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ABSTRACT: Fillers are widely used to improve the thermomechanical response of
polymer matrices, yet often in an unpredictable manner because the relationships
between the mechanical properties of the composite material and the primary
(chemical) structure of its molecular components have remained elusive so far.
Here, we report on a combined theoretical and experimental study of the structural
and thermomechanical properties of carbon nanotube (CNT)− reinforced
polybenzoxazine resins, as prepared from two monomers that only diﬀer by the
presence of two ethyl side groups. Remarkably, while addition of CNT is found to
have no impact on the glass-transition temperature (Tg) of the ethyl-decorated
resin, the corresponding ethyl-free composite features a surge by ∼ 47 °C (50 °C) in
Tg, from molecular dynamics simulations (dynamic mechanical analysis measurements), as compared to the neat resin. Through a detailed theoretical analysis, we
propose a microscopic picture for the diﬀerences in the thermomechanical
properties of the resins, which sheds light on the relative importance of network
topology, cross-link and hydrogen-bond density, chain mobility, and free volume.
KEYWORDS: benzoxazine thermoset, CNT nanocomposite, network topology, chain mobility, thermomechanical stability
developed such as chemical functionalization11,12 and physical
mixing often realized via calendaring and sonication. Even
though the covalent attachment of the reactive chemical
groups increases the aﬃnity of CNTs to the polymer matrix, it
also creates local defects because it alters the bond order of sp2
carbon, leading to the decrease of overall mechanical and
electrical properties.13,14 Therefore, the noncovalent interfacial
adhesion seems to be a more promising solution for the
polymer reinforcement by CNTs because it can improve the
interfacial interactions avoiding structural damages and
maintaining the properties of CNTs.15,16
The choice of a given application for thermosets strongly
relies on the glass-transition temperature (Tg) because it
corresponds to the temperature at which the mechanical
properties of any polymer drop, going from glassy to rubbery
behavior. Unlike the mechanical properties that are usually
enhanced by CNT incorporation, the eﬀects of CNTs on the
thermostability appear to be less clear-cut: in some cases, the
presence of CNTs increases the Tg of the composites,12,17
whereas in other cases, the Tg is decreased.18,19 Such a complex

1. INTRODUCTION
Combining epoxy and phenolic resins with carbon nanotubes
(CNTs) can induce a signiﬁcant improvement of the electrical
and thermal conductivity1,2 and also overcome the inherent
brittleness of these materials.3 Polybenzoxazine resins are a
promising class of phenolic thermosets that gained an immense
interest from the scientiﬁc community since the popularization
of their synthesis by Ishida.4 The major advantages of these
new thermosets are the ﬂexibility in the molecular design, the
very small volume change upon curing, the small thermal
expansion, the low water uptake, and an easy thermal curing
with no byproducts or catalysts required.5 To further enhance
the interest of benzoxazine resins, it is appealing to combine
them with CNTs.6− 8 It has been experimentally shown that the
mechanical properties of the polymer nanocomposites can be
eﬃciently enhanced by the addition of a small percentage of
CNTs.8− 10 Despite their high potential in improving the
polymer composite properties, the practical applications of
CNTs are hindered because of the few critical issues such as
the bundle-like aggregation of CNTs within the matrix, the
weak distribution/dispersion during the mixing process, and
the poor interfacial binding between the CNT and the
polymer, which is responsible for the eﬃcient load transfer. In
order to overcome these issues, several approaches have been
© 2018 American Chemical Society
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behavior may be due to the fact that the Tg can be aﬀected by
many physicochemical parameters such as the interfacial
interaction, the degree of dispersion of the CNTs, a reduced
cross-linking tendency of the resin,19,20 diﬀerent interface
states between the CNTs and the polymer, or the restriction of
the mobility of polymer chains, which continue to be the ﬁeld
of active research.21 To disentangle all these eﬀects, one can
resort to molecular dynamics (MD) simulations that provide a
molecular-scale description of the nanostructural topology and
interfacial interactions between polymers and CNTs. The
properties of CNT− reinforced composites were studied using
MD simulations by numerous groups.22− 29 Qi et al.26 showed
that the Tg decreases in the presence of CNTs in the matrix of
an aromatic copolyimide resin and also established the
dependence of Young’s modulus on the size of the CNTs.
Khare and Khare’s27 simulations showed a dramatic drop of Tg
(by 66 K) for well-dispersed CNTs in the diglycidyl ether of
bisphenol A (DGEBA) epoxy resin for systems with the same
degree of curing, which is attributed to the unfavorable
interaction energy between the ﬁller and the polymer, resulting
in the soft and compressible interface region. Sul et al. modeled
the DGEBA/4,4′-diaminodiphenyl sulfone that are both neat
and composite resin structures, and the drop of the Tg by 20 K
was observed.29 The authors attributed this behavior to the
interference of CNTs on the percolation of immobile domains.
These studies proved the potential of MD simulations in the
domain of composite materials.
In our recent work,30 we studied by means of MD
simulations the cross-linking process in two new bifunctional
benzoxazine resins: phenol-p-phenylene diamine (P-pPDA)31
and 4,4′-(p-phenylene)bis(3,4-dihydro-6-ethyl-2H-1,3 benzoxazine) (4EP-pPDA) resins (see Figure 1). Both monomers are

