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We present a comparative molecular modeling study of the thermomechanical properties of crosslinked

benzoxazine resins. A crosslinking algorithm was developed in order to simulate the thermal curing of

thermoset resins and monitor the evolution of their network topology. The resin properties (gelation

point, crosslink density, volumetric expansion, glass transition temperature, thermal expansion coefficient

and elastic constants) were probed as a function of the network composition. The simulation results are

in line with analytical models and in very good agreement with experimental data. Our molecular

dynamics simulations provide a detailed rationale for the differences in the measured thermomechanical

properties of recently reported benzoxazine derivatives and pave the way to the design of improved resins

using predictive modeling tools based on the monomer chemical structure as the sole input.

1 Introduction

Thermoset resins are used for a wide range of applications due
to their high mechanical strength, processability, dimensional
stability and relatively low cost. Epoxy and phenolic resins are
the classical representatives of thermosets which for a long
time have played a key role in diverse industrial fields starting
from household materials to high-technology aerospace appli-
cations. However, these materials suffer from a number of
shortcomings such as the use of harsh catalysts for polymeriz-
ation, poor shelf life, release of volatiles during the curing
resulting in a large volumetric shrinkage, micro-void for-
mation and brittleness of the cured resins. Over the last few
years, benzoxazine resins have been proposed as a new class of
phenolic resins,1 as these show potential far beyond that of tra-
ditional phenolics and epoxies. Benzoxazine resins have major
advantages in terms of thermomechanical resistance and
flame retardance properties. They also exhibit attractive
features such as low water absorption, low thermal expansion,
higher char yields, a near-zero volumetric change upon curing,
easy thermal curing by ring opening polymerization with no
reaction by-products, no catalysts required for curing and in

some cases the Tg can be higher than the curing temperature.2

Benzoxazine monomers can be easily synthesized from
phenols, primary amines and formaldehydes, and hence, there
is a rich molecular design flexibility to achieve specific pro-
perties depending on the desired applications. Moreover, by
using renewable building blocks for the preparation of the
monomers, it is possible to synthesize partially or fully bio-
based benzoxazines; this is a key advantage in both academia
and industry since it offers the possibility to reduce the
demand for fine chemicals in the production of oils and their
derivatives.3 Bisphenol-A-based benzoxazine (BA-a) is one of
the most common members of the family and is commercially
available. Even though BA-a thermosets present good intrinsic
properties, it appears that irreversible thermal degradation
occurs during the curing of the monomer, which leads to the
formation of voids in the crosslinked resin.4 In order to over-
come these shortcomings, a new benzoxazine compound
based on phenol-p-phenylene diamine (P-pPDA) has been
recently synthesized by a solventless process with negligible
thermal degradation and higher thermomechanical pro-
perties.4,5 To complete the study, an additional structure
based on 4,4′-(p-phenylene)bis(3,4-dihydro-6-ethyl-2H-1,3-
benzoxazine) (4EP-pPDA) has also been prepared. All these
monomers are typically bifunctional benzoxazine compounds,
as shown in Fig. 1. BA-a is based on bisphenol and mono-
amine, whereas P-pPDA and 4EP-pPDA are based on phenol
and aromatic diamines, with the 4EP-pPDA monomer having
additional ethyl functions attached to the para positions of the
external benzene rings. The polymerization process for benzox-
azine resins is initiated via a thermally-induced ring-opening
reaction to form a phenolic structure through a Mannich
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bridge,6–8 Fig. 2. In principle, there are three possible reaction
sites on the aromatic ring: ortho, para and meta positions. It
has been demonstrated that the reaction occurs preferentially
on the ortho position, although reactions can also occur,
yet to a much lesser extent, on the para and even the meta
positions.8

In this modeling work, only reactions on the ortho position
are considered since these reactions are by far predominant.

Molecular dynamics (MD) simulations are becoming
increasingly relevant in polymer science as they provide a
means to numerically verify the theoretical models, yield
additional insight into experimentally-observed properties and
predict the performance of new formulations. The initial
efforts to model the formation of crosslinked networks can be
traced back to the 80’s and 90’s. In previous studies the
network construction was processed through Monte Carlo
simulations without considering any chemical detail.9 Later
on, more sophisticated methods were elaborated allowing a
fully atomistic representation of polymer networks, by using
multi-step procedures that allow repeated creation of covalent
bonds and equilibration of the structure until the desired
crosslink conversion is reached.10–12 Computational simu-
lations have also been used in order to simulate the thermo-
mechanical properties such as the glass transition temperature
(Tg), heat capacity (Cp), volume expansion coefficient (αv) and
elastic constants.13–17 Reasonably good agreement was
obtained between experiment and theory, demonstrating that
atomistic simulations can be an efficient tool to study thermo-
setting polymers. The influence of the degree of polymeriz-
ation on the material properties (e.g., Tg and yield stress) has

also been investigated. More recently, Li and Strachan studied
the network topology of bifunctional epoxy thermosets in
order to highlight the influence of structural defects on the
material properties and calibrate the existing predictive
models.18

