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MARTINI-based simulation method for
step-growth polymerization and its analysis
by size exclusion characterization: a case study
of cross-linked polyurethane†

Hassan Ghermezcheshme,a Hesam Makki, *a Mohsen Mohseni,*a

Morteza Ebrahimia and Gijsbertus de Withb

Simulation studies of step-growth polymerization, e.g., polymerization of polyurethane systems, hold

great promise due to having complete control over the reaction conditions and being able to perform

an in-depth analysis of network structures. In this work, we developed a (completely automated)

simulation method based on a coarse-grained (CG) methodology, i.e., the MARTINI model, to study the

cross-linking reaction of a diol, a tri-isocyanate molecule and one-hydroxyl functional molecule to form

a polyurethane network without and with dangling chains. This method is capable of simulating the

cross-linking reactions not only up to very high conversions, but also under rather complicated reaction

conditions, i.e., a non-stoichiometric ratio of the reactants, solvent evaporation and multi-step addition

of the reactants. We introduced a novel network analysis, similar to size-exclusion chromatography

based on graph theory, to study the growth of the network during the polymerization process. By

combining the reaction simulations with these analysis methods, a set of correlations between the

reaction conditions, reaction mechanisms and final network structure and properties is revealed. For

instance, a two-step addition of materials for the reaction, i.e., first the dangling chain to the tri-

isocyanate and then the diol, leads to the highest integrated network structure. We observed that

different reaction conditions lead to different glass transition temperatures (Tg) of the network due to

the distinct differences in the final network structures obtained. For example, by addition of dangling

chains to the network, the Tg decreases as compared to the network without dangling chains, as also is

commonly observed experimentally.

1. Introduction

Polyurethanes (PUs) are one of the important types of industrial
polymers with properties that make them a suitable choice
in different fields such as foams and composites,1 sealants,2

coatings,3 hydrogels,4 contact lenses, and medical devices.5

The wide range of raw materials, and the molecular weight of
different components as well as their ratio and functionality
(OH and NCO) result in a versatile tool to design polymeric
systems suitable for the abovementioned applications. In fact, a

3D cross-linked PU system can be realized by employing
materials with an average functionality of more than 2. It is
also possible to incorporate a component with one hydroxyl
group to build up a network with dangling chains, which has
the benefit of faster dynamics as compared to polymer chains
connected from both sides to the network. These dangling
chains can give desirable characteristics to the PU networks,
such as being easy-to-clean, anti-fouling6 and low lubricity.7

However, the addition of dangling chains to PU systems may
deteriorate the physical and mechanical properties of the
material due to reasons such as introducing inhomogeneity
to the network structure and leaving unreacted chains in the
system. Moreover, the morphology of a cross-linked PU system
combining hard and soft domains can significantly influence
the properties of the network. A great deal of experimental work
has been devoted to investigating the morphology of PU systems
through different analysis methods, e.g., scattering,8 thermo-
mechanical,9 and scanning probe microscopy techniques.10 In
parallel, a considerable number of molecular dynamics (MD)
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simulation studies has been performed to give complementary
insights into the matter.11–19 In fact, molecular simulation is a
powerful tool to investigate the details of molecular structures
in a systematic and controlled way as it can provide us with
valuable information which experimental techniques, at present,
are unable to address.20 It is worth emphasizing that simulation
paves the way for ‘‘real-time’’ network characterization because
one can study the evolution of the network structure at any stage
of a polymerization, which is not always possible experimentally.

For a 3D network, generating a reliable structure is a major
challenge. Note that most of the MD packages are not capable
of simulating chemical reactions. Nevertheless, a considerable
amount of research work has been performed to establish a
robust method for developing reliable network structures for
thermoset polymers. The vast majority of them, however, have
been carried out for curing of epoxy resins with amine-type
hardeners21–36 and fewer focused on other cross-linked systems
such as polyurethanes,12–15 poly(dimethylsiloxanes),37 poly-
(methacrylates),38 polystyrenes,39 phthalonitrile resins,40,41 bis-
maleimide resins42 and polyesters with melamine hardeners.43

These simulations have been performed at both the atomistic
and CG level. In the case of cross-linking reactions, it is of great
importance to cover sufficiently long reaction times. This
provides priority of CG methods for such study, as is reflected
in a considerably larger number of research studies that pre-
ferred CG models over atomistic ones.34,36,43–47