that is, similar to that of BA-a. The MD simulations allowed us
(i) to construct the fully cross-linked structures for these
resins, (ii) to follow the evolution of the number and type of
structural defects, (iii) to calculate the cross-link density, and
(iv) to evaluate their thermomechanical properties. The results
are in very good agreement with the experimental data: the
calculated Tg for the fully cured resins was predicted with only
1.8 and 3.2% deviation for P-pPDA and 4EP-pPDA,
respectively. That study allowed us to establish a clear
relationship between the Tg and the cross-link density and
highlighted the role of hydrogen (H) bonds in the
thermomechanical stability of polybenzoxazines.
The present study aims at a fundamental understanding of
the inﬂuence of the CNTs on the thermomechanical stability
of polybenzoxazines, in particular, P-pPDA and 4EP-pPDA.
Experimentally, incorporation of 0.5 wt % CNT in the P-pPDA
resin leads to strong increase (i.e., by nearly 50 °C) of the Tg.6
We use atomistic simulations in order to construct and study
the network topology of CNT-− reinforced P-pPDA and 4EPpPDA polybenzoxazines and compare it with the cross-linked
structures of the neat resins. We determine the molecular-scale
structure of the CNT− polybenzoxazine interfaces, calculate
the interaction energy between the constituents, and
investigate the inﬂuence of CNTs on the Tg of these resins,
in order to provide an insight on the mechanisms responsible
for the thermomechanical stability of CNT− thermoset
composites, which are still rather poorly understood.

2. METHODS
2.1. Simulation Details. All simulations in this work are
performed using the Materials Studio 7.0 (Biovia) molecular
simulation package.32 The initial structures were prepared using
Materials Studio modules and graphical interface, allowing to ﬁll the
simulation boxes with a predeﬁned number of molecules. The
prepared model structures for the simulations consist of 200
monomer molecules (P-pPDA or 4EP-pPDA) placed into 4.5 × 4.5
× 5.5 nm3 simulation cells under three-dimensional periodic
boundary conditions. The inﬂuence of the CNTs is modeled by
inserting in the center of the simulation box a short single-walled
carbon armchair nanotube segment of chirality (10, 10), having a
length of 2.46 nm and a diameter of 1.36 nm (see Figure 2, left).
Although the interfacial and thermomechanical properties of
polymer− CNT systems show some dependence on the CNT
diameter for values below 1− 1.3 nm, these level oﬀ for larger
diameters.33− 35 The use of (10, 10) CNTs thus appears to oﬀer the
best compromise between robustness and accuracy of the results and
computational cost. The interatomic carbon bond length is set at
0.142 nm.36 The ﬁnal monomer nanocomposite structures correspond
to a CNT weight content of 7.7 and 6.6 wt % for P-pPDA and 4EPpPDA, respectively. Twenty diﬀerent initial structures are generated
for each compound, and only the ﬁve structures with the lowest
potential energy are used for further NPT MD simulations at 298 K