Molecular modelling techniques have been employed in
order to gain insight into the microstructural properties of
polybenzoxazines. In particular, the analysis of single chain
spatial structures and supramolecular network structures
revealed the role of hydrogen bonding in the crosslinking pro-
cesses and the overall thermomechanical properties of poly-
benzoxazine polymers.19–21 Kim and Mattice have used MD
simulations to investigate the conformational distribution of
single and bulk chains, the importance of hydrogen bonding,
and the structure of thin polybenzoxazine films.22–25 The
thermomechanical properties of these thermosets were
studied by Hamerton and Hall et al., showing good agreement
with the experiment.26,27

In this work, atomistic simulations are used in order to
study the crosslinking process of three specific benzoxazines:
BA-a, P-pPDA and 4EP-pPDA, and the properties of the result-
ing networks. Experimentally the P-pPDA thermosets display
the best thermostability and mechanical properties at high
temperature (as a result of a higher glass transition tempera-
ture) among these three polybenzoxazines.4 We applied MD
simulations to gain a fundamental insight into the relation-
ship between the structural network topology and the observed
properties of the resins, and to identify the molecular mecha-
nisms responsible for the thermomechanical behaviour of
these polybenzoxazines. Following the approach of Li and
Strachan, we developed our own algorithm to assess the
network topology during the crosslinking process, by quantify-
ing the number of dangling and loop chains and monitoring
the overall number and length of elastic chains. We focused
on the dependency of the thermomechanical properties of
benzoxazine resins on the initial monomer structure and the
network topology of the cured systems.

This paper is organized as follows: section 2 contains the
details of the MD simulations, including the preparation of
structures, the scheme for modeling the crosslinking process,
the description of the thermomechanical analysis and topolo-
gical characterization methods. Section 3 presents the results
and related discussions. Finally, we closed this work with con-
cluding remarks in section 4.

2 Experimental
2.1 Resin network construction

MD simulations are carried out with the Materials Studio 7.0
(Accelrys Inc.) package using an optimized version of the
Dreiding force field to properly account for inter- and intra-
molecular interactions.28 The partial charges on the molecules
are obtained from iterative partial equalization of orbital
electronegativity using the Gasteiger method.29 The non-
bonded interactions are measured using the Lennard-Jones

Fig. 1 BA-a, P-pPDA and 4EP-pPDA structures.

Fig. 2 Polymerization reaction of benzoxazine by the formation of a
Mannich Bridge at the ortho position.8
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(12-6) potential function and group-based summation for van
der Waals and electrostatic interactions, respectively, with the
cut-off set at 1.2 nm for both types of interactions. The key
advantages of the group-based summation are: (i) the
reduction of sudden energy fluctuations by avoiding the cre-
ation of spurious monopoles when the dipoles are split near
the cut-off distance (when one of the dipole atoms is inside the
cut-off and another is outside); (ii) the reduction of the compu-
tational effort compared to atom-based and Ewald summation
methods by creating larger electrically-neutral clusters from
different groups of atoms. The temperature of the simulation
box is controlled using the Nosé–Hoover–Langevin (NHL)
thermostat with a Q ratio of 0.01.30 This method is shown to be
superior in controlling the temperature compared to the
original Nosé–Hoover thermostat.31 For the pressure control in
NPT-MD simulations (constant pressure, temperature and
number of particles), we used the Parrinello–Rahman barostat
since it introduces more degrees of freedom to the system and
leads to more natural relaxation of the molecular structures.

All the model systems in this study consist of 200 monomer
molecules per simulation box for each studied resin. The
crosslinked networks are constructed using the cyclic
polymerization atomistic model with controlled multi-step
topology relaxation:

(i) at the start of the simulation, the desired number of
monomer molecules are inserted into the cubic simulation
cell under 3D periodic boundary conditions at a low density
(0.6 g cm−3). The system energy is minimized and then equili-
brated in the NVT ensemble for 100 ps at 500 K, followed by a
NPT simulation for 500 ps at 300 K. The final average box size
is ∼5 nm. The obtained simulation density at room tempera-
ture is in good agreement with experimental results, Table 1.
The average error is 8.0, 6.7 and 3.6% for P-pPDA, BA-a and
4EP-pPDA, respectively, within the limit of validity for force
field simulations (errors smaller than 10% are usually con-
sidered as acceptable).

(ii) During the curing, the occurrence of close contacts
between the reactive atoms is detected using a distance-based
criterion ranging from 0.4 to 0.8 nm. If the distance condition
is satisfied, the oxazine cycle is opened by breaking the O–C
bond, a new covalent bond is created between the N–C group
and the ortho carbon of the aromatic ring forming the
Mannich bridge. When all possible bonds are created, the
system goes through a multistep relaxation–perturbation pro-
cedure using the NVT-NPT dynamics and then a new round of
bond creation is attempted. This procedure ends when a pre-
defined conversion limit is reached; in this work, a full ana-
lysis of the crosslinking system was carried out as a function of
the conversion rate, with steps of 10%, up to 90%.

