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ABSTRACT: The influence of crosslinking process on the result-

ing structural properties of phthalonitrile matrices is studied

through theoretical and experimental investigations. Multiscale

procedure for generating fully atomistic phthalonitrile networks

with simulation of radical polymerization reactions and specific

reactions of triazine formation at the mesoscale level is pre-

sented and applied to the case of phthalonitrile resin based on

low-melting monomer bis(3-(3,4-dicyanophenoxy)phenyl)-

phenyl phosphate. The structural properties of the generated

networks of various conversions and with various amount of

triazine are analyzed using the dissipative particle dynamics

and atomistic molecular dynamics. Triazine-containing

networks are much sparser in comparison with triazine-free

ones in terms of simple cycle size. The values of density, coef-

ficients of linear thermal expansion and glass transition tem-

peratures (Tgs) agree with obtained experimental data, and are

very similar for different crosslinking mechanisms. The depen-

dence of Tg on conversion correlates well with the sol–gel tran-

sition in network structure. VC 2017 Wiley Periodicals, Inc. J.

Polym. Sci., Part B: Polym. Phys. 2017, 00, 000–000
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INTRODUCTION Temperature range for composite applica-
tions is limited by polymer matrix. Carbon fiber reinforced
polymers with common matrices for high-temperature appli-
cations, such as bis-maleimides1,2 and polyimides,3–5 are sta-
ble up to 300 8C. High-performance polymer matrices for
use at temperatures above 400 8C and capable of retaining
their (thermal, chemical, electrical, and mechanical) proper-
ties under influence of various destructive factors may be
produced from low-melting phthalonitriles.6–8 The usual
phthalonitrile monomer consists of two phthalonitrile frag-
ments linked by various aromatic rings. However, in most of
the previous works, synthesized phthalonitrile matrices had
high curing temperature and narrow processing temperature
range.8–11 Recently, it was shown8,11–13 that the modification
of phthalonitrile monomers with silica or phosphate bridges
reduces glass transition temperatures Tgs of the monomers
and increases processing window. At the same time, a thor-
ough study of the effective processing of these monomers
using experimental methods is still time consuming, expen-
sive and limited due to the need of taking into account their

structural changes during reaction. Computer simulations
provide a tool of direct examining how chemistry of constitu-
ent monomers and reaction kinetics influence macroscopic
material properties. In our recent papers,11,14 a systematic
study of a set of industrially important phthalonitrile mono-
mers was carried out using molecular dynamics simulations.
We estimated their Tgs and found a good agreement with
experiments. The bulks of monomers with larger residues
tend to have higher Tgs, while compounds with longer silica
bridges have lower Tgs. We also analyzed local monomer
dynamics during glass transition, and found two factors that
influenced the relaxation mechanisms: energetic, provided by
rigidity of molecules, and entropic, connected with available
volume of conformational space. In this paper, we try to
understand the relationship of physical properties to cross-
linking process using a multiscale approach. We use coarse-
grained (the dissipative particle dynamics (DPD))15,16 and
Monte Carlo methods for simulation of crosslinking process
of phthalonitriles and topological analysis of the resulting
networks, and atomistic molecular dynamics for calculating
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their structural properties. The structural analysis of the cor-
responding experimental samples is additionally carried out.
These results, we believe, are required for effective industrial
synthesis of phthalonitrile matrices.

In previous works,17–28 a variety of computational methods
of polymer network formation have been developed. These
methods were capable to study and reproduce thermome-
chanical properties of realistic polymer (epoxy and elasto-
mer) networks. Simulation of crosslinking reactions in these
works was implemented either at atomistic level17–19 or
using coarse-grained (multiscale) approach.20–28 Yarovsky
and Evans17 developed a static crosslinking method, in which
all of the bonds were created simultaneously at a one step.
In other works,18,19 new covalent bonds were created step-
wise, and, in the work of Wu and Xu,19 were followed by
some iterative molecular-dynamics (MD) relaxation simula-
tions. In the work of Heine et al.18 a free end and crosslinker
could react when approaching within a capture distance.

Although chemical reactions can be modeled directly, using
atomistic molecular dynamics and “reactive force field”
(ReaxFF),29,30 this method cannot be used for obtaining large
atomistic models of crosslinked polymers. This is because the
kinetics of reactions is controlled by the diffusion rates of the
reactants. As degree of conversion increases, diffusion of
monomers is drastically decelerated, and to obtain highly
crosslinked systems (with higher conversion degree) one have
to perform simulations on very large time intervals. This is
aggravated by the fact that the use of ReaxFF slows down the
total simulation speed in about 10–50 times in comparison
with the use of conventional (non-reactive) force fields.

To overcome the limitations imposed by the atomistic MD
coupled with ReaxFF, it is convenient to simulate the poly-
merization reaction basing on coarse-grained (CG) mod-
els.22,24–28 In these models the reduction of the degrees of
freedom by removing detailed information about the chemi-
cal structure makes it possible to achieve higher mobility of
monomers and to increase the total simulation rate of the
reaction of crosslinking. This is why we believe that simula-
tion of the polymerization reaction on the mesoscopic level
is the only way of constructing models for highly crosslinked
polymer materials.