Figure 1. Molecular structure of P-pPDA and 4EP-pPDA.

based on phenol and aromatic diamines; they have an identical
structure, except for additional ethyl groups attached to the
external aromatic rings in 4EP-pPDA. The P-pPDA thermoset31 has some major advantages over the classical benzoxazines, such as the commercially available bisphenol A
benzoxazine (BA-a): it does not undergo any thermal
degradation upon curing and shows higher thermomechanical
properties with a Tg close to 220 °C; the thermomechanical
stability is lower for 4EP-pPDA, its Tg being around 155 °C,

Figure 2. Snapshot of a CNT segment inserted in a polybenzoxazine box (left) and polybenzoxazine sandwiched between two graphene sheets
(right).
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Figure 3. Fractions of free, dangling, loop, and elastic chains as a function of the conversion rate for P-pPDA (left) and 4EP-pPDA (right) crosslinked in the presence of CNTs.
and at 1 atm. Because the (10,10) CNT may not be fully
representative of the actual CNTs used in reinforced polymers
[multiwalled CNTs (MWCNTs) with diameter ≥ 10 nm and length
≥ 1 μm], we also consider model interfaces between polybenzoxazines and graphene sheets, that is, the extreme case of carbon
nanostructures with a small surface curvature. The graphenecontaining structures are prepared in the same manner as the CNT
structures, using a 6.0 × 5.7 × 3.0 nm3 simulation box. In practice, the
benzoxazine medium is sandwiched between two rigid graphene
sheets (Figure 2, right).
The total potential energy of the system is described by the
optimized version of Dreiding force ﬁeld,37 adapted to represent at
best the behavior of benzoxazines (see the Supporting Information).
The atomic charges are calculated using the Gasteiger iterative
method.38 The van der Waals interactions are explicitly calculated
using the Lennard-Jones (12-6) potential function. For the electrostatic interactions, a group-based summation is used, which eﬀectively
reduces the energy ﬂuctuations and the computational eﬀort
compared to other methods such as Ewald or particle− particle and
particle-mesh summations. For these two interactions, the cutoﬀ
distance is set at 1.2 nm. In NPT calculations (the constant number of
particles, pressure, and temperature), the Parrinello− Rahman barostat
is used for the pressure control (always at the atmospheric pressure);
the high number of degrees of freedom in this barostat allows the
system to relax more naturally. The temperature is controlled by
means of the Nosé− Hoover− Langevin thermostat with a Q ratio of
0.01.39
The cross-linked networks considered in this study are constructed
using the cyclic polymerization atomistic model with conducted
multistep topology relaxation:30 (i) the prepared structures undergo a
pre-equilibrium step in the NPT ensemble ﬁrst for 0.5 ns at 800 K and
then for 2 ns at 300 K under atmospheric pressure and (ii) the crosslinking process is then initiated. It is based on a ring-opening
mechanism: the monomers bind through the Mannich bridge
between the nitrogen atom and the aromatic ring.40,41 Here, we
consider only the reaction on the ortho position because the
probability of reaction on this site is much higher than on the para
and meta positions.42 A distance-based criterion ranging from 0.4 to
0.8 nm is used to trigger the formation of new bonds between the
reactive atoms. When the distance criterion is satisﬁed, the oxazine
cycle is opened by breaking the O− C bond and a new covalent bond
is created. After formation of all possible bonds, the system undergoes
a multistep relaxation− perturbation procedure using the NVT− NPT
dynamics, and then attempts to ﬁnd more atoms satisfying the bondcreation condition are undertaken. The conversion rate of polymerization is deﬁned as the ratio between the reacted atoms and the total
number of reactive atoms initially present in the structure. The crosslinking process proceeds until the predeﬁned conversion limit is
reached, which is set here at 90%; (iii) the structural characteristics of
the network are calculated through the monitoring of the macromolecular parameters during cross-linking: the number-/weightaverage molar masses, Mn and Mw, respectively, and the reduced