(iii) Linking monomers together leads to progressively
larger branched chains. At a certain stage of the reaction, as
the linking process proceeds, the largest chain diverges into
the “infinite size”, spanning the whole system. This infinite
molecule is called the gel fraction and all other remaining
chains constitute the sol fraction; the situation where the gel
first appears is called the gel-point.32–34 All along the polymeri-
zation process, the sizes of the chains present in the system
are recorded as a function of the conversion rate, giving access
to the molecular characteristics of the system: the number-
average molar mass Mn, the weight-average molar mass Mw,
the reduced weight-average degree of polymerization (RDP)
and the weight fraction of the gel Wg. It must be pointed out
that RDP is identical to Mw except for the consideration of the
largest molecule in the system. The gel-point can be estimated
from these structural characteristics: it corresponds to the
maximum of the RDP values and to the inflection point of the
Mw curve.35,36

The gel fraction contains structural defects such as
dangling chains and loops, which do not contribute to the
elastic behaviour. Therefore, Scanlan and Case have defined
the active part of the gel as being composed of ‘active cross-
links’ joined by at least three paths to the infinite network and
‘active chains’ terminated by active crosslinks at both
ends.37,38 In this work, we classify the chains formed during
the crosslinking into five types, see Fig. 3: (i) elastically active
crosslinks (at least three paths leading to the infinite struc-
ture), (ii) active chains (both ends are connected to active
crosslinks), (iii) dangling chains (chains attached to the in-
finite network only by one end), (iv) loops (both ends are con-
nected to the same active junction) and (v) free chains (chains
belonging to the sol fraction). The algorithm works as follows:

Table 1 Simulated and experimental density for the monomers

BA-a P-pPDA 4EP-pPDA

Sim. density (g cm−3) 1.11 ± 0.003 1.16 ± 0.003 1.06 ± 0.003
Exp. density (g cm−3) 1.20 1.25 1.10

Fig. 3 Polymer network for tetrafunctional branching units. (a) The gel
fraction (largest fragment) is composed of: elastically active crosslinks,
EACs (black), elastically active network chains, EANCs (red), dangling
chains (blue) and loop chains (purple); (b) the sol fraction (green)
includes all the monomers and oligomers that are not attached to the
largest fragment.
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(i) during curing the new linked pairs of atoms are assigned
with the same name; (ii) the linkage map is established by
using the names of the reacted atoms between all the mole-
cules in the largest fragment; (iii) the next step is the identifi-
cation of linear chains and their chain lengths; and (iv) finally,
each monomer unit is classified into one of the five categories:
active crosslinks, loops, free chains, and elastically active and
dangling chains. In order to check the reliability of the
algorithm, a complete manual analysis was performed on
crosslinked structures with different conversion rates; good
agreement was obtained with the algorithm implementation.

2.2 Measurement of the thermomechanical properties

Experimentally, calorimetric studies were carried out at a
heating rate of 10 °C min−1 using a differential scanning
calorimeter (DSC Q200 from TA Instruments) under a nitrogen
flow of 50 mL min−1. Indium was used for calibration. The
thermomechanical properties were studied by dynamic mech-
anical thermal analysis (DMA 2980 Dynamical Mechanical
Analyzer from TA Instruments). The measurements were per-
formed in a dual cantilever configuration with a length of
35 mm, operating at a frequency of 1 Hz, from 25 to 370 °C at
a heating rate of 3 °C min−1, with a displacement of
18 microns corresponding to a strain of 0.043%. One represen-
tative sample was used for the measurements.5

In the MD simulations, the thermal and volumetric pro-
perties of the crosslinked networks were assessed by annealing
through a stepwise temperature profile ranging from high to
low temperature. Tg is usually defined as the intersection of
the linear density–temperature or volume–temperature curves
of the glassy and rubbery states. To calculate Tg and other
thermodynamic quantities, a high-temperature annealing pro-
tocol was followed: the crosslinked structures obtained from
the algorithm described above were equilibrated at 850 K for 1
ns in the NPT ensemble under atmospheric pressure, in order
to release constraints induced by curing. Afterwards, the struc-
tures underwent stepwise cooling from 850 K to 50 K in steps
of 50 K for 400 ps. Such a cooling rate is comparable to the
values used in previous studies of thermosets10,12,15,39 and we
have tested that the relaxation of the polybenzoxazine systems
occurs sufficiently fast, so that the Tg values are not affected by
the cooling rate (see an example in Fig. S2†). The temperature,
volume, valence energies, non-bonded energies as well as the
structural characteristics were averaged and stored for further
analysis.