Different methodologies have been developed to realize a
cross-linked polymeric network. As one of the first, Grest and
Kremer48 generated randomly a cross-linked network by a bead-
spring model and investigated the static properties of the
network. Analysis of the average strand length between cross-
links and the distribution of strand lengths showed that the
generated network was rather homogeneous. Some researchers
used a Lennard-Jones potential to keep reactant moieties close
together after a reaction has taken place. For instance, Nouri and
Ziaei-Rad28 presented a new algorithm to simulate the cross-
linking process of an epoxy network. The reaction between
functional groups was simulated using a Lennard-Jones 12-6
potential with modified s and e to keep the active C and N atoms
together without ‘‘real’’ bond formation. To avoid having a
reaction between more than two active C atoms with an active
N atom, an unrealistic repulsive force between active C–C atoms
was defined. Nevertheless, under realistic conditions, some
bonds are broken and new bonds are formed as a result of
cross-linking; therefore, to make more reliable network struc-
tures, creating ‘‘real’’ chemical bonds between active atoms
seems necessary. Lin and Khare49 used an annealing algorithm
to find reactive atoms which are sufficiently close together. They
cross-linked an epoxy-based system by this algorithm in a single-
step polymerization process. They stated that bond formations
by single-step polymerization results in high-energy penalties to
the polymeric network, so that after all bonds were formed, they
performed a single energy minimization step to relax the system
towards the thermodynamic equilibrium state. To move one
more step closer towards real conditions, one needs to define a
certain cut-off distance for the chemical moieties that potentially

can react. Heine et al.37 simulated end-linked poly(dimethyl-
siloxane) networks at the atomistic level using a united atom
force-field. They defined a reaction radius cut-off of 6.5 Å. The
cross-linking procedure was done dynamically so that the
potential of a newly formed bond is defined by using an
adjusted potential, i.e., a harmonic potential below the cut-off
value and linear potential at a radius larger than the cut-off.
The method of relaxing the network after cross-linking has
taken place has been improved by several scientists. For
instance, Varshney et al.30 developed a relaxation method by
defining different cross-linking approaches.

Gavrilov et al.36 presented a multi-scale method to generate an
epoxy-based polymeric network. They used dissipative particle
dynamics (DPD) to simulate chemical reactions. Bond formation
between linkers (active sites) occurs when their distance reaches a
defined length (Rc) for bond formation. Iype et al.15 studied
polyurethane networks with and without hydrophilic dangling
chains by means of a simulation approach based on the DPD
method. Analyzing the cross-linked PU network through the radial
distribution function and the cross-link point density distribution
showed a homogeneous distribution of cross-linker molecules,
but in the network containing dangling chains, phase separation
of these chains was observed.

One of the effective coarse-graining models that is presented
by Marrink et al.50,51 is the MARTINI method. This method is a
CG model developed initially for simulation of lipids and
biomolecules and used for other molecules such as proteins,52–54

carbohydrates,55 DNA and RNA,56,57 solvents,58 polymers59–61

and nanoparticles.62 In the MARTINI approach, coarse-
graining of atoms into beads is not uniquely defined and the
numbers of heavy atoms assigned to a bead can be 2, 3 or 4.
MARTINI beads are divided into four main types of interaction
sites: polar (P), nonpolar (N), apolar (C), and charged (Q) and
each main site is divided into different subtypes according to the
polarity and ability to form a hydrogen bond. The ability of the
MARTINI force field to distinguish between beads with hydrogen
bond donor or hydrogen bond acceptor capacity makes this force
field a suitable choice for simulation of polymeric systems,
especially polyurethane. However, to the best of our knowledge,
only one research study used the MARTINI model to simulate
the cross-linking procedure of the polymeric network. Rossi
et al.43 presented a MARTINI-based model to simulate the
cross-linking of a polyester resin with a melamine type hardener.
The reaction between the hydroxyl groups of the polyester and
the methoxy groups of the melamine hardener was modeled by
defining an ad hoc potential between reactive beads. This
potential was harmonic at distance below 5 Å and was smoothly
switched to 0 kJ mol�1 between 5 and 6 Å by means of a fourth-
order polynomial. Using their model the authors predicted the
elastic modulus as a function of polymerization degree. By this
procedure, the formation of bonds between hydroxyl groups
and methoxy groups is not limited to one. Therefore, in this
method more than one reacting site forms bonds with another
reacting site. Moreover, the bead typing of reactants remained
unchanged after the reaction occurs, although this assumption
is fair for some cases, it cannot be accepted for the case of PU
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systems due to the possibility of formation of hydrogen bonding
of urethane moieties after a cross-linking reaction. Note that
the ad hoc attractive potential between reacting sites might
intensify this effect.

In the present work, we developed a method to mimic the
cross-linking procedure of PU systems based on the MARTINI
force field using the GROMACS simulation software package.63

For cross-linking, chemical reactions between NCO and OH
beads are simulated in a stepwise manner using a determined
reaction cut-off distance. Note that all steps of a cross-linking
procedure were carried out in an automated manner. This
procedure is designed in a reasonably flexible manner so that
one can generalize it for thermoplastic PUs as well as for any
other condensation polymerizations such as the curing of
epoxy/amine and, various polyester/melamine systems without
spending considerable effort.

2. Method

We developed an efficient and reliable simulation method to form
3D PU networks. This method is based on the MARTINI model
and is capable of mimicking real experimental parameters by

which one can study the effect of several practical parameters
on the final structure and properties of the network. As already
mentioned, this method is fully automated and suitable for any
kind of step-growth polymerization reaction. In this section,
we introduce the algorithm of our method in detail. Note that
most of the parameterization details are elaborated in the ESI.†
Later on, we discuss the network analysis techniques that we
developed and used.