weight-average degree of polymerization (RDP), which deﬁnes the gel
point and the gel fraction.43
In the analysis of the system morphology, all the molecules in the
sol phase, that is, monomers and oligomers, are considered as “free
chains”. In contrast, the gel fraction consists of elastically active crosslinks and elastically active chains with three or more and two paths,
leading to the inﬁnite network, respectively. The chains having only
one path leading to the gel, such as dangling and loop chains, are not
involved in the elastic response of the cross-linked networks and are
considered as structural defects. The structural defects such as
dangling− loop chains and elastically active chains are counted by
means of a home-made algorithm described in our previous work.30
In the MD simulations, the thermal and volumetric properties of
the cross-linked networks are assessed by a stepwise temperature
excursion going from high to low temperatures. First, the cross-linked
structures are equilibrated at 850 K for 1 ns in the NPT ensemble, in
order to release all the constraints created during the cross-linking
process. Thereafter, the equilibrated structures are cooled down
stepwise from 850 to 50 K with a relaxation period of 400 ps between
two steps. We have shown that for these benzoxazine thermosets, such
a cooling rate is suﬃciently small for the structures to reach
equilibrium.30 The temperature, volume, valence, and nonbonded
energies are averaged and stored for further analysis. The Tg is deﬁned
as the intersection of the linear density− temperature curves of the
glassy and rubbery states.
2.2. Experimental Details. Experimentally, the incorporation and
dispersion of MWCNTs in the benzoxazine monomers are obtained
by ultrasonication in solution for 10 min with a Branson S-50D
apparatus (200 W, 20 kHz and 13 mm ultrasonic probe). The
thermomechanical properties are studied with dynamic mechanical
thermal analysis (DMA 2980 Dynamical Mechanical Analyzer from
TA Instruments). The measurements are realized 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, with a
displacement of 18 μm corresponding to a strain of 0.043%.6

3. RESULTS AND DISCUSSION
It is assumed that the Tg of thermoset polymers is strongly
dependent on the cross-link density because it restricts the
segmental mobility of chains.44 The free volume is also an
important factor, leading to a partial reduction in intermolecular cooperativity between the chains.45 Therefore, the
enhancement of the Tg for CNT− reinforced thermosets may
be attributed not only to several factors such as the increase of
the local cross-link density, because of the higher concentration
of monomers at the interface, but also to strong CNT− ﬁller
interactions, which lead to the decrease of the interfacial
molecular mobility.12,46,47 Consistently, for a given polymer, a
decrease of thermomechanical stability can be associated with
the decrease of the cross-linking tendency of the resin48 and
increase of the free volume and/or poor CNT− ﬁller
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Figure 4. Evolution of the number-weight average molecular weight (black dots), the cross-link density (pink dots and curve), and the gel fraction
(blue dots) as a function of the conversion rate for P-pPDA and 4EP-pPDA in the presence of CNTs.