The mechanical properties of the fully crosslinked polymers
(90% conversion) were measured using the constant-strain or
static approach implemented in Materials Studio.40 During the
annealing procedure, and after an equilibration step at 300 K,
the structures were extracted and stored for further analysis of
the mechanical properties. The measurement is initiated by
pre-minimizing the system in order to bring it closer to the
lowest energy configuration. Three tensile and three shear
deformations of a small amplitude are then applied to the
simulation box in all directions, followed by energy minimiz-
ation. The maximum strain amplitude is set to 0.002 and 6

strain steps are applied along every strain direction. The result-
ing distorted structures are re-optimized keeping the cell para-
meters fixed, and then the internal stress tensor is obtained
using the virial expression. The stiffness matrix is built up by
estimating the first derivatives of the virial stress components
with respect to strain (∂σ/∂ε). From the obtained matrix, the
Lamé coefficients (λ and μ) are calculated as follows:

μ ¼ 1
3
ðC44 þ C55 þ C66Þ ð1Þ

λþ 2μ ¼ 1
3
ðC11 þ C22 þ C33Þ ð2Þ

By making an assumption that the molecular structure is
like that of the isotropic material, the stiffness matrix can be
defined as follows:

λþ 2μ λ λ 0 0 0
λ λþ 2μ λ 0 0 0
λ λ λþ 2μ 0 0 0
0 0 0 μ 0 0
0 0 0 0 μ 0
0 0 0 0 0 μ

0
BBBBBB@

1
CCCCCCA

ð3Þ

In the isotropic case, the elastic properties can thus be fully
described by using these two independent Lamé coefficients
and by applying linear elasticity theory:

E ¼ μð3λþ 2μÞ
λþ μ

ð4Þ

K ¼ λþ 2
3
μ ð5Þ

G ¼ μ ð6Þ

υ ¼ λ

2ðλþ μÞ ð7Þ

where E, B, G and υ are the Young’s, bulk and shear moduli
and Poisson’s ratio, respectively.

3 Results and discussion
3.1 Network topology

The algorithm described above enables us to track the changes
of the network topology at various degrees of conversion.
Fig. 4 shows the weight percent evolution of free, dangling,
loop and elastic chains present in the structures as a function
of the conversion rate. As expected, as the curing proceeds, the
number of free chains keeps decreasing until they completely
disappear above 80% of conversion for all resins. The elastic
chains (elastically active crosslinks and chains) appear after
the largest fragment becomes infinite with the formation of
the first active crosslink; from these data we can roughly
estimate that the gel-point for all resins is located between 40
and 50% of the conversion rate. The structural defects, i.e.,
dangling and loop chains, peak in the region of the gel-point,
then progressively decrease and eventually disappear at 90%
of conversion. It is important to point out that structural
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defects make physical sense only when attached to the infinite
structure. Therefore, the increase of the dangling and loop
chains below the gel-point reflects the growth of the largest
fragment rather than the formation of structural defects in the
resins.

As the crosslinking proceeds, the weight of elastic chains
increases by consuming dangling, loop and free chains. At
90% the systems are considered to be ideal structures, with all
the chains contributing to the elastic behaviour of the cross-
linked resins.

We also measured the density of elastically active chains
υe (also called the crosslink density) as the ratio of the number
of EANCs to the volume of the simulation box. Experimentally,

υe can be estimated by measuring the equilibrium modulus in
the rubbery state at temperature Tg + 40 °C and applying the
molecular rubber elasticity theory:41

G ¼ φ
NKT
V

¼ φυeKT ð8Þ

where G is the elastic modulus, N is the number of elastically
active chains, K is the Boltzmann’s constant, T is the absolute
temperature, V is the volume, υe is the crosslink density and φ

is the front factor, which is unity for ideal rubbers. Li and
Strachan in their work calculated the values of the crosslink
density of their polymers by taking into account the amount of
structural defects.18

Fig. 5 shows the evolution of υe, the gel fraction Wg and
RDP as a function of the conversion rate for the three studied
resins. On the one hand, it has already been pointed out that
the appearance of the first elastic chains and the maximum of
RDP correspond to the gel-point; on the other hand, Flory has
demonstrated that the rapid increase of the gel fraction corres-
ponds to the gelation as well.34 From these three approaches,
the most accurate one is the emergence of the crosslink
density υe since the most basic condition for gelation is the
presence of the infinite network. However, due to the compu-
tational limitations, the crosslink density is measured only for
certain values of the conversion rate, with 10% resolution. As a
result, we cannot estimate the exact gel-point from the
measured crosslink density. In the case of BA-a and 4EP-pPDA
resins, the appearance of the first elastic chain is somewhere
between 40 and 50% of conversion, whereas for P-pPDA there
are elastic chains already at a 40% conversion rate. The
maximum of the RDP curve helps to calculate more accurate
gelation values for these resins; here it is estimated to be 44.4
± 0.9% for BA-a, 40.3 ± 2.5% for P-pPDA and 43.8 ± 3.7% for
4EP-pPDA. This is consistent with the sudden increase of the
gel fraction Wg at the calculated gel-point. The RDP and
Wg values are in agreement with the appearance of the first
elastically active chains in the structures, which further sup-
ports the validity of the algorithm. For the fully crosslinked
benzoxazine networks, the crosslink density is found to be in
the range of 2.6–3.63 × 10−3 mol cm−3, which is below the
reported values for epoxy resins (∼6.6 × 10−3 mol cm−3).42 In
the same paper, the crosslink density of BA-a is measured to
be 1.1 × 10−3 mol cm−3, which is below the value for the fully
cured BA-a resin calculated from these simulations. This
difference is probably related to the partial thermal degra-
dation of BA-a during curing, which reduces the experimental
crosslink density compared to the ideal case. As shown in
Fig. 4, the systems have only a small amount of free chains
and structural defects at a conversion degree of above 80%.
This is directly related to the poor increase of the crosslink
density at high conversion rates since almost all the structural
chains are elastically active.