2.1. Materials

We used polytetramethylene glycol, PTMG (M = 522 g mol�1)
as diol, methoxy-polyethylene glycol, mPEG (M = 516 g mol�1) as
hydrophilic dangling chain, HDI-based tri-isocyanate as cross-
linker and n-butyl acetate (nBAc) as solvent, see Fig. 1, and the
solid content is set around 60 wt% for all simulations.

2.2. Coarse-graining

In the MARTINI approach, coarse-graining of atoms into beads
is not constant and the number of heavy atoms assigned to a
bead can be 2, 3 or 4. The type that is assigned to a certain bead
is based on the polarity and the ability of the bead to form a
hydrogen bond. Our bead typing is illustrated in Fig. 1.

Fig. 1 CG mapping of the materials based on the MARTINI method. Our bead labeling is different to the MARTINI model. The corresponding MARTINI
beads are mentioned in the brackets. Colors red, white, black and blue are assigned to nitrogen, hydrogen, carbon and oxygen atoms, respectively.
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2.3. Parameterization

We, first, performed an atomistic-detailed simulation to fit the
parameters to the CG model. The OPLS-AA force-field was used for
the MD simulation at the atomistic level. To the best of our
knowledge, there is no open source universal force field to cover
all the parameters needed for our system of interest, in particular
containing the bonded parameters of isocyanate and biuret
groups. Therefore, only for these chemical moieties, we estimated
the bonded parameters and converted them into OPLS-AA format,
which we eventually used in the updated OPLS-AA force field to
extract the CG parameters for all atoms. The effect of this incon-
sistency in the force field on the results is estimated to be small
since the number of chemical moieties we treated differently is
negligible as compared to the number of all chemical moieties in
the system. Detailed information about the atomistic parameter-
ization is given in the ESI,† Section S1. After obtaining all atomistic
data, we calculated the bonded CG parameters by mapping
from atomistic simulations for each material, and non-bonded
MARTINI parameters are taken directly from original MARTINI
parameters.50 Butyl acetate in a non-aqueous medium does not
dissociate to any large extent. Hence, charged moieties are absent
and electrostatic interactions are neglected. Polarization effects
may also be of importance for MARTINI simulations.64–67 A set of
simulations has been performed on the atomistic and CG levels.
We drew a comparison between the real and simulated density of
each material, see Table 1, to examine the accuracy of our
parameterization at both levels. As shown, the real and simulated
values show good agreements for all materials; therefore, we
believe that parameterization on both levels is acceptable. The
radius of gyration Rg and end-to-end distance Rend are reported in
Table 1. As seen in Table 1, the Rg and Rend at atomistic and CG
level are in good agreement. It is worth mentioning that for mPEG
and PTMG we used only the bonded and non-bonded parameters
of the OPLS-AA force field. Therefore, the similarity of Rg and Rend

shows that parameterization in CG level is adequate. To verify
further the applicability of the method, we also calculated the Rg

and Rend for mPEG with n = 9 and 18 under similar conditions as
for another published paper reported for PEO.68 The results are
very similar: RgS at the CG level for n = 9 are 6.3 Å and 6.0 Å, and for
n = 18 are 9.1 Å and 8.8 Å, for PEO and mPEG respectively.

2.4. Polymerization at the CG level

In this section, we briefly introduce the simulation procedure
for the polymerization of a PU network by reacting OH and

NCO groups of diol and tri-isocyanate, respectively. This
method leads to the creation of a 3D cross-linked PU network.
Fig. 2 depicts a schematic picture of the procedure. First of all,
cross-linker, PTMG and in some cases, mPEG with a desired
stoichiometry ratio of NCO to OH group is packed into a
simulation box. The system was energy minimized using a
steep integrator and then equilibrated at 27 1C and atmo-
spheric pressure with 10 fs time step for 50 ns under NPT
conditions. Temperature was controlled by the modified
Berendsen thermostat while for the pressure the Parrinello–
Rahman barostat was used with P = 1 bar and tp = 3 ps. In order
to follow the NCO and OH beads that have a probability of
forming urethane bonds, the program selects one snapshot of
the relaxation trajectory (at 80% of the total duration of this
step). We employed a stepwise protocol to form the chemical
bond between NCO and OH beads by using a determined
reaction distance of dR = 0.4 � 10% nm (reaction cut-off).20

This value, 0.4 nm � 10%, is almost the smallest cut-off
distance we could consider. For a cut-off distance smaller than
0.4 nm, e.g., 0.35 nm, almost no potential reactant beads are
found within the cut-off distance. For a cut-off distance of
0.45 nm, the final conversion and end-group index are 96.6%
and 0.167, respectively, and hence do not change dramatically.
For still larger values, the number of new bonds formed in one
reaction loop is so high that it may impose high energy
penalties. After finding NCO and OH beads within the cut-off
distance, the program modifies the structure file by changing
the bead types to the resulting urethane beads, namely, UNCO
and UOH. It is worth emphasizing that in cases with more than
one possible urethane bond formation for an NCO or an OH
bead, only one bond formation is allowed, as occurs in real
chemical reactions. Moreover, after the formation of a urethane
bond, the corresponding bonded potential information is
added to the bond section of the topology file and conse-
quently, the additional angle potentials are determined and
added to the angle list as well. After creating new bonds, the
program performs a simulation to relax the system with 0.5 fs
time step for 5 ns before a new bond creation is carried out.
This relaxation part was carried out under similar conditions as
stated before. Note that all steps of this procedure are carried
out at the same temperature. The program repeats this loop of
action until no reaction occurs during 100 consecutive cycles.
As explained before, every reaction simulation is followed by a
considerably longer relaxation simulation in which no reaction
takes place. Therefore, due to the dynamics of the system,