interactions.27 Furthermore, the presence of CNTs could
induce the formation of structural defects in the network,
which could also promote additional chain mobility. In the
current MD investigation, we study the connection between
these structural features and the thermomechanical stability of
the benzoxazine− CNT composites.
3.1. Network Topology. Figure 3 portrays the weight
percent evolution of free, dangling, loop, and elastic chains as a
function of the conversion. In the early stages of the crosslinking process, the number of free chains decreases because of
the appearance in the medium of dimers and oligomers, which
are counted as one chain. Free chains disappear completely at
high conversion rates for both P-pPDA and 4EP-pPDA. The
ﬁrst appearance of the elastic chains corresponds to the
gelation point, which is located between 40 and 50% of
conversion for both resins. At the gel point, the number of
dangling and loop chains is maximal and decreases
progressively until complete disappearance at 90% conversion
rate. At high conversion degrees, the free, dangling, and loop
chains are consumed and the fully cross-linked resins are
considered to be completely elastic. This behavior is very
similar to what we observed previously in the cross-linking of
both neat resins,30 indicating that the incorporation of CNTs
does not aﬀect the formation and the ﬁnal topology of the
network in these polybenzoxazines.
The cross-link density υe is extensively used for the
characterization of cross-linked polymers because it can be
experimentally estimated by measuring the equilibrium
modulus in the rubbery state.49 However, it is experimentally
impossible to quantify the number of structural defects
(dangling and loop chains) in the thermosets, which in
practice leads to the overestimation of the cross-link density.
From the MD simulations, it is possible to calculate the exact
value of υe by taking speciﬁcally into account the number of
dangling and loop chains. The MD simulations can therefore
be used as a tool that, combined with the experimental results,
is able to reﬁne the experimental prediction models.50
It was already pointed out that the cross-link density υe, the
gel fraction Wg, and the maxima of RDP are the quantities that
deﬁne the gelation during the polymerization process. Figure 4
shows the evolution of these structural characteristics as a
function of the conversion rate. The gelation points calculated
from the RDP curves are 41.5 ± 3.5 and 43.2 ± 3.2% for PpPDA and 4EP-pPDA, respectively; this is consistent with the
rapid increase of Wg at the gel point and the evolution of the
cross-link density. These values are very close to those
obtained previously on the neat resins.30 The calculations
also show that the (free) volume of the polybenzoxazine

component in the CNT− resin system is very close to the
situation in the neat resins (see the Supporting Information).
Because there is no signiﬁcant change in the volume and the
initial number of the benzoxazine molecules is the same for
both neat resins and the CNT− resin structures, we can
conclude that the cross-link density of the benzoxazine
nanocomposites does not change upon incorporation of
CNTs. This further indicates that the presence of CNTs in
the benzoxazine matrices does not inﬂuence signiﬁcantly the
structural properties of the polymer network.
3.2. Glass Transition and Thermal Expansion. The
calculated Tg values for CNT-containing P-pPDA and 4EPpPDA resins are represented in Figure 5 as a function of the
conversion rate and compared with the Tg of the neat resins.30
For neat P-pPDA, the Tg varies from 37 °C in the monomer up
to 216 °C in the fully cross-linked resin. This closely agrees
with the corresponding experimental values of 45 and 220 °C,
before and after reticulation, respectively.6 The neat 4EPpPDA resin is much less thermomechanically stable, with the

Figure 5. Tg as a function of the conversion rate for P-pPDA (top)
and 4EP-pPDA (bottom) and for the neat resins (black marks) and
the CNT− resin systems (blue marks).
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calculated Tg going from 47 °C (monomer) to 150 °C (fully
cross-linked), which is also in very good agreement with the
experimental value for the fully cured resin: 155 °C. As it was
shown in our previous work, this thermomechanical stability
diﬀerence between the two polybenzoxazines is directly related
to the combined inﬂuence of the cross-link density (3.6 × 10− 3
mol cm− 3 for P-pPDA vs 2.75 × 10− 3 mol cm− 3 for 4EPpPDA) and the H-bond density (2.6 × 10− 3 mol cm− 3 in PpPDA vs 1.9 × 10− 3 mol cm− 3 in 4EP-pPDA).
In the presence of CNTs, the Tg of the P-pPDA composite
shifts toward higher temperatures. Above gelation, the Tg
surges signiﬁcantly with respect to the neat resin. For the
fully cross-linked system, the Tg increase is as high as 47 °C;
experimentally, the Tg of the P-pPDA− CNT composite is
raised by nearly 50 °C with 0.5 wt % of CNT.6 In contrast, the
simulations show that the presence of CNTs has no inﬂuence
on the Tg of the 4EP-pPDA− CNT composites, whatever the
conversion rate. This result is experimentally veriﬁed: the Tg of
the fully cured 4EP-pPDA composites is found to be in the
same range as that of the neat resin (see Figure 5, bottom).
The presence of CNTs thus has a diﬀerent inﬂuence on the
thermomechanical stability of P-pPDA and 4EP-pPDA
composites, despite the similarity in their molecular structures.
Because we have shown that the cross-link density and the free
volume are not modiﬁed by the incorporation of CNTs, it
seems reasonable to hypothesize that the diﬀerence in
thermomechanical stability induced by the CNTs is related
to the interfacial interactions and the mobility of the polymer
chains.
3.3. Polymer− CNT Interactions. In this section, we use
MD simulations to investigate model systems for the resin−
carbon interfaces in order to get a general understanding of the
behavior and the nature of the interactions of benzoxazine
molecules on a sp2-hybridized carbon surface. At the local scale
considered here, the surface of a realistic MWCNT (i.e., with a
diameter of around 10 nm) can be reasonably viewed as almost
ﬂat and be represented by a graphene plane. The validity of
such an approximation has been established in the modeling
studies of other polymer− CNT nanocomposites.51 This
assumption allows a more detailed investigation of the nature
and strength of the interactions at the polymer− CNT
interface. To gain an insight on the adsorption of the
benzoxazines on the CNT surface, we deﬁne normal vectors
to each aromatic ring of the monomers (P1, P2, and P3 in
Figure 6) in order to keep track of the ring orientation during