It is important to note that even though these three mole-
cules have the same nature and the same number of func-
tional sites, the calculated gel point differs for P-pPDA com-
pared to BA-a and 4EP-pPDA. This can be attributed to the

Fig. 4 Percent molecular weight of free, dangling, loop and elastic
chains as a function of the conversion rate for BA-a, P-pPDA and 4EP-
pPDA.
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difference in the monomer structures, which affects the steric
accessibility of the reactive sites (it is expected to be easier in
P-pPDA) and the associated free volume in the system. It is
also noteworthy that the gel-point values for all resins are
higher than the theoretical gel-point for tetra-functional mole-
cules (33%) calculated using Flory’s model of critical conver-
sion for an ideal crosslinking process. In that model, the geo-
metrical constraints and the intra-chain reactions likely to
occur during curing are not taken into account.32 In contrast,
these phenomena are present in our simulations and affect
the gelation process. The amount of intra-molecular crosslinks

below the gel-point is around 3% for all resins; the remaining
over-estimation is thus related to the actual geometry of the
molecules resulting in the different steric accessibility of the
functional atoms.

Another widely used molecular characteristic of crosslinked
polymers is the average molecular weight between crosslink
sites Mc in the gel. It is related to the crosslink density through
the mass density: Mc = ρ/υe.

18 This equation is valid only for
high degrees of conversion when all the chains are supposed
to be elastically active, since it is experimentally impossible to
evaluate the number of structural defects in the polymer.
Fig. 6 shows the number average molecular weight of all the
chains Mn and Mc as a function of the conversion degree for
the three resins. By definition, Mn represents the average chain
weight of all the fragments below the gel-point; it increases as
monomers react with each other forming larger fragments,
until the gelation is reached. Mc is calculated above the gel-
point and represents the average molecular weight between
the active crosslinks in the largest fragment; it can be defined
only after gelation when the first elastically active crosslinks
appear in the system. Just above the gel-point, Mc shows its
maximum value and it decreases progressively with increasing
conversion rate as more chains become crosslinked and the
average chain length between crosslinks becomes shorter.
Mn and Mc are similar for all studied resins; the weight differ-
ence is attributed to different monomer molecular weights,
namely 462.6 g mol−1 for BA-a, 344.4 g mol−1 for P-pPDA and
400.5 g mol−1 for 4EP-pPDA. It can be seen that at 90% conver-
sion, Mc reaches the monomer molar mass indicating that the
fully crosslinked structures are composed mostly of elastically
active crosslinks.

3.2 Glass transition and thermal expansion

Fig. 7(a) and (b) illustrate the density versus temperature plots
and the coefficient of volume thermal expansion αv for conver-
sion rates increasing from 0 to 80% for P-pPDA (all three
resins exhibit similar trends, see the ESI†). Tg is marked by the
discontinuity of the density–temperature curve slope; it is cal-

Fig. 5 Evolution of the reduced weight-average degree of polymeriz-
ation (RDP), crosslink density and gel-fraction as a function of the con-
version degree for BA-a, P-pPDA and 4EP-pPDA.

Fig. 6 Number average molecular weight before the gel-point (Mn) and
average weight of chains between crosslinks (Mc) after the gel-point as a
function of the conversion degree.
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culated as the intersection of two linear plots fitted to the
density values in the low and high temperature regions,
respectively. The existence of the linear regimes can be
confirmed by calculating the coefficient of volume thermal
expansion αv:

αv ¼ 1
V0

@V
@T

ð9Þ

where V0 is the reference volume at 300 K and ∂V/∂T is the
first-order derivative of the volume–temperature curve.
Fig. 7(b) shows the thermal coefficient values as a function of
conversion for P-pPDA. Three general regimes of αv can be
observed for all conversion rates: (i) at low temperature, αv is
small and weakly increasing; this corresponds to the glassy
region, (ii) the transition region is marked by the strong
increase of αv in the intermediate temperature range, and (iii)
at high temperatures, αv is large and constant, corresponding
to the rubbery region.