In this paper, to create full atomistic models of crosslinked
matrices we used a multi-step approach with simulation of
chemical reaction of crosslinking at the mesoscale level (con-
struction of coarse-grained models for initial monomers !
simulation of polymerization in the coarse-grained represen-
tation ! reverse mapping of coarse-grained matrices onto
fully atomistic representation ! simulation of the atomistic
network using molecular dynamics method) that was origi-
nally formulated in the work of Komarov et al.22 and then
modified in the work of Gavrilov et al.25 for simulating the
formation of highly crosslinked epoxy polymer networks. In
ref. 22 network formation and relaxation was performed by
Monte Carlo simulations, while in ref. 25 to simulate cross-
linking process the DPD method and probabilistic reaction

scheme were used. This multiscale computational method
makes it possible to create well-relaxed highly crosslinked
atomistic networks and to predict their thermo-mechanical
and structural properties. The similar four-step multiscale
strategy was used by Liu et al.23 The authors25–27 also
showed that for obtaining reasonable local structure of an
epoxy network the simulation box should be rather large (no
less than 150 3 150 3 150 A3 for the studied resin). In ref.
31, the DPD method was suggested for simulation of cross-
linking process of phthalonitrile monomers with specific
reactions of isoindoline and triazine formation.32–35 In this
paper, we generalized the scheme from refs. 22 and 31 to
take into account all features of the system under simulation
and to generate fully atomistic phthalonitrile networks.

Crosslinking significantly change the physical properties of
polymers, in particular, Tg, either increasing36–41 or decreas-
ing42,43 it. Most existing experimental38,39 and theoreti-
cal40,41 results confirm that Tg increases with crosslinking.
Nielsen36 considered that topological constraints caused by
crosslinks increase Tg, while copolymer effect may either
increase or decrease Tg, depending on chemical nature of
polymer and crosslinking agent. Shefer and Gottlieb37

reviewed that the increase in Tg may be associated with sev-
eral effects: reduction of the concentration of chain ends,
which is believed to be the most important in the formation
of thermosets and end-linked networks; “plasticizer effect”
that is disappearance of small molecular weight molecules;
formation of branch points and crosslinks; non-Gaussian
chain statistics, affecting highly crosslinked networks; and
the formation of cyclic structures. Recently Lan et al.44 per-
formed MD simulation of crosslinking process of propellant
binder and showed that Tg mainly depended on the motions
of the molecules and freedom space and that the conforma-
tional change of highly crosslinked molecules was “frozen
out.” Thus, Tg of crosslinked network is higher due to corre-
sponding restriction of molecular relaxation.

A variety of novel phthalonitrile materials with enhanced
thermal and mechanical properties, with32 and without33 tri-
azine have been synthesized recently. Yang et al.32 showed
that the formation of phthalocyanine rings and triazine rings
through crosslinking led to the enhancement of thermal,
mechanical, and dielectric properties. However, understand-
ing of Tg dependence on the reaction regime and formation
of phthalocyanine rings or/and triazine rings is still lacking,
and, to the best of our knowledge, was not investigated by
computer simulation methods. In this paper, we performed
the structural analysis of polymer matrices with and without
triazine and of various degrees of conversion. We calculated
the maximal cluster size and the distribution of simple cycle
lengths25 through DPD simulations and the system density
during glass transition using MD simulations. NMR analysis
and structural measurements of the corresponding experi-
mental samples were also carried out.

Thus, the aim of this paper is to develop multiscale proce-
dure for generating fully atomistic phthalonitrile networks
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(with the possibility of forming triazine, which mimics pro-
cesses of high-temperature and low-temperature crosslink-
ing), to validate this procedure on the polymer matrices of
specific phthalonitrile monomer and to predict how the
monomer chemistry and the way of processing and cross-
linking influence the properties of the resulting composite
using theoretical and experimental observations. We believe
our results will contribute to the effective industrial synthe-
sis of future high-performance phthalonitrile materials.

METHODOLOGY DEVELOPMENT

DPD Coarse-Graining Scheme
We used dissipative particle dynamics simulations to simu-
late matrix curing at the mesoscale level and to obtain equil-
ibrated network structures of standard phthalonitrile resin
based on monomer bis(3-(3,4-dicyanophenoxy)phenyl)phenyl
phosphate (1) and diamine curing agent (APB) as an initiator
(see Fig. 1). DPD is a mesoscale simulation technique sug-
gested by Hoogerbrugge and Koelman15,16 for studying the
behavior of highly dispersed particles in a flow and later
developed for simulations of polymers and molecular sys-
tems.45–47 The integration step of the equations of motion in
DPD is several times larger than those in molecular or Brow-
nian dynamics, which makes it possible to model large-scale
systems that contain hundreds of thousands of particles,
including highly crosslinked polymer networks. In DPD
molecular systems (polymer chains) are represented as soft
particles (beads), connected by harmonic springs. The evolu-
tion of these beads is described by Newton’s equations. The
beads interact through the conservative repulsive forces pro-
portional to repulsion parameters aij (connected to the
Flory–Huggins v-parameters as aij5251 3:497vijkBT; i 6¼ j,
where kB is the Boltzmann constant),46 the retarding (dissi-
pative) and stochastic forces, which provide the temperature
control of the system and account for the hydrodynamic
interactions between the beads. Recently this method was

successively adopted for simulating chemical reactions by
the concept of “mesoscale chemistry.”25,31,48 In our approach
the modified version of DPDChem software is used.49

To create a correct topology of highly crosslinked network of
monomers in the course of CG simulation, it is necessary to
choose an adequate scheme of coarsening of the initial
monomers at the stage of the CG model design.50,51 This
coarse-graining scheme involves retention of information
about the excluded volume of the initial molecules and gen-
eral features of the intermolecular interactions. This is
important for producing well-equilibrated CG system, that in
turn will reduce the total time expenses on the subsequent
relaxation of the atomistic model.

In our approach coarse-grained bead-spring model of the ini-
tial components is based on their molecular structure. The
scheme of the direct mapping of initial chemical structures
into the coarse-grained representation is shown in Figure 1.
Six different types of coarse-grained particles are used: A, B,
C, D, E, and F. For the correct description of curing reactions,
the additional marks can be assigned to the particles C and
E (see Simulation of curing process section). All beads consist
of benzene rings with one or two groups attached and, thus,
have near the same molecular mass and excluded volume
(excepting the central bead A that substitutes phosphorus
bridge). The constructed CG molecules of monomer and initi-
ator are composed of 6 or 3 CG particles, respectively (see
upper pictures of Fig. 1). As in this CG structure of molecules
the areas of potential molecular flexibility are fitted with
bonds between beads it is also convenient for the subse-
quent construction of the atomistic model using the reverse
mapping procedure.