snapshots in Figure 7, bottom). The adhesion energies of
isolated molecules on graphene are 338 and 352 mJ/m2 for PpPDA and 4EP-pPDA, respectively. The higher adhesion
energy of 4EP-pPDA is related to the presence of additional
ethyl groups, which provide CH− π interactions in addition to
the π− π interactions.
As the second step in this part of the study, we investigate
the formation of the cross-linked resins between two graphene
planes (see Figure 2, right). The cross-linking algorithm is used
in the same manner as that in the CNT− polymer systems. It is
proposed in the literature that interfacial constraints play a vital
role in the Tg shift; according to that mechanism, a few
nanometer thick, highly restrained layer develops near the
surface of the ﬁllers.47 The molecular chains in the interfacial
region are under constraint because of the additional
interactions between the ﬁller and the polymer matrix, which
leads to the higher Tg. However, the incorporation of the ﬁller
into the polymer also increases the free volume, which favors
the large-scale molecular motion of the chains. Therefore,
there usually exists an optimal concentration of the ﬁller
corresponding to the best balance between the two eﬀects.
The polymer chain interfacial arrangement with respect to
the surface can be estimated through the calculation of the
density proﬁles as a function of the distance from the graphene
layers. These density proﬁles are shown in Figure 8 for PpPDA and 4EP-pPDA before and after cross-linking. We can
clearly identify the interface region, which is about 1 nm thick
for both resins. The highest peaks in the proﬁle correspond to
the ﬁrst layer of monomers that lie ﬂat on the surfaces. A
second, less intense, peak corresponds to the formation of the
second layer of monomers over the ﬁrst one. Further away
from the surface, the density reaches the bulk value,
corresponding to the end of the interfacial region. For the
fully cross-linked resins, the layering at the surface slightly
decreases because of the steric constraints induced by the
bonding between the monomer units. Nevertheless, the
presence of a denser layer in contact with the carbon surface
can still be identiﬁed.
The comparison between the two benzoxazines indicates
that the layering of the chains on the carbon surface is higher
for P-pPDA for both the monomer and the fully cross-linked
structure. This is conﬁrmed by the adhesion energy values
presented in Table 1. For isolated molecules, the adhesion
energy is larger for 4EP-pPDA than for P-pPDA because of the
larger molecular footprint. In contrast, the interaction of the
full 4EP-pPDA resin with the carbon surface is weaker than in
the corresponding P-pPDA system. This is due to the presence
of ethyl groups in 4EP-pPDA, which reduces the density of
π− π interactions at the interface. For both uncured and cured
structures, the energy diﬀerence between the two benzoxazines
is equal to ΔEuncured ≈ 27 mJ/m2 and ΔEcured ≈ 20 mJ/m2.
The eﬀects of the interfacial interaction energy on the
stabilization of the polymer are complex, yet have a crucial role
on the physics of polymers in nanocomposites. It was
concluded from various studies that the Tg in the interface
region between the polymer and a substrate is strongly
dependent on the nature of interfacial interactions.52− 54
Particularly, because the interface region in nanocomposites
corresponds to a larger volume fraction compared to that in
traditional composites (because of the ﬁner dispersion of the
ﬁller), the nanocomposites are expected to be more sensitive to
the nanoﬁller− polymer interface. However, one must also take
into account other parameters such as the free volume, the

