reaction between the hydroxyl or carboxylic acid and Br beads was
done using PolySMart. This step was repeated until more than
99% of Br beads reacted.

The degree of branching (DB) is one of the most important
parameters for HB polymers affecting the physical and
chemical properties of these polymer types. The DB was defined

by Frechet et al.°® using the following equation:
pp—_ L *+tD
T+L+D

where T, L, and D are the number of terminal, linear, and
dendritic units, respectively. Fig. 6(b) shows these types of units
schematically.

The conversion of the reaction is plotted to examine differ-
ent reaction rates for esterification and etherification (Fig. 7).
The results obtained from the experimental "H NMR analysis
show that the rate of esterification is much higher than that of
etherification. As mentioned before, one of the abilities of
PolySMart is considering diverse reaction probabilities for each
reactant pair. The reaction probabilities of the CCB bead with
COOH, COH,, and COHjg beads were set to 1, 0.2, and 0.3,
respectively. Our simulation results as shown in Fig. 7 show

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Comparison of conversion between results obtained by *H NMR
and MD simulation for esterification and etherification reactions. Using the
paper referenced, the results of conversion from *H NMR analysis were
replotted.®9 In order to aid visual comparison, the experimental time and
the simulation cycle at which the conversion reached 99% were mapped
on each other and the rest of the plot was rescaled accordingly.
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that these probabilities result in the esterification/etherification
rate ratio, which mimics the experimentally obtained reaction
kinetics, well. It should be mentioned that all MD simulations
differ in time scale compared to real reactions. Therefore, map-
ping the dynamic events between them may require a scaling
factor, a unique case-dependent parameter, that should be
defined based on fitting simulation results to the experimental
data. The models generated by PolySMart predict a DB of 0.57,
close to the experimentally obtained value of 0.62 as determined
by the '"H NMR spectroscopy. This emphasizes the capability
of PolySMart in predicting the evolution and final structure of
HB during a rather complex set of reactions through correct
polymerization kinetics and results in good agreement with the
experimental ones. Of course, further experimentally-infeasible
structural analysis (e.g., the average number of cyclic structures
and cyclic index’") can be easily obtained by having the topo-
logical information of the simulated HB polymers.

4. Conclusions

PolySMart, a general polymerization Python code package
based on the Martini3 coarse-grained model, shows promising
capabilities for constructing a comprehensive range of polymer
architectures, e.g., linear, dendritic, hyperbranched, and 3D
networks, from monomers or any reacting species (e.g., oligo-
mers of prepolymers). PolySMart is not limited to specific
chemistry and, in its current form, can model any addition
polymerization. In this paper, we showed that the molecular
weights and dispersity indices of model polymers generated by
PolySMart are comparable to real polymers. It should be noted
that having realistically polydispersed polymer models is of
great importance in understanding structure-morphology rela-
tionships, an attribute that cannot be easily captured by many
state-of-the-art polymer modeling packages. This code package
is also capable of modeling multiple competing polymerization
reactions through experimentally obtained reaction kinetics. In
this paper, we showed that the structure and morphology of the
polymers modeled are directly comparable with experimental
and other simulation results. Furthermore, PolySMart can
considerably expedite polymer model generation and effectively
pave the way for polymer simulations and in this way contri-
bute to the real process of materials development. The step-
wise dynamic scheme of PolySMart facilitates the analysis of
the evolution of the system during the reactions and the
relaxation of the structures due to considering the instant
update of bonded and nonbonded interactions in the system.
This makes it a more realistic scheme as compared to random
models or MC-based schemes. Care should be taken due to
discontinuities of trajectories that may affect the total dynamics
of the system as compared to reactive force fields. However,
it should be noted that the level of discontinuity can be easily
tuned by the reaction probabilities as set by the user in the input
parameter file.

It should be noted that the current code of PolySMart cannot
model the breakage of bonds between beads explicitly; thus,
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at present reversible reactions cannot be performed. Therefore,
although the coarse-grained representation of the system
allows for atomic reconstruction inside the beads, reactions
in which bond breakage between beads is needed (e.g., long
chain hydrolysis) cannot be modeled yet.

PolySMart can also be easily implemented in additional
scripts in order to develop several tools to satisfy different
external conditions during the polymerization process. Some
examples are controlling solvent evaporation during the cross-
linking, drop-wise monomer(s) addition during a (co)polymeri-
zation process and stepwise reactions, i.e., initiating a second
reaction after the first reaction proceeds to a specific conversion.

It is worth noting that, in addition to the capability of the
Martini3 model to produce semi-quantitative CG estimates for
the properties of macromolecules, for cases where the presence
of atomistic structures is essential, e.g., for conducting or ionic
polymers, a complementary reverse-mapping algorithm/code
can be applied to PolySMart results to generate a fully atomistic
structure for the polymers considered. The development of a
general reverse-mapping code for PolySMart is the topic of our
current research.

Utilizing this method will bring new insights into polymeric
materials by substantially facilitating modeling high-density
packing in a more efficient way, leading to a closer-to-real
architecture in which for example, multiple functionalities,
time-dependent addition of components and evaporation or
addition of solvent(s) are involved.
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