According to the mapping scheme of the initial atomistic
structures of monomer and initiator onto the coarse-grained
representation in Figure 1, each of CG particles is capable of

FIGURE 1 Upper pictures: chemical structures of phthalonitrile monomer bis(3-(3,4-dicyanophenoxy)phenyl)phenyl phosphate (1)

and initiator (diamine curing agent APB) with their coarse-grained mapping schemes. Six different types of coarse-grained par-

ticles are used: A, B, C, D, E, and F. Lower pictures: the initial atomistic structures that correspond to each type of coarse-grained

particles. Atoms are colored according to the atom types: hydrogen atoms are shown in white, carbon atoms are shown in gray,

oxygen atoms are shown in red, nitrogen atoms are shown in blue, phosphorus atom is shown in magenta. Passive RA are

marked with solid red circles, active RA – with dashed red circles. [Color figure can be viewed at wileyonlinelibrary.com]
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establishing one or two intermolecular bonds which are
introduced between their centers. The newly formed cova-
lent bonds are introduced between so-called reactive atoms
(RA).22 The reactive atoms are classified into passive and
active ones. The passive RA (marked with solid red circles
on lower pictures of Fig. 1) are used for building CG models
of initial molecules. They depict the atoms, which are already
connected by covalent bonds in the initial monomers. This
information is very important for correct functioning of the
reverse mapping procedure (see DPD ! MD reverse mapping
section). In turn, the active RA (marked with dashed red
circles on lower pictures of Fig. 1) are used for introducing
new chemical bonds that arise between the pairs of CG par-
ticles during the simulation of chemical reactions (see Simu-
lation of curing process section).

In our study, the simulation box had size 10 3 10 3 10 DPD
units. For example, for the system without triazine of conver-
sion 0.1 at T5 300 K it corresponds to approximately 7.4 3

7.4 3 7.4 nm3, which was recently shown to be large
enough for this compound to contain representative part of
the network.31 At the beginning, it was randomly filled with
monomer and initiator molecules in mass proportion of
96:4, that corresponds to 480 monomers and 40 initiator
molecules. The interaction parameters in DPD model are
described in the Choosing DPD interaction parameters
section.

Simulation of Curing Process
Phthalonitrile resins are formed from melt by radical poly-
merization reaction, accompanied by more complex reactions
of triazine and phthalocyanine formation.34,35 In this paper,
curing process with multiple reactions, that mimics actual
chemical reaction pathways, is implemented at the mesoscale
level.31 For this purpose, the ending beads of each molecule
are being assigned with valence (amount of new covalent
bonds that the particle can form) and active center (particle
that contains initiating group or radical atom) marks:

� ending bead of the initiator molecule (E on Fig. 1) has
valence equal to one and is marked as active center (E*,
see Fig. 2);

� ending bead of the valence monomer (C on Fig. 1) has
valence equal to two.

To take into account specific chemical transformations addi-
tional marks to particle C are also being assigned (C0*, C00*,
C0 , C00, see Fig. 2). During the simulation of curing process
the following chemical reactions are allowed:

1. Initiation reaction, when initiator molecule and monomer
molecule form a bond and the corresponding monomer
particle transforms to isoindoline with radical atom N (see
(a,b) on Fig. 2). The initiation reaction consists of two
steps. At the first step (see (a) on Fig. 2), when the ending
bead of initiator (E* on Fig. 2) reacts with the ending
bead of monomer (C on Fig. 2) the nitrile group of the C
bead discloses and the C bead becomes an active site in

an intermediate state (C0* on Fig. 2). At the second step
(see (b) on Fig. 2), this intermediate state transforms into
isoindoline (C00* on Fig. 2). After the formation of the new
bond between the monomer and the initiator, the active
center mark (asterisk in Fig. 2) is passed on the C bead.

2. Simple polymerization reaction, when an active site forms
a new bond with a neighboring terminal bead with avail-
able valence and passes the active state to that bead, see
(c,d) on Figure 2. As a result a sub-chain of polymer net-
work is formed. The mechanism of simple polymerization
reaction is similar to that of initiation reaction: when an
active site C00* of the monomer reacts with a neighboring
terminal bead C the nitrile group of the C bead discloses
and the C bead becomes an active site in an intermediate
state (C0*, see (c) on Fig. 2), which transforms then into
isoindoline (C00*, see (d) on Fig. 2).

3. Triazine formation reaction, during which three adjacent
terminal beads in the intermediate state consequently link
with each other and finally form a triple link, see (e–h) on
Figure 2. First, an active site in an intermediate state C0*
react with a neighboring terminal bead C, the nitrile group
of the C bead discloses and the C bead becomes an active
site in an intermediate state (C0*, see (e,f) on Fig. 2). After
these two adjacent terminal beads link with each other,
the active center mark is passed on the second terminal
bead. Then, similarly, these two adjacent terminal beads
link with the third terminal bead (see (g) on Fig. 2). The
first of these three terminal beads detaches from the pre-
ceding chain of terminal beads and retains three bonds in
sum, which is dictated by the details of the chemical reac-
tion (see (h) on Fig. 2).

The initiation reaction and simple polymerization reaction
are carried out probabilistically. At regular time intervals, a
pair of reactive atoms – an initiator terminal bead/active ter-
minal bead and adjacent terminal beads with free valences –
when approach at a reaction radius Rc 5 1 form a new bond
with the probability p5 0.01, which is small enough to keep
quasi-equilibrium conditions in a vicinity of reaction cen-
ters.48 Triple link formation is performed with the same
periodicity for each triplet of terminal beads, that ends with
active site. For simplicity, reaction steps (b) and (d), effec-
tively converting C0* to C00* and C0 to C00, are produced in the
end of simulations for all C0* sites and all C0 sites, which are
not forming triazine cycle. This is why the probability of tri-
ple link formation, pt, defines the ratio between the reaction
rates of simple and triple link reactions.