Figure 6. P-pPDA (left) and 4EP-pPDA (right) monomers with the
aromatic rings labeled.

the MD simulations. In practice, we follow the angle between
those normal vectors and the normal vector to the graphene
plane during the simulations.
The MD simulations were conducted at 300 K for 1 ns.
Figure 7 shows the evolution of the angle between the normal
vector to the graphene surface and those normal to P1, P2, and
P3 as a function of time. All the angles rapidly tend to zero,
indicating that the molecules readily adsorb ﬂat on the surface
as a result of π− π interactions with graphene (see typical
26673
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Figure 7. (top) Evolution of the angle distribution between the normal vectors to the graphene plane and the aromatic rings for P-pPDA and 4EPpPDA during 1 ns long MD simulations; (bottom) snapshots illustrating the conformation of adsorbed P-pPDA and 4EP-pPDA monomers.

Figure 8. Local density of the P-pPDA (left) and 4EP-pPDA (right) resins as a function of the distance between two graphene planes: uncured
(black squares) vs cured systems (red dots).

One may conclude that below the gelation, the CNTs have
only a short-range impact, that is, only on the closest monomer
molecules; it is only when the gel point is reached that the
eﬀect of the nanotubes propagates through the whole polymer
network.
3.4. H Bonds and Chain Mobility. The role of the H
bonds is decisive for the thermomechanical stability of
benzoxazine thermosets as the Tg diﬀerence between PpPDA and 4EP-pPDA resins is partially due to the density of
the H bonds.30 To assess whether the eﬀect of the CNTs on
the Tg can originate from diﬀerences in the density of H bonds,
that parameter was calculated for fully cured benzoxazine
structures. The analysis shows that there is a slight increase in
the density of H bonds for the P-pPDA− CNT composite
compared to that for the neat resin, going from 2.60 to 2.64 ×

Table 1. Adhesion Energy for P-pPDA and 4EP-pPDA
Adsorbed on Graphene at 0 and 90% Conversion (mJ/m2)
conversion 0%
conversion 90%

P-pPDA

4EP-pPDA

482.7 ± 4.4
400.3 ± 2.3

455.8 ± 3.0
380.3 ± 4.7

cross-link density, and the mobility of the chains. Here, the
interaction energy for uncured P-pPDA and 4EP-pPDA
systems has higher values compared to that for cured
structures; however, there is no noticeable eﬀect on the Tg
of the uncured nanocomposites (see Figure 5). For P-pPDA−
CNT, the Tg increase with respect to the neat resin becomes
signiﬁcant only after the gel point, which corresponds to the
point where the largest P-pPDA fragment becomes inﬁnite.

Table 2. Density of H Bonds and Increase of Torsional Energy between Glassy and Rubbery States for P-pPDA and 4EP-pPDA
Neat Resins and Nanocomposites at 90% Conversiona
H bonds (×10− 3 mol cm− 3)
ΔH bonds (×10− 3 mol cm− 3)
Δenergy torsion (kcal/mol)
Δenergy torsioncomp‑resin