The Tg values as a function of the conversion rate (0 to
90%) are shown in Fig. 8 for the three resins. For P-pPDA, Tg
varies from 37 °C in the monomer to 216 °C at maximum con-
version, in very good agreement with the experimental results:
45 °C for uncured monomers and 220 °C for the fully cross-
linked resin.5 In the case of 4EP-pPDA, the calculated Tg
increases from 47 °C to 150 °C, the latter result also being in

excellent agreement with the experimental Tg for the cured
resin (155 °C) and in the range expected for epoxy resins
(165 °C).42 The mechanisms involving the glass transition of
thermosets are somewhat complex; in the case of epoxy resins,
these involve chain interactions, free volume and inter-
molecular packing.42 However, in the case of the polybenzox-
azines, the density decreases upon crosslinking, as it is shown
in the simulations and demonstrated by Ishida. Thus, the free
volume argument seems insufficient to explain the high Tg of
the cured benzoxazines. The high Tg of the polybenzoxazines

Fig. 7 (a) Density as a function of the conversion degree for P-pPDA.
The open circles indicate the value of Tg. (b) Coefficient of volume
thermal expansion (αv) for the glassy and rubbery states for P-pPDA.

Fig. 8 Glass transition temperature as a function of the conversion
degree with the corresponding experimental values for BA-a, P-pPDA
and 4EP-pPDA. The values in Table 3 are the results of a fit using Di
Benedetto’s equation.
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compared to other thermosets cannot be explained by a high
crosslink density, since the crosslink density is higher in epoxy
resins than in polybenzoxazines, as we have shown it in the
network topology characterization. The proposed explanation
for the unexpectedly high Tg of the benzoxazine thermosets is
the presence of hydrogen bonds in the cured structures due to
the formation of O–H groups during the crosslinking process,
since hydrogen bonds are capable of decreasing the flexibility
of a crosslinked network by blocking the rotational configura-
tional changes and other segmental motions.42

It has been reported that both P-pPDA and 4EP-pPDA
exhibit no significant thermal degradation during the cross-
linking process. Therefore, it is possible to accurately compare
the simulation and experimental results. The two monomers
have a similar Tg value: 37 °C and 47 °C for P-pPDA and 4EP-
pPDA respectively. However, the difference increases drastically
for partially and fully crosslinked structures, up to about 70 °C
in the fully cured systems (see Fig. 8). We find that the volume
increase during curing remains very similar (2.45% and 2.57%
for P-pPDA and 4EP-pPDA, respectively), which suggests that
the difference in Tg is not due to a difference in the free
volume.

In order to evaluate the role of hydrogen bonding in the
thermostability of these polybenzoxazines, the H bond density
was measured for both resins at a 90% conversion rate. The
formation of the H bonds is considered when the distance
between a donor –OH and an acceptor –O or –N is less than
0.25 nm and the angle between –OHO and –OHN is between
120° and 180° degrees, as defined by Kim and Mattice.22 The
values were averaged over 5 frames in the last 100 ps of the
MD simulations for five different types of H bonds (Table 2).
Concerning the nature of the H bonds, the proportion of the
H–N vs. H–O bonds is almost the same in the two resins;
however, 50% of the H–N bonds are involved in six-membered
ring intramolecular H-bonds, while such intramolecular H
bonding is not observed with the H–O bonds. In addition, a
few OH–π bonds are formed; they correspond to the inter-
action between an O–H group and the center of a benzene
ring, which acts as a hydrogen bond acceptor.

The simulations indicate that the density of the H bonds is
higher for P-pPDA; these additional intermolecular inter-
actions can result in a higher stability of the structure and a
higher Tg value for this resin. This higher stability is con-
firmed by the data in Fig. 9 showing a higher density of the
hydrogen bond energy in the fully cured P-pPDA compared to
4EP-pPDA.

In the case of BA-a, Tg increases from 74 to 200 °C upon
curing; this final value is overestimated in comparison with
the experimental data, as the Tg of BA-a resin is measured to

be between 150 and 170 °C.42,43 However, it is important to
point out that, in contrast to P-pPDA and 4EP-pPDA, a partial
thermal degradation takes place during the curing of the BA-a
resin, leading to the formation of a secondary volatile species.
This degradation process may be responsible for a decrease of
Tg in the actual system with respect to the ideal situation
described in the simulations.

The calculated evolution of Tg upon crosslinking can be
fitted by Di Benedetto’s equation, which has been extensively
used to describe the relation between Tg and the degree of
conversion:44

Tg � T0
g

T1
g � T0

g
¼ λξ

1� ð1� λÞξ ð10Þ

where λ is an adjustable parameter that describes the non-line-
arity in the curve, ξ is the degree of conversion, T0

g and T1
g are

the glass transition temperatures for conversions of 0 and
100%, respectively. In the three benzoxazines studied here, we
find that up to 70% conversion excellent agreement is
obtained between the Tg evolution predicted by numerical
simulations and from Di Benedetto’s model (see Fig. 8).
However, at higher conversions, the calculated Tg values start
deviating from the model and tend to saturate. This saturation
can be directly related to the fate of the structural defects in
those resin systems: as shown in Fig. 4 and 5, above 80%
conversion, the number of dangling, loop and free chains
becomes very small and the resins are almost completely
composed of elastic chains. At this point, the crosslink
density reaches saturation and so does the glass transition
temperature.

Fig. 9 Density of the hydrogen bond energy as a function of the temp-
erature in P-pPDA and 4EP-pPDA structures crosslinked at a 90% con-
version rate.