In experiments the ratios between reaction rates of these
reactions can be controlled by chemical structure of reac-
tants and temperature regime (but are still unknown).33,35

In simulations two-stage process is implied to simulate the
actual technological curing procedure. On the first stage,
low-temperature regime with pt 5 0 is simulated. This stage
continues until the percolation cluster occurs. After the per-
colation, the second stage of the curing process is simulated.
It can be produced either in the same low-temperature
regime (pt 5 0) or in high-temperature regime (pt 5 1).

FULL PAPER WWW.POLYMERPHYSICS.ORG
JOURNAL OF

POLYMER SCIENCE

4 JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2017, 00, 000–000



Reaction probability pt 5 0 leads to absence of triazine for-
mation during the simulations. Reaction probability pt 5 1
leads to the maximum amount of triazine formed during
polymerization reactions. It should be noted, that differences
between the matrix properties at pt 5 0 and pt 5 1 are
expected to overestimate experimental differences between
low- and high-temperature regimes, and are intentionally cal-
culated for demonstrating the maximum possible shift of the
matrix properties. The real experimental rates at high-
temperature curing regime are uncertain and lay somewhere
between these numbers.

DPD fi MD Reverse Mapping
The resulting CG samples contain a skeleton model of cross-
linked polymer matrices and are used as input to our
reverse mapping procedure.22 This procedure extracts the
following information of the final state of the CG system, viz,
types of coarse-grained particles, their coordinates and all

bonds between them (intra-monomer and newly formed).
The implementation of the reverse mapping procedure is
performed as follows (see Fig. 3):

Step 1: The cubical simulation cell with the edge length of
L05KL, where K5 (M/q)1/3/L (L is the edge length of the
CG simulation cell, M is the total mass of the atomistic
model, and q is its density) is being built. Thus, the size of
the CG system is scaled by the choice of density of the final
atomistic system. The value of density q is chosen to be
equal to 1 g/cm3 that is a bit less than the experimental one
(see Table 1). Such choice makes it possible to reduce the
probability of a spatial overlap of atoms and spearing of ben-
zene and triazine rings by bonds of the closely spaced mono-
mers. The value of K is also used for the scaling of the
coordinates of the CG particles {ri} ! {Kri}. All CG particles
are sequentially replaced by corresponding atomistic models.
During this process, coordinates of CG particles are assigned

FIGURE 2 The detailed scheme of chemical reaction (upper picture) and the scheme of chemical reaction in mesoscopic model

(lower picture): (a,b) initiation reaction; (c,d) simple polymerization reaction; (e–h) triazine formation reaction. Active sites are

marked with asterisk. [Color figure can be viewed at wileyonlinelibrary.com]
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to centers of mass of atomistic structures (see Figs. 1 and
3). The chemical bonds are established between all RA
according to the CG skeleton model of a crosslinked polymer
matrix used.

Step 2: All passive reactive atoms are linked to restore the
internal structure of all monomers and initiator molecules
according to their chemical transformations during the
chemical reaction. The bonds within the monomers, that cor-
respond to the C particles, connected in isoindoline chain,
(C00*, C00 on Figs. 2 and 3) are edited to form 2H-pyrrole
rings. Then, to minimize the bond lengths between the pas-
sive RA their orientation is adjusted using a simple Monte
Carlo procedure (all distances between the atoms in the
monomers are fixed).22

Step 3: The active RA atoms are bonded according to the
topology of CG model. More precisely, at this stage the bonds
between the active RA of the monomers C00AC00 and C00AC00*
(Fig. 2) are introduced and sub-chains of polymer network
are formed (Fig. 3). The C particles connected into triple

links (C0C0C0-ring, see (h) on Fig. 2) are edited to form tri-
azine ring (see Fig. 2). After that, all remaining free valences
of RA are saturated with hydrogen atoms.

Step 4: Finally, the distances between all reaction atoms are
re-minimized using the MC procedure.

When the reverse mapping procedure is completed, the
restored matrix may contain the so-called spearing mono-
mers. They may be formed due to spearing of benzene rings
by inter-atomic bonds of the closely situated pairs of mono-
mers. Such misalignments in matrix structure are identified
and eliminated using our specially written Monte Carlo
based procedure that detects the spearing pairs and elimi-
nates them by relocating and rotating molecular fragments.
Then, initial MD equilibration is performed (the details of
the MD simulations are described below).

Choosing DPD Interaction Parameters
We start from the assumption that since we simulate a high-
temperature reaction (when the entropy contribution to the

TABLE 1 The Values of Density at Normal Conditions, CLTE and Tg Obtained Experimentally for Various Curing Temperatures

Curing Temperature (8C/K) Density (g/cm3)

CLTE (1025�K21) and the Temperature Range of

Its Determination (in Brackets) Tg (8C/K)

200/473 1.3585 6 0.0013 5.88 6 0.12 (40–90 8C/313–363 K) 121/394 6 4

250/523 1.356 6 0.003 196/469 6 4

300/573 1.362 6 0.002 5.89 6 0.12 (40–180 8C/313–453 K) 325/598 6 4

350/623 1.3908 6 0.0009 4.19 6 0.08 (50–280 8C/323–453 K) 416/689 6 4

FIGURE 3 The scheme of the reverse mapping procedure. Step 1: Scaling of CG model of crosslinking system (to achieve a target den-

sity) and substituting of all monomers according to their internal state obtained in the course of the chemical reaction (see Fig. 2).