P-pPDA

P-pPDA CNT

4EP-pPDA

2.60 ± 0.0630

2.64 ± 0.02

1.90 ± 0.0630

1.81 ± 0.09
− 0.09

0.04
2590 ± 45

4EP-pPDA CNT

2621 ± 36
+31

2923 ± 18

3129 ± 41
+206

a

(1) First line corresponds to the structural H-bond density, and the second line represents the diﬀerence between the neat resin and the
nanocomposite; (2) third line stands for the torsional energy diﬀerence between glassy and rubbery states (100 and 700 K), whereas fourth line
represents the diﬀerence between the neat resin and the nanocomposite.
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10 mol cm ; in contrast, there is a small decrease in the Hbond density in the case of 4EP-pPDA, from 1.91 × 10− 3 mol
cm− 3 in the neat cross-linked resin to 1.81 × 10− 3 mol cm− 3 in
the composite. Although these results show the right trend
compared to the observed Tg shift, the change in the H-bond
density is so small that this factor can be considered to play
only a minor role.
Next, we examine the mobility of polybenzoxazine chains, by
evaluating the torsional energy diﬀerence ΔEtorsion between the
structures in the glassy and the rubbery states. Elder et al.55
demonstrated the existence of twisting motions of diﬀerent
molecular segments, which were quantiﬁed from the
examination of torsion angles. In practice, we extract the
torsional energy contribution from the total potential energy
for MD simulations of the cross-linked resins at 100 and 700 K
and deﬁne ΔEtorsion as Etorsion‑700K − Etorsion‑100K. The value of
ΔEtorsion reﬂects the increase in chain mobility upon the
thermal excursion; it is equal to 2590 ± 45 and 2923 ± 18
kcal/mol for P-pPDA and 4EP-pPDA neat resins, respectively
(see Table 2). In the case of the nanocomposites, ΔEtorsion
remains basically unchanged for P-pPDA (the increase of 31
kcal/mol is within the error bar of the measurement), whereas
a signiﬁcant increase of 200 kcal/mol is found for 4EP-pPDA.
This indicates that the presence of CNTs in the P-pPDA−
CNT structure does not signiﬁcantly aﬀect the chain mobility
and as a consequence has no eﬀect on the Tg. In contrast, the
chain mobility is noticeably higher for the 4EP-pPDA− CNT
composite compared to that for the neat resin. This behavior is
commonly observed in polymer thin ﬁlms and nanocomposites, whose conﬁnement usually induces the increase
of chain mobility and decrease of the Tg.56,57 Roth and
Dutcher58 demonstrated that the segmental chain mobility,
which diﬀers from the bulk chain mobility, can be enhanced in
very thin polymer ﬁlms, leading to a signiﬁcant reduction in the
Tg. We suggest that the calculated additional chain mobility in
the 4EP-pPDA nanocomposite most probably counterbalances
the eﬀect of interfacial interactions, resulting in the invariance
of the Tg in the 4EP-pPDA− CNT system.

H-bond density is not found to vary signiﬁcantly in the
presence of the CNTs. We thus hypothesized that the most
important role on the Tg behavior in these systems can be
attributed to the balance between the chain mobility and the
polybenzoxazine− CNT interaction energy: the ﬁller− polymer
interactions are favorable in both nanocomposites, which is
expected to raise the Tg. However, in 4EP-pPDA, the presence
of the CNTs also leads to an increase in the chain mobility,
which is expected to decrease the Tg and counterbalance the
eﬀect of the interface interactions. As a result, a net increase of
the Tg is observed only in P-pPDA− CNT composites.
The methodology presented in this work, based on the
simulation and characterization of the structural and
thermomechanical properties of the cross-linked systems,
along with the detailed analysis of the polymer− nanoﬁller
interfaces, thus provides information on the mechanisms ruling
the glass transition in nanocomposites and could be extended
to other families of thermosets.

4. CONCLUSIONS
In this work, we studied the inﬂuence of the CNTs on the
thermomechanical stability of P-pPDA and 4EP-pPDA
polybenzoxazines using molecular modeling. The Tg of these
nanocomposites was calculated for diﬀerent cross-link densities
and compared to the values obtained for the neat resins.
Experimentally, the Tg of these materials responds diﬀerently
to the presence of CNTs in