Table 2 The density of hydrogen bonds and π–π interactions for P-pPDA and 4EP-pPDA at 90% conversion

×10−3 mol cm−3 Total H-bonds H–N H–O Intra H–N Intra H–O OH-p

P-pPDA 2.60 ± 0.10 1.29 ± 0.10 1.19 ± 0.10 0.66 ± 0.04 0 0.11 ± 0.04
4EP-pPDA 1.90 ± 0.06 0.95 ± 0.04 0.93 ± 0.04 0.52 ± 0.06 0 0.02 ± 0.01
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From the fitting of the Tg evolution between 0 and 70% con-
versions, three different Tg regions can be identified: (i) the
pregel linear regime, (ii) the postgel linear regime, which
shows a larger slope and (iii) the non-linear regime, with Tg
converging to its maximal value. The least squares method is
applied in order to fit the simulation curves; the calculated
values are represented in Table 3. λ has been related to the
ratio of the change of the heat capacity at Tg for fully cured
and uncured structures: λ = ΔC100/ΔC0.

39

The room temperature αv coefficients for cured (90%) resins
are presented in Table 4. The obtained results are in line with
the published values for epoxy resins, which are in the range
of 1.7–2.8 × 10−4 K−1. Nevertheless, the αv coefficients of these
benzoxazines are lower for epoxies, indicating a superior glass
transition temperature for polybenzoxazines. The value calcu-
lated for BA-a ∼1.67 × 10−4 K−1 is very close to the experi-
mental result 1.7 × 10−4 K−1.42 Below Tg, P-pPDA is clearly the
most thermostable among the three resins, which can be
useful not only in terms of thermal tenacity but also in terms
of dimensional stability for various industrial applications.

Fig. 10 shows the calculated and experimental Tg as a func-
tion of the measured crosslinked density. All curves exhibit a
linear behaviour, in line with previous reports on various
epoxy and phenolic resins.45,46 The experimental Tg for fully
cured P-pPDA of ∼220 °C is found to be identical to the value
calculated for the maximal crosslink density. The experimental
value for the 4EP-pPDA resin (∼150 °C) is also in excellent
agreement with our predicted value for the maximum cross-
link density: ∼147 °C. In the case of BA-a, two different Tg
values have been reported in the literature: 150 and 170 °C;
the corresponding measured crosslink densities are 1.1 and
1.95 (×10−3 mol cm−3), respectively. These two values are also
very close to the linear fit of our simulation results. This indi-
cates that the partial thermal degradation of BA-a during
curing reduces the number of the available functional groups,
causing the decrease of the crosslink density, which in turn
affects the thermomechanical properties. If one could sup-
press these degradation reactions, the experimental Tg of BA-a
would increase up to ∼205 °C, as predicted by our model for
the maximal crosslink density.

3.3 Elastic properties

Two approaches can be followed to determine the mechanical
properties from molecular modeling simulations. The first one
is a dynamic approach that includes entropy effects. The
second approach is the static constant-strain method, which
has been used in this work (the simulation details are
described in section 2).47 We have shown above that the cured
polybenzoxazine structures are very close to ideal elastic net-
works for a high crosslink conversion (90%), and hence the
thermal contributions ought to be negligible at high conver-
sion thereby validating the use of a static approach. All the
structures have been equilibrated at room temperature, which
makes it possible to compare the simulation data and the
experimental results obtained at that temperature.

To obtain the estimates of the elastic constants, we aver-
aged the strain and shear results over all structures and all
directions, as proposed by Theodorou and Suter.40 The absol-
ute values of the elastic constants are summarized in Table 5,
together with their standard deviations. Overall, the figures
calculated for the crosslinked benzoxazines are higher than for
the majority of epoxy resins, ca. 2.7 GPa.42 The Young’s moduli
of the P-pPDA and 4EP-pPDA resins (6.03 ± 0.57 and 5.83 ±
0.49 GPa, respectively) are similar, considering the standard

Table 3 Calculated T1
g and λ values

T1
g Λ

BA-a 578 K 0.39
P-pPDA 770 K 0.20
4EP-pPDA 694 K 0.15

Table 5 Mechanical properties of BA-a, P-pPDA and 4EP-pPDA resins
for 90% conversion from MD simulations and comparison with the avail-
able experimental results (in italics)

Simulation results (MPa) at 300 K

BA-a P-pPDA 4EP-pPDA

Young’s modulus, E 5.33 ± 0.61 6.03 ± 0.57 5.83 ± 0.49
5.2 (ref. 42)

Shear modulus, G 2.08 ± 0.13 2.25 ± 0.17 2.28 ± 0.10
2.2 (ref. 42)

Bulk modulus, B 4.62 ± 0.62 6.15 ± 0.35 5.36 ± 0.15
Poisson’s ratio, υ 0.30 ± 0.06 0.33 ± 0.04 0.32 ± 0.04

Table 4 Comparison between experimental and computed coefficients
of volume thermal expansion (αv, 10