Step 2: The intramonomer chemical bonds are established between all passive RA according to the atomistic models of monomers

(see Fig. 1). Step 3: The intermonomer chemical bonds are established between all active RA according to the CG skeleton model of a

crosslinked polymer matrix used and all free valences in the system are filled with hydrogen atoms. Step 4: The distances between all

reaction atoms are readjusted using the MC procedure. [Color figure can be viewed at wileyonlinelibrary.com]
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free energy dominates over the contribution of the internal
energy) all comonomers are in good solvent conditions. This
allows us not to take into account the features of the chemi-
cal structure of DPD beads and to select all the repulsion
parameters to be the same. In our DPD model we used a sin-
gle set of interaction parameters for all particles, bonds, and
angles. The ratio between the repulsion parameter a, bond
strength b, and angle strength c was set to 1:1:0.02 to keep
the distribution of ABC and BAB angles (see Fig. 1) in mono-
mers close to the one in MD simulations of monomer
melts.11,14 Equilibrium bond length was set to 0.5, equilib-
rium angles between bonds – to p. We simulated matrix cur-
ing up to conversion degree 0.9 at various values of a, b, and
c, with a varied from 12 to 200 and b and c based on the
ratio shown above. While curing, the conditions of constant
temperature and volume ensemble were used. For the test
samples described in this section the probability of triazine
formation pt was set to zero. Then the topologies of all
matrices were analyzed in terms of the distribution of simple
cycle lengths, first introduced in ref. 25. Simple cycles were
shown to become one of the most important characteristics
of polymer network graph, as they efficiently describe topo-
logical distances between all possible pairs of vertices.52 We
examined the so-called simple cycles, defined as cycles in
which the lengths of the paths between any two vertices
along the cycle are equal to the topological distances
between them. Figure 4 shows part of the distributions with
the small cycle length. Weak interaction parameters lead to
the peak at cycle length equal to 5, growing from a � 80.
This peak corresponds to bonding of the monomer to itself
due to insufficient repulsion between its ending particles.
This effect should be avoided, because the excluded volume

in atomistic model prevents linking of one end of the mono-
mer with another. Strong interaction parameters result in
rapid growth of peak at cycle length 10. This peak corre-
sponds to the presence of interlinked monomer pairs (see
insert on Fig. 4) formed due to reduced diffusion rate of the
monomers. Large amounts of interlinked monomer pairs
lead to enormous local nematic ordering and formation of
liquid crystalline clusters in DPD model. The optimum set of
DPD parameters thus is a5 b 5 90 and c5 1.8. This set
makes it possible to avoid both abnormal 5 and 10 length
cycles (see thick black line on Fig. 4), and thus was used for
the preparation of the samples described below.

MD Simulation Parameters
The molecular dynamics simulations of the created as
described in the previous sections fully atomistic phthaloni-
trile matrices were further performed using the GRO-
MACS53,54 and the LAMMPS55 packages to elucidate the
influence of the degree of conversion and the way of cross-
linking (with and without formation of triazine) on the struc-
tural properties. All of the simulated systems contained
32,240 atoms, and at normal pressure p5 1 atm and tem-
perature T5 800 K had dimensions from 7.6 3 7.6 3

7.6 nm3 to 8.2 3 8.2 3 8.2 nm3, depending on the degree
and the way of crosslinking. Periodic boundary conditions
were applied in all three directions. All equilibration and
production runs were performed using pcff56 force field for
interatomic interactions. The same force-field was used in
our recent papers (for the simulation of polyisoprene–silica
composites28 and phthalonitrile bulks).11,14 The non-bonded
atoms interacted through LJ 9-6 potential with 1 nm cut-off.
The charged atoms interacted through Coulomb potential.
The bonded interactions were described with corresponding
bond stretching, angle bending, torsion interactions, and
improper dihedral potentials. Equilibration and production
runs were performed in constant temperature, constant
pressure NPT ensemble at a pressure of 1 atm. The systems
were firstly equilibrated by MD runs with small timestep of
0.01 fs–1 fs for about 23 ns at T5 300–650 K in LAMMPS.
In LAMMPS simulations to treat electrostatic interactions the
particle–particle particle-mesh method was used. The tem-
perature and pressure were controlled with command “fix
npt,” with the keyword iso meaning that three diagonal com-
ponents were coupled all together when pressure was com-
puted.55 The temperature damping parameter was fixed to
100 fs and the pressure damping parameter was chosen to
be equal to 1000 fs. Then, the systems were annealed: for
30 ns at T5 600 K, for 30 ns at T5 400 K, for 30 ns at
T5 800 K, cooled down to T5 100 K at cooling rate of
10 K/ns and cooling step of 100 K, heated up to T5 800 K
at heating rate of 10 K/ns and heating step of 100 K and,
finally, equilibrated for 20 ns at T5 800 K (with a time step
of 1 or 2 fs, depending on the system) in GROMACS engine.
In GROMACS simulations the particle-mesh Ewald method
was used for calculating electrostatic interactions. The bond
lengths were constrained with the LINCS algorithm.53 The
temperature and pressure were fixed using Berendsen ther-
mostat and barostat, respectively. The same parameters for

FIGURE 4 Part of distributions of simple cycle lengths with the

small cycle length for matrices cured with various interaction

parameters (b 5 a, c 5 0.02a). Conversion degree equals to 0.9 for

each value of a. Thick black line corresponds to the distribution of

the simple cycle lengths at the optimum choice of DPD parameter

a 5 90. [Color figure can be viewed at wileyonlinelibrary.com]
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thermo- and barostat and for the Ewald summation were
used in the recent papers.14,28 The trajectory was saved
every 5 or 10 ps, depending on the system. To calculate
glass transition temperature the systems were gradually
cooled down from T5 800 K to T5 100 K at cooling rate of
5 K/ns and cooling step of 20 K for all systems. For highly
crosslinked matrices, the cooling rate does not strongly affect
the reproducibility of the experimental glass transition
temperature.57