Table 1 Comparison of density, radius of gyration and end-to-end distance values at AA and CG levels. The densities are measured at 25 1C and the Rgs
and Rends are measured at 27 1C

Density (g cm�3) Radius of gyration (Å) End-to-end distance (Å)

Experimental Atomistic CG MARTINI Atomistic CG MARTINI Atomistic CG MARTINI

Cross-linker 1.14a 1.06 0.986 5.80 5.84 —e

PTMG 0.978b 0.993 1.006 8.48 8.52 22.66 23.42
mPEG 1.089c 1.099 1.162 6.73 6.72 16.12 16.75
n-Butyl acetate 0.882d 0.897 0.841 — —

a T = 20 1C. b T = 25 1C, M = 650 g mol�1. c T = 25 1C, M = 550 g mol�1. d T = 20 1C. e For non-linear structure end-to-end distance is not defined.
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reacting beads might fall into the reaction cut-off distance and
escape from it several times before they react, meaning that the
reaction rate constant is not infinite.

The real reaction condition is not as simple as explained.
In fact, most molecular simulations consider the simplest
reaction conditions to study cross-linking, e.g., addition of
the stoichiometric ratio of reactants at a constant temperature
in the absence of solvent. In our model, we step up closer to the
real, and more complicated, conditions and we developed this
method in such a way that it is capable of introducing a solvent
at different stages of the reaction as well as evaporating solvent
with different rates. Moreover, this method is able to alter the
sequence of addition of materials, e.g., diol, dangling chains,
cross-linker, and solvent molecules, to the reaction. Therefore,
we designed several case studies to evaluate the effect of various
reaction parameters on the evolution of the network structure,
see Table 2.

Besides doing the cross-linking reaction simulation, it is
also very important to have a sophisticated set of analyses to
study the effect of each reaction parameter on the final struc-
ture of the network. In fact, CG-MD simulations give detailed
information about the position and connectivity of beads in
time. We combine this information with graph theory to obtain
valuable information about the network structure during cross-
linking under different conditions. In this way, we designed a size
exclusion characterization (SEC) rather similar to size-exclusion
chromatography to study the evolution of the network as cross-
linking proceeds. We also defined an end-group index from the
population of beads with different connectivity to obtain informa-
tion about the network structure. Since the core of the cross-
linker, i.e., the NCC bead, does not react and the number of

them remains constant, it is the only bead with connectivity
three. Therefore, we defined the end-group index as is given
in eqn (1):

iend ¼
N1

N3
(1)

where N1 and N3 represent the number of beads with connec-
tivity one and the number of NCC beads, respectively. It is
worth emphasizing that the polymeric chains that are not
connected to the network from both sides are considered as
defects in the network. The end-group index is defined to
quantify the number of defects in the network. For an ideal
network without any dangling chain, this end-group index will
be zero and the closer the end-group index is to zero, the denser
polymeric network is obtained.

Other physical properties, such as shrinkage and the glass
transition temperature Tg, are also studied. The shrinkage is
calculated by keeping track of the density as a function of conver-
sion and Tg is estimated by a set of ‘‘dilatometry simulations’’
in which the material is heated up and cooled down in a cycle
and the volume-temperature graph is plotted. The temperature
at which a distinct change in slope in the cooling curve occurs
is taken as Tg. Full details of these calculations are covered in
the ESI,† Section S3.

In the next section, after verifying our method and establishing
our analysis techniques, we present the network structure of
various cases mentioned in Table 2 and thereafter compare
some physical properties of these structures.

3. Results and discussion
3.1. Method verification

In this section, we analyze different properties of PU systems as
a function of reaction time (conversion) in order to verify our
method. For this purpose, we only study PU systems without
mPEG dangling chains, i.e., cases I, II and III in Table 2.
Therefore, we studied the structure and properties of the three
mentioned PU systems under different reaction conditions, i.e.,
(a) stoichiometric reaction at 25 1C, (b) stoichiometric reaction
at 100 1C and (c) 5% excess of NCO groups at 100 1C. The other
cases are covered in the next sections. Note that we continue
the reaction until during 100 consecutive reaction loops, see
Fig. 2, no further reaction takes place.