−4 K−1) for structures with a 90%
conversion rate

BA-a P-pPDA 4EP-pPDA

MD simulations 1.67 ± 0.03 1.49 ± 0.0641 1.76 ± 0.14
Measurements 1.7 (ref. 42) — —

Fig. 10 Glass transition temperature as a function of the crosslink
density for BA-a (black line and data points), P-pPDA (red line and data
points) and 4EP-pPDA (blue line and data points). The full (open) data
points correspond to the simulations (experimental measurements).
Experimental data are extracted from ref. 5, 42 and 43.
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deviation. For BA-a, this modulus is slightly lower (5.33 ± 0.61
GPa). The same trend is observed for the shear modulus: it is
very similar in the P-pPDA and 4EP-pPDA resins, 2.25–2.28
GPa, respectively, and lower for BA-a, 2.08 GPa. Ree–Eying
theory applied to polymers states that the plastic behaviour is
related to the specific degrees of freedom in terms of mole-
cular-scale motions in the network structure.48 Thus, here one
may conclude that the lower elastic properties of the BA-a resin
can be related to the additional degrees of freedom induced by
the higher number of the available conformations in the BA-a
network chains, due to the presence of the central methyl
groups and the terminal phenyl rings. The calculated
Poisson’s ratio for all the resins is in a reasonable range for
polymer materials.

Fig. 11 displays the shear and Young’s moduli as a function
of the temperature for the fully cured structures. The decrease
of elastic properties with temperature can be partitioned into a
low-T glassy region and a high-T rubbery region, though the
data are too scattered and the resolution too low to identify
the exact transition temperatures. The variation of the elastic
moduli as a function of the temperature is also related to the
dependency between the elastic properties and the available
degrees of freedom in the structures. At low temperatures
some of degrees of freedom become restricted, and this
decreases the overall capacity of the polymer matrix to absorb

the strain energy leading to the increase of the deformation
resistance.48

The absolute values of the calculated elastic constants are
in good agreement with the experimental results: the experi-
mental elastic modulus for BA-a, obtained from the initial
slope of the strain–stress curves, is ∼5.2 GPa,42 whereas DMA
measurements provide values for the storage modulus in the
range of 3–4 GPa.4,49 For the P-pPDA the storage modulus is
reported to be in the range of 4–5 GPa,4,5 and no other experi-
mental data are available yet. Ideally the Young’s modulus is
equal to the storage modulus, however, in reality the tests per-
formed to measure these moduli are different. In the first case
it is the stress–strain test (material is constantly stretched),
whereas the other one is a dynamic test based on oscillations.
The experimental storage moduli for both BA-a and P-pPDA
show that the former has lower elastic properties than the
latter, and this tendency is confirmed by the simulation
results.

4 Conclusions

Molecular dynamics simulations have been performed to track
the evolution of the molecular structure of P-pPDA, BA-a and
4EP-pPDA benzoxazines during curing. The structural charac-
teristics, such as the gel fraction, the size of the largest frag-
ment and the reduced weight-average degree of polymerization
(RDP) calculated from the number average Mn and weight
average Mw molecular weights were evaluated for each step of
the crosslinking process. The gelation point was identified
based on the appearance of the first elastically active chain in
the structures and on the occurrence of a maximum in the
RDP curve. The quantification of the crosslink density and the
number of structural defects (dangling and loop chains) in the
gel fraction was also obtained. All results were found to be in
good agreement with the experimental data. The simulations
show that at high conversion rates structural defects are
healed and that a fully elastic network is formed.

The thermo-mechanical properties were next evaluated and
compared to experiment when available. The glass transition
temperature was calculated for different crosslink densities,
along with the coefficient of thermal expansion and the elastic
constants for the fully cured systems. Through the MD simu-
lations, we gained a deeper insight into the molecular mecha-
nisms responsible for the high thermostability of the BA-a,
P-pPDA and 4EP-pPDA polybenzoxazines: the crosslink
density, the amount of structural defects and the density of
hydrogen bonds. The role of the structural defects in the
thermal properties was also elucidated.

Experimentally, the P-pPDA thermoset has the highest glass
transition temperature compared to BA-a and 4EP-pPDA
resins. MD simulations yield Tg values for these materials in
very good agreement with experiment and allow gaining a
better insight into the molecular mechanisms at the origin of
the thermomechanical response. In particular, we showed that
the higher thermal stability of P-pPDA compared to 4EP-pPDA

Fig. 11 The shear modulus and Young’s modulus as a function of the
temperature for BA-a, P-pPDA and 4EP-pPDA structures crosslinked at a
90% conversion rate.
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is related to the higher density of hydrogen bonds in the cured
structure. In addition, our calculations suggest that in the case
of the BA-a thermoset thermal degradation of the resin while
curing is the cause for the measured low Tg value.

This work highlights the ability of molecular dynamics
simulations to efficiently explore the network topology and to
predict with a good accuracy some of the thermomechanical
properties of crosslinked benzoxazine thermosets. The meth-
odology reported here offers the possibility to screen new ben-
zoxazine thermosets as potential candidates for different
industrial applications before synthesizing the molecules, a
strategy we are now exploring further.
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