Estimating Glass Transition Temperature and Coefficient
of Linear Thermal Expansion
Glass transition temperature was calculated from changing
slopes in the density-temperature dependencies at tempera-
tures varying in the interval 100–700 K. First, all data in the
density-temperature dependence was divided into two sets of
points in a raw. Each ith set of points was fitted with linear
equation y xð Þ5aix1bi. The coefficients ai, bi in the corre-
sponding linear fits were calculated using the method of least
squares. All possible cases of division were considered with
minimum of 2 points in each dataset. Then, we chose the case,
for which the functional F5

PN1
i152 y i1ð Þ2a1x i1ð Þ2b1ð Þ1PN2

i252 y i2ð Þ2a2x i2ð Þ2b2ð Þ was minimal. Here, N1, a1, b1 and
N2, a2, b2 are number of points and the coefficients of linear
fits of the first and second sets of points, respectively. Each of
the two chosen datasets, that approximately correspond to the
datasets below and above Tg, was further filtered to maximize
square correlation coefficient R2 of linear approximation, with
the condition of minimum 4 points in each dataset. Then, in
each of the datasets 3 sets of points with maximum R2 were
selected and fitted with linear fits. The corresponding coeffi-
cients (a1;i, b1;i , a2;j , b2;j , i5 1,3, j5 1,3) and their root-mean-
square errors (Sa1;i, Sb1;i , Sa2;j , Sb2;j , i5 1,3, j5 1,3) were calcu-
lated using the method of least squares. From the intersection
of different pairs of these linear fits 9 values of Tg were then
determined, Tg;ij5ð2b1;i2b2;jÞ=ða1;i2a2;jÞ, i5 1,3, j5 1,3, and
the final value of Tg was calculated as their average value
Tg5

1
9

P3
i51

P3
j51 Tg;ij . Errors of the 9 determined values of Tg

and of the final value of Tg were estimated as errors of indirect
random measurements:

STg;ij5
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9

X3
i51

X3
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jSTg;ij j; i5 1; 3; j5 1; 3:

In Figure 5, the two utmost fits for the datasets below and
above Tg are shown on the example of the system without
triazine of conversion 0.1. The intersections of the pair of
fits shown in green lines and the pair of fits shown in black
lines determine the lower (388 K) and the upper (400 K)
thresholds for estimating Tg, respectively (see Fig. 5). Thus,
the geometrically determined value of Tg is equal to
3946 6 K, the calculated value of Tg is equal to 3956 10 K.

Coefficient of linear thermal expansion (CLTE) at T5 300 K
and averaged over the interval T5 313–363 K was calculated
using the formula:

a5
1

L0

@L

@T

� �
P

52
1

3q0

@q
@T

� �
P

:

EXPERIMENTAL

Materials and Methods
Liquid NMR spectra were run on “Bruker Advance 600” at
600 MHz for 1H, at 151 MHz for 13C and at 162 MHz for 31P
NMR with DMSO-d6 as solvent.

Densities of the cured resins were measured by hydrostatic
weighing using n-octane as the immersion liquid. The densi-
ties of three samples were measured for every treatment
time, and the average value is reported.

The measurements of the CLTE of the cured samples were
performed on “Netzsch TMA 402” using an expansion probe.
These samples had a size of 4 3 4 3 2 mm3. The samples
were mounted on the TMA and heated up to 200–400 8C at
a heating rate of 5 8C/min. The CLTE was determined from
the slope of the plot on linear range. The CLTE was mea-
sured for two different samples with the same composition,
and the average value is reported.

Glass transition of the cured samples was measured by
dynamic mechanical analysis and assigned according to
ASTM E1640 with accuracy 64 8C. DMA was performed
using TA Instruments DMA Q800 in 3-point Bending regime
with frequency 1 Hz and amplitude 40 lm with heating rate
of 5 K/min.

Bis(3-(3,4-dicyanophenoxy)phenyl)phenyl phosphate was pre-
pared as described in ref. 2 with yield (84%). 1H NMR
(DMSO-d6, d ppm): 8.10 (t, 2H, ArH), 7.83 (t, 2H, ArH), 7.55
(t, 2H, ArH), 7.40–7.47 (m, 4H, ArH), 7.22–7.31 (m, 5�,
ArH), 7.08–7.15 (m, 4�, ArH). 13C NMR (DMSO-d6, d ppm):

FIGURE 5 The geometrical illustration of how the error of Tg

was determined on the example of the system without triazine

of conversion 0.1. The green and black dashed vertical arrows

indicate the lower (388 K) and the upper (400 K) thresholds for

estimating Tg, respectively. [Color figure can be viewed at

wileyonlinelibrary.com]
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160.17 (s), 154.96 (s), 150.78 (s), 149.55 (s), 136.31 (s),
131.92 (s), 130.27 (s), 126.10 (s), 123.21 (s), 122.65 (s),
119.90 (s), 117.63 (s), 117.05 (s), 116.77 (s), 115.75 (s),
115.25 (s), 112.31 (s), 108.92 (s). 31P NMR (DMSO-d6, d
ppm): 218.16 (s). Calculated for C34H19N4O6P: C (66.89%),
H (3.14%), N (9.18%), P (5.07%). Found: C (66.51%), H
(3.25%), N (9.24%), P (5.06%).

Curing Process
To obtain molded plates, the monomer 1 (see Fig. 1) (50 g)
was placed into a 250 mL flask, then melted and degassed
by stirring under vacuum at 140 8C until homogeneous dark
resin was obtained. Then APB (see Fig. 1) (2 g) was added
and the mixture was stirred for 20 more minutes at
300 RPM. Next, the mixture was poured into metal mold for
measurements of CLTE and density (70 3 70 3 4 mm3).
The molds were placed into an air circulated heated oven
and cured at 200 8C for 6 h. Next, the molds were disas-
sembled and the cured plates were cut by milling on a CNC
machine according to the measurement requirement, and
samples were post-cured under inert atmosphere at 250 8C
for 6 h, at 300 8C for 6 h, and at 350 8C for 6 h at heating
rate of 2 8C/min.