It is often tricky to carry out quantitative analysis on the
effect of reaction parameters on the evolution of cross-linking
conversion in experiments. However, such a study is rather
straightforward in simulations due to the availability of all bead
information in every single snapshot. Fig. 3 illustrates the
reaction conversion as a function of reaction time. The conver-
sion calculation is based on the limiting reactant (OH groups)
and the reaction time is introduced in arbitrary units since our
method is based on a CG model in which the interactions are
rather smoother than atomistic simulations so that the time
scale associated with the dynamics is (somewhat) uncertain. As
shown, the increase of the conversion slows down with reaction
time for all cases with two distinct regimes present: one for

Fig. 2 Schematic of the procedure of the polymerization algorithm.
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smaller conversions, i.e., up to about 70%, and one for larger
conversions, i.e., from about 70% upward, as highlighted
in Fig. 3. Similar trends have been observed for many cases in
simulations33,69 and experiments.70,71 Moreover, the conver-
sion proceeds faster at a higher temperature, i.e., case II as
compared to case I. It is worth noting that the typical experi-
mental reaction temperature for similar systems is around
100 1C. The increase in reaction rate is rationalized by the
higher mobility of polymer segments at higher temperature
which results in a higher chance of finding OH and NCO groups
within the reaction cut-off distance at a certain number of
reaction cycles. The effect of temperature is more pronounced
in the second regime such that the conversion does not exceed
93% for case I by applying the final reaction time criterion. It is
also shown that an excess amount of NCO, case III, results in a
higher conversion value in the second regime, see Fig. 3. This is
due to the improved access of OH to NCO groups in case III
where 5% excess amount of NCO is provided.

It is interesting to visualize the growth of the polymer network
as the reaction proceeds; however, this is not often possible for
experiments due to technical complexities, particularly in the
case of thermoset systems. Thus, the route through which
the network evolves is not very clear. We have identified the
largest polymer cluster by mapping the connectivity of beads

and tracked the evolution of this cluster as conversion
increases. Fig. 4 shows the growth of the molecular weight of
this cluster as a function of conversion. As clearly shown, three
regimes exist for the evolution of this cluster. In the first
regime, i.e., up to 65–70% conversion, the size of the cluster
does not grow considerably. From this conversion on, rapid
growth can be observed; therefore, in the second regime,
i.e., from around 70% to 90% conversion, a ‘‘cluster rapid
expansion’’ takes place. The growth slows down again in the
final regime of the reaction, i.e., from 90% to the final conversion.
It is interesting that the first regime change in the network
growth coincides with the abrupt decrease in the reaction rate,
see Fig. 3. This coincidence is due to the sudden growth of the
cluster size in which the availability of reactive functional
groups considerably decreases. This results in a lower prob-
ability of finding reactive groups within the reaction cut-off
distance and therefore a lower reaction rate. In other words,
it seems that up to 65–70% conversion smaller clusters are
forming in the box. After 70% conversion, these small clusters
start to connect to each other and this leads to the size
expansion of the cluster in the second regime. As conversion
proceeds higher than 90%, i.e., the third regime, although the
conversion increases, most of the reactions between OH and

Table 2 Materials and reaction conditions of all case studies

Number of molecules

Case Cross-linker PTMG mPEG nBAc NCO/OH Cross-linking Temp. [1C]
Solvent
evaporation

Theoretical
gel point [%]

I 500 750 — 3620 1/1 25 No 70.7
II 500 750 — 3620 1/1 100 No 70.7
III 525 750 — 3692 1.05/1 100 No 72.5
IV 500 685 130 3810 1/1 100 No 74.0
V Step1 500 — 130 3810 1/1 100 No 74.0

Step2 — 685 — —
VI Step1 500 — 130 3810 1/1 100 Yes 74.0

Step2 — 685 — —

Fig. 3 Conversion as a function of reaction time for cases I, II and III.

Fig. 4 Molecular weight of the largest cluster (M) as a function of
conversion for cases I, II and III. Inset shows the log M vs. conversion.
The lines are splines and a guide for the eye.
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NCO groups occur inside the cluster such that the cross-link
density increases largely while the size of the cluster does not
increase much. This evolution behavior of the largest clusters is
in good agreement with results from other research.30,72

The hypothesis described above requires more concrete proof;
therefore, we performed another analysis by using the connectivity
information of the beads and employing the Matlab graph and
network algorithm library to visualize the evolution of the mole-
cular structure of the system. Combining these tools operates like
size-exclusion chromatography: it identifies each cluster in the
system and sorts all clusters based on the number of beads that
belong to them, i.e., the size of the cluster. Fig. 5 shows the result
of such analysis for 10%, 40%, 65%, 80%, 90% and the final
conversion for case II. As shown, the size of clusters does not grow
significantly from 10% to 65% conversion. The small clusters start
to connect to each other from 65–70% onwards so that the number
of small clusters has dropped rapidly at 80% conversion and most
of the unconnected ones have joined the largest cluster in the
regime up to 90% conversion. From then on, the size of the main
cluster does not change much; however, the population of con-
necting bonds increases in number substantially.