RESULTS AND DISCUSSION

In this section, we present the results of applying the meth-
odology described above to the case of standard phthaloni-
trile resin based on monomer 1 and initiator APB (see Fig.
1) and compare them with the obtained experimental data
(see Table 1).

In general, the computational study consists of several con-
sequential processes “DPD-curing ! reverse mapping ! MD
studying.” In our research, we studied structural properties
of a set of atomistic configurations of the same sample at
various conversion degrees. In addition to conversion degree
the probability of triazine formation was the second variable
for our network structure. In this paper, we present two lim-
iting cases of absence of triazine formation, pt 5 0, and maxi-
mum amount of triazine, pt 5 1, for showing the strongest
possible influence of triazine formation on the network
structure and properties. Results for all other pt values
should lie in between these two limiting cases.

Figure 6(a) shows the general view of all obtained
temperature-density dependencies after the preliminary
equilibration procedure described above and at the optimum
cooling rate of 5 K/ns. One can see a set of smooth nested
curves which itself partly indicates the correct choice of
selected methodology and simulation parameters. Also, the
CLTEs observed for the systems of conversion 0.9 at
T5 300 K are approximately equal to 5.4�1025 K21 and
CLTEs averaged over the temperature range 313–363 K are
approximately equal to 4.9�1025 K21 and 5.5�1025 K21 (for
the systems without and with triazine, respectively). These
values correspond well to the experimental values, lying in
the range of 4.19�1025–5.89�1025 K21 (see Table 1). Figure
6(b) represents the vertical cut section of Figure 6(a),

namely, the system density as a function of conversion
degree well below (300 K) and above (600 K) the glass tran-
sition temperature. This plot shows that in a glassy state the
system density is almost independent on the conversion
degree, and there is only small increase in system density
upon the increase in conversion. Also, there is no difference
on the details of curing process: data for both systems with
triazine and without triazine coincide. We note here that val-
ues of system density obtained from MD simulations are
about 4% lower than the observed experimental values
[1360 kg/m3 in curing temperature range of 200–300 8C,
marked as a horizontal dashed line in Fig. 6(b), see Table 1].
This situation is typical for atomistic simulation of complex
liquids and polymer systems (both melts and networks) and
is originated from not ideally equilibrated molecular confor-
mations. It is believed that the small mismatch of density is

FIGURE 6 (a) The temperature dependencies of the system

density for systems with and without triazine and of various

conversions. (b) The system density as a function of conver-

sion degree below (300 K) and above (600 K) the glass transi-

tion temperature for systems with and without triazine. The

observed experimental value of 1360 kg/m3 at T 5 293 K is

marked as a horizontal dashed line. [Color figure can be

viewed at wileyonlinelibrary.com]
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suitable for MD simulations and will not affect other charac-
teristics, including Tg. The dependence of the system density
on conversion degree at elevated temperature, where the
system is unfrozen and amorphous, is much more pro-
nounced and one can observe small but clearly visible differ-
ences between the systems with and without triazine.
Triazine-containing systems are less dense at conversion
degrees over 0.4. The origin of such differences is discussed
below.

The influence of curing process on the network size and
glass transition temperature was studied. Figure 7(a)
presents the system gel fraction for systems with and with-
out triazine and the normalized amount of triazine as a func-
tion of conversion degree according to DPD simulations. The
system gel fraction was calculated as a ratio of a number of
monomer units in single maximal cluster divided by overall
number of monomer units. The size of maximum cluster
sharply grows at conversion degree �0.2, where sol–gel
transition takes place (maximum cluster growth gradient has
a maximum). Normalized amount of triazine [dashed line on
Fig. 7(a)] was calculated as the ratio between the actual
number of triazine units and its theoretical maximum (2/3
of number of monomers). One can see that the amount of
triazine grows almost linearly with the increase in the con-
version degree. Figure 7(b) shows the dependence of the
glass transition temperature on the conversion degree
according to MD simulations. Calculated values of Tg are
plotted with squares (pt 5 0) and circles (pt 5 1) with corre-
sponding error bars, solid lines represent the simple sigmoi-
dal fits and should be considered mainly as an eye-guide
curves. At conversion degrees above 0.3 the system without
triazine tends to higher Tg values, but due to high error val-
ues it cannot be quantified with confidence. The values of Tg
from MD simulations [see Fig. 7(b)] are generally consistent
with experimental data (Table 1). The comparison of these
data shows that (i) the lowest curing temperature (200 8C)
results in only small conversion degree of 0.3–0.4, regarding
the simulations data; (ii) at higher curing temperatures
(250–300 8C), the conversion degree of the system reaches
much higher values, up to 0.8–0.9; (iii) at the highest curing
temperature (350 8C) presumably more complex reactions
occur, as the value of Tg obtained experimentally becomes
sufficiently higher than the one in MD simulations.

To analyze the difference between two curing mechanisms
we also calculated distribution of simple cycles for systems
with and without triazine at maximum conversion (ca. 0.95
for both systems), see Figure 8. This characteristic makes it
possible to understand the overall network connectivity and
its dispersity. One can see the very pronounced difference
between the systems with and without triazine. We can con-
clude that the overall network structure is much denser in
the system without triazine. Again, these differences are eas-
ily explained by the fact that during triazine formation the
growing chain disengages from the triazine unit formed and
continues to grow separately. This is why we can clearly see
that the network structures of the systems with and without

triazine are very different, while gelation and further vitrifi-
cation are very similar.