It intrigued us that the abrupt change in the reaction rate,
size, and structure growth of the network occurs at about

70% conversion. Looking back at Table 2, we calculated and
reported theoretical gel points of all cases based on eqn (2):73

pc ¼
1

r fw;A � 1
� �

fw;B � 1
� �� �1

2

; fw;A ¼
P

fAi
2NAiP

fAi
NAi

;

fw;B ¼
P

fBj
2NBjP

fBjNBj

and r ¼
P

fAjNAjP
fBjNBj

(2)

where pc is the conversion at the gel point and fw,A and fw,B are
weight-average functionalities of the OH and NCO functional
groups, respectively. The parameter r describes the stoichio-
metric imbalance (molar ratio of an OH functional group to
NCO functional group), fA and fB represent the functionalities
of the diol and cross-linker molecules, while NA and NB are the
numbers of diol and cross-linker molecules. For cases I and II
the gel point occurs at 70.7% conversion while this point is at
72.5% conversion for case III. As is evident from Fig. 4, the
initiation of the cluster size expansion for the three cases
follows a similar trend but takes place at slightly larger conver-
sion for case III as compared to the other cases. This is, indeed,
another important verification for our model.

Apart from predicting the network structure, one expects a
model to predict some physical properties of the network as
well. We calculated the shrinkage and Tg of the material as
cross-linking proceeds and plotted the results in Fig. 6a and b,
respectively. As expected, the total volume of the material
decreases because of cross-linking with a total density increase
of 1.41%. Tg as a function of conversion shows a logical trend. It
increases more-or-less linearly with the conversion from about
�20 1C to 43 1C. This expected increase in Tg can be explained
by two mechanisms, i.e., (a) as cross-linking proceeds, the
cooperative movements of polymer segments (beads) become
more limited due to the new bond formations and (b) the newly
formed urethane groups strengthen the molecular interactions
by forming hydrogen bonds.9 We also calculated the mean
squared displacement of the beads as a function of conversion
and a more-or-less linear decay is observed, see the ESI,†
Section S4. Thus, a linear increase in Tg with conversion is a
reasonable trend one would expect.

After examining our method capabilities for simpler systems,
i.e., cases I, II and III, we focus now on more complex systems
in which mPEG dangling chains are present and on more
complicated and realistic reaction conditions, e.g., including
the evaporation of the solvent.

3.2. Effect of dangling chains

In this section, we study the PU systems in which dangling
chains are present. We use mPEG dangling chains that can
react to NCO groups from one side of the chain, see Fig. 1. As
mentioned earlier, the distribution of dangling chains in the
network is of great importance. Besides, the effect of incorpora-
tion of such chains and also the sequence of addition of them
can affect the physical properties of the PU network. Therefore,
we consider three case studies, i.e., cases IV, V and VI, in order
to show the ability of our method in addressing such issues.

Fig. 5 Molecular structure for case II at 10%, 40%, 65%, 80%, 90% and
97.2% conversion. The beads and bonds are plotted with equal size and
length, respectively. The bead positions are changed arbitrarily to achieve
the best representation.
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As summarized in Table 2, we added mPEG chains together
with other reactants in a single step, at the beginning of the
reaction, for case IV while for cases V and VI, we, first, mixed
mPEG, cross-linker, and solvent at the first step of the reaction
and after almost all mPEG chains reacted with the cross-
linkers, we added diols to the reaction. For case V, the reaction
takes place in the solvent; however, for case VI, the second step
starts with a similar solid content but the solvent gradually
evaporates in such a way that after 100 simulation loops the
solvent is completely evaporated. We used a linear function of
time to remove solvent molecules from the box. To avoid the
use of mVT conditions, in each loop only 38 solvent molecules
(114 beads) were removed from the system, amounting to only
about 0.37% of all beads present in the box. After removing the
solvent molecules, the topology files were updated automati-
cally by a simple script and a relaxation step was carried out.
This means that in each loop the number of molecules was
constant (thus rendering NVT conditions applicable), although it
was lower than in the previous loop. Fig. 7 shows the conversion-
time graph and final conversions of these three cases. At first
sight, the difference between case IV and the two other cases is
obvious. In the latter cases, at 8.6% conversion, all mPEG chains
are reacted and after addition of diol chains, the reaction
rate shoots up again and reaches a plateau close to the final
conversion for case IV. This indicates that the sequence of
addition does not influence the final conversion. However,
case VI resulted in a larger conversion as compared to the other
ones. The only difference between cases V and VI is the evapora-
tion of the solvent. In fact, case VI resembles the real reaction
condition for coating applications in which after addition of
diol, the mixture is applied on a substrate and evaporation and
curing starts at this point. A comparison between the conversion
growth of these cases shows that the evaporation of solvent
accelerates the reaction between OH and NCO groups. It is worth
emphasizing that this acceleration begins at around the gel
point while before that point is reached, the reaction rates

are similar for both cases although the evaporation has been
already started. We rationalize this observation by the fact that
the presence of solvent molecules facilitates the movement of
small species and at the same time, leads to network swelling.
The swelling of the network by the solvent is a result of non-
bonded Martini interactions between polymer and solvent
beads. Swelling depends on the overall balance between attrac-
tive and repulsive beads. Overall, we obtained attractivity for
the solvent so that it is miscible with all prepolymers and it can
swell the network homogeneously, as confirmed by analyzing
the density profile of the solvent during simulations. At the gel
point, the clusters start connecting to each other, as discussed
later, and therefore after this point the reacting beads need
to take much longer paths to find another reacting partner.
The solvent swells the network and makes this path even
longer. Moreover, evaporation of solvent molecules leads to

Fig. 6 (a) Tg as a function of conversion and (b) cross-linking shrinkage for case II. The lines connect the measured data points and are a guide for
the eye.

Fig. 7 Reaction conversion as a function of simulation cycles for cases IV,
V and VI.
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molecular-sized cavities in the system that gives more freedom
to beads to search for reacting partners during shrinkage of
the system. Nevertheless, at much longer reaction time, the
conversion for all cases becomes almost similar.

We illustrate the molecular weight of the largest cluster for
cases II, IV, V, and VI in Fig. 8. The trend emphasizes that the
onset of the sudden growth of the molecular weight of the
largest cluster occurs at the theoretical gel point, similar to
what we observed in Fig. 4. The small shift of onset points for
cases IV, V and VI as compared to case II reconfirms the
reliability of our model since their theoretical gel point is
slightly higher, see Table 2. The three regimes observed for
the previous cases are still present for mPEG containing PU
systems. The rate by which the largest cluster grows in the
second regime for cases V and VI is more-or-less similar and
slightly slower as compared to case IV and II. Despite the higher
reaction rate for case VI as compared to case V between 70%
and 90% conversions, see Fig. 7, the largest cluster grows with a
more-or-less similar rate for all these cases in this regime. We
expect that the aforementioned higher reaction rate is due to
the reactions taking place either between and within smaller
clusters or within the largest cluster. Thus, although more
reactions between OH and NCO groups take place for case VI
in this regime, the size of the largest cluster is not influenced.
Therefore, during solvent evaporation, a smaller number of
clusters and a more uniform cluster size are expected.

We studied the size and size distribution for other clusters
in the system in order to examine our hypothesis. We skipped
the largest cluster and measured the number and weight
average molecular weight, i.e., Mn and Mw, of the other clusters
in the system at different conversions. Then we calculated their
polydispersity index (PDI), as a measure of the cluster size
distribution, see eqn (2), and plotted these values as a function
of conversion in Fig. 9. Note that Mn and Mw values are
tabulated in the ESI,† Section S5. As shown, the PDI values
for all cases show a peak around the gel point. The lower the

height of the peak, the more uniform cluster size distribution
exists. As is apparent, the height of the PDI peak is considerably
lower at the gel point for case VI as compared to case V. These
results also indicate that two-step addition of material consid-
erably lowers the cluster size distribution so that the highest
PDI value at the gel point belongs to case IV.

Apart from the evolution of cross-linking reactions, the
final structure of the material made under certain conditions
is of great importance. We believe that the presence of mPEG
dangling chains, sequence of addition and solvent evaporation
influence the final structure and therefore properties of PU
systems. Our analysis method makes it fairly easy to study the
structure and properties of the cross-linked material individually
and this paves the way for structure–property analysis of such
systems. For the sake of an example, we use our simulated SEC
to illustrate the final structure of PU made for cases II, IV, V and
VI. As shown in Fig. 10, different final structures arise despite
the very similar final conversion, see Table 3. Obviously, one-step
addition of material to the reaction, i.e., case IV, leads to a
considerable number of unreacted species in the final stage. It is
worth noting that the linear small chains with red color are
mPEG dangling chains. By splitting the reaction into two steps,
no unreacted mPEG remains at the end of the reaction and this
emphasizes the successfulness of the two-step-addition strategy
over one-step-addition. This can be seen in Fig. 10 obviously, for
case IV, that 15.4% of mPEG dangling chains did not participate
in the largest cluster. Based on our visualizations, almost each
mPEG chain, reacted with a separate cross-linker molecule in the
two-step addition while this is not the case for a one-step route.
For case VI, despite the two-step addition of material, some
larger clusters are unable to connect to the main cluster at the
end. It is worth emphasizing that exactly similar simulation
boxes are used for the second step of simulation for cases V and
VI. One also observes the formation of loops in the system under
solvent evaporation conditions, which are often considered as
defects in the network structure.

Fig. 8 Molecular weight of the largest cluster (M) as a function of
conversion for cases II, IV, V and VI. Inset shows the log M vs. conversion.
The lines are splines and a guide for the eye.

Fig. 9 Polydispersity index (PDI) of all clusters except the largest one as a
function of conversion. The lines are splines and a guide for the eye.
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Looking back at Fig. 10, similar network structures for the
final conversion of case II, i.e. PU with no dangling chains, and
case V, i.e., PU with mPEG dangling chains made by the two-
step addition of material, are obtained. However, introducing
mPEG dangling chains to the reaction makes a clear difference
in the network structure, that is, it introduces a considerable
population of end groups (beads with one connectivity, in the
network). In fact, our simulated SEC is not only capable of
separating different clusters but is also capable of studying the
structure of each individual cluster as well. For instance, it can
find the population of beads with a certain number of con-
nectivity in one cluster. Therefore, we defined the end-group
index, i.e., iend, that reflects the normalized population of end
groups in the system, see Section 2.4. This index, however, is
not a reliable measure up to conversions in which the size
difference between the largest clusters and the other ones is not
significant. Note that up to 40% conversion, there is no main
cluster such that the cluster we chose as the largest one is not
the same from one conversion to the other. Therefore, up
to this point, this index does not belong to a specific cluster.

Thus, we only elaborate on the results obtained above this conver-
sion limit. As shown in Fig. 11, there are two distinct regimes
visible for this index, i.e., a slow and fast decay. In fact, as the
reaction proceeds, the number of beads with connectivity one in
the largest cluster decreases. Above about 85% conversion, this
decay accelerates which is another clarification of the mechanism
we illustrated in Section 3.1. Before this conversion, the largest
cluster was adding smaller clusters to itself and from this point on,
most of the reactions take place inside the cluster, therefore, as one
reaction takes place, two end groups disappear. Moreover, the
decay in this regime is relatively large for case II as compared to
the cases including mPEG chains. This, of course, is because mPEG
chains can only react from one side and they add one permanent
end group to the PU system.

As the final step of our analysis, we measured the Tg of PU
networks made in different cases. We used the same protocol as
used in the previous section and explained in the ESI,† Section S3,
for all Tg calculations. As indicated in Table 3, Tg drops by addition
of mPEG to PU systems, a common observation when dangling
chains are included. Considering the fact that mPEG and PTMG
chains have more-or-less similar stiffness, as both show a similar
characteristic ratio,74 the decrease in Tg could be rationalized by the
mPEG end groups added to the system. These end groups provide
free volume to the system and result in a lower Tg. This effect can
be reconfirmed by comparing the final end-group indices in
Table 3. This index is rather similar for all cases with mPEG and
considerably smaller for case II in which no dangling chain
presents. Note that the final conversion of all cases is rather similar.

Based on our visualization analysis, the reaction conditions
under which mPEG chains are added to the system do not
considerably influence the nano-phase separation of the hard
and soft segments. We also noticed some degree of nano-phase
separation between PTMG and mPEG chains under all reaction
conditions; however, the two-step reaction shows a slightly more
homogeneous distribution of dangling chains. The pictures are
provided in the ESI,† Section S6.

Fig. 10 Molecular structure for cases II, IV, V and VI at final conversion.
The beads and bonds are plotted with equal size and length, respectively.
The bead positions are changed arbitrarily to achieve the best representa-
tion. Black lines show the PU network and the red ones show the mPEG
dangling chains.

Table 3 Final conversion, iend and Tg of cases II, IV, V and VI. The values
are obtained as the average of at least three independent simulations

Final conversion End-group index Tg (1C)

Case II 97.20 � 0.25 0.164 � 0.012 41.3 � 4.6
Case IV 96.19 � 0.25 0.413 � 0.007 26.3 � 2.3
Case V 97.86 � 0.25 0.384 � 0.011 25.1 � 6.3
Case VI 98.46 � 0.16 0.351 � 0.010 27.7 � 2.0

Fig. 11 End-group index as a function of conversion for cases II, IV, V
and VI. The lines are splines and a guide for the eye.
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4. Conclusions

A comprehensive MD method for step-growth polymerization
based on the CG MARTINI model is developed and tested on
thermoset PU systems. Our MD method is implemented in a
fully automated manner and is capable of updating necessary
topological information during the reaction. The method is
also able to mimic realistic reaction conditions, such as solvent
evaporation and changing the sequence of addition of materials
to the reaction. We also designed and developed several analytical
methods in order to analyze the results of this model for a better
understanding of the effect of reaction conditions on PU network
structures. We presented a simulated SEC test by which we
obtained insight into the mechanisms of the cross-linking
reactions in the different conversion regimes. We used two
structural indices and by combining them, we were able
to substantiate our hypothesis about the network evolution
during cross-linking. In fact, we believe that at the beginning of
the reaction, smaller clusters are formed and as the reaction
proceeds, they start to connect to each other and form a large
cluster. The increase in cluster size coincides with the theoretical
gel point, where the reaction rate relatively suddenly drops. After
this increase in the size of the main cluster, the reaction of the
cross-link point occurs in such a way that above 90% conversion
the size of the cluster is almost constant and from that point on,
the reactions mainly take place between reactive groups within
the main cluster.

We also studied the incorporation of mPEG dangling chains
to the PU network. Based on our simulations, a two-step
addition of material, i.e., first a mixing and reacting step of
the mPEG chains with the cross-linker and second the addition
of PTMG as a diol, meanwhile keeping the solvent in the
network during the reaction, leads to the most integrated
network. We also performed some MD simulations on the
network structures made under different reaction conditions
and we noticed, as expected, that the incorporation of mPEG
dangling chain lowers the Tg, but also that different reaction
routes might lead to different physical properties despite
having the same conversion.
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