Thus, we observe here an interesting decoupling of network
topology and vitrification transition: despite different curing
processes and considerable differences in final network struc-
ture there are very small differences in densities below Tg,
coefficients of linear thermal expansion and behavior of glass
transition temperature. That is, the mean length of simple
cycles in triazine-containing sample is almost twice larger
than in the triazine-free sample. But the glass transition tem-
perature at high conversion degree is almost the same, with
respect to large error values at elevated conversions.

We believe that such counterintuitive observation in this par-
ticular system is explained by the fact that vitrification is a
very local process and hardly depends on long-range net-
work structure. It was shown before in6–8,11 that the glass
transition in phthalonitrile melts is mainly affected by

FIGURE 7 (a) The calculated size of the gel fraction for systems

with and without triazine and normalized amount of triazine as a

function of conversion degree according to DPD simulations. (b)

The glass transition temperature as a function of conversion

degree for systems with and without triazine according to MD sim-

ulations. [Color figure can be viewed at wileyonlinelibrary.com]
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monomer rigidity and conformational entropy. As soon as we
fix the monomer position by linking it to the main gel cluster
there is hardly any way to utilize its possible movements
and, thus, system vitrification weakly depends on further
network details.

We have to mention also, that to the best of our knowledge,
the dependence of the glass transition temperature on con-
version degree and curing details [Fig. 7(b)] was not pre-
sented in literature for phthalonitrile resins before. Thus,
computer simulations here are the only instrument for
studying details of curing process and for understanding cor-
relations between network topology and system properties.

From comparison of the results of computer simulation and
the experimental data it is seen that the developed model
reproduces the temperature properties of the material
formed at low crosslinking temperatures of 473 K and
523 K. Thus, the model based on the simple polymerization
mechanism makes it possible to construct samples of mate-
rial with properties close to experimental ones. However, the
higher densities are left unreachable for this model. We do
not think that the problem is related to the valence-force
field (VFF). The force-field used is a well-parameterized ab
initio-based force field of Class II (including such VFFs as
CFF91, PCFF, CFF, COMPASS), capable to reproduce the prop-
erties of many organic substances and, in particular, poly-
mers.25,27,28,58 For example, it well reproduces the physical
properties of filled elastomer nanocomposites.27 Thus, we
believe that the discrepancy with the experimental results is
determined by other factors, as the model reproduces quite
well the properties of the studied material obtained in low-
temperature crosslinking.

We think that the cause for the unsatisfactory simulation
results for the high-density samples is the use of the NVT

ensemble at the stage of crosslinking. The use of the NVT
ensemble does not allow to reproduce the shrinkage of the
material upon high-temperature curing. This problem is dis-
cussed in the work on epoxy resins by Yarovsky and Evans,17

in the work on filled elastomer nanocomposites by Pavlov
and Khalatur27 and in the review of Li and Strachan.57 The
satisfactory reproducibility of the experimental results for
the phthalonitrile systems obtained in the low-temperature
crosslinking reaction is due to the fact that in this case the
density of the experimental samples does not increase
strongly. This can be explained by the formation of network
structures with long subchains of �3 to 5 monomers (Fig.
8), that compensates the use of the NVT ensemble. However,
at high temperatures there is a significant increase in the
density of experimental samples, and the network structures
with shorter sub-chains should form. In this case, the NVT
ensemble does not allow the corresponding topological
structures to form. In further studies, we are going to
improve our approach by introducing a barostat into our
DPD model.

CONCLUSIONS

To conclude, we formulate here our main achievements:

1. A multiscale procedure for simulating complex curing pro-
cess of polymer matrices is developed and tested. The
advantage of this procedure is that it is automatic process,
which does not require manual processing of calculated at
different scales intermediate data.

2. The procedure is applied to the case of phthalonitrile resin
based on low-melting monomer bis(3-(3,4-dicyanophenox-
y)phenyl)phenyl phosphate with varied probability to form
triazine units while crosslinking, which mimics high-
temperature and low-temperature realistic curing pro-
cesses. We obtained realistic values of the density, coeffi-
cients of linear thermal expansion and glass transition
temperatures. The dependence of the glass transition tem-
perature on the conversion degree correlates well with the
sol–gel transition in the network structure.

3. The topology of the formed resin network is studied at
different curing regimes; it is shown that the disposition
at formation of triazine units leads to significant differ-
ences in network topology: triazine-containing networks
are much sparser in comparison with triazine-free matri-
ces of the same conversion degree in terms of simple cycle
size.

4. Despite noticeable differences in network topology, the
glass transition temperatures and coefficients of linear
thermal expansion for different crosslinking mechanisms
are very similar. It can only be assumed that the systems
without triazine at maximum conversion have slightly
higher glass transition temperatures. The reason for that
is that the glass transition is the very local process and
complex network topology after formation of gel fraction
can hardly affect it.

FIGURE 8 Distribution of simple cycles over the generated net-

work topology at maximum conversion degree (ca. 0.95) for

systems with and without triazine, averaged over 10 samples.

[Color figure can be viewed at wileyonlinelibrary.com]
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We believe that the presented methodology is universal, that
is, suitable without significant changes to almost all polymer
curing systems. It could be applied to still not synthesized
compounds for studying their structural and mechanical
properties during in silico experiments and for pre-selecting
the set of most promising candidates. While the computa-
tional resources have been rapidly growing during past deca-
des, computational screening of artificial chemical materials
is the general trend nowadays.59 For more comprehensive
characterization of cured materials, it will be interesting to
predict not only thermal expansion behavior and glass tran-
sition chemistry, but also mechanical properties at glassy
state, both static and dynamic. In addition, we note here that
the presented methodology can work also for the case of
less-crosslinked materials, that is, elastomers and polymer
gels. It is an intriguing feature to apply the same approach
to yet unsynthesized elastomeric materials, for example,
materials for tire applications, and to test their thermo-
mechanical properties. The network topology and entangle-
ments will play much more important role in a less-
crosslinked materials and it is possible to explore their
mechanical behavior in coarse-grained DPD simulations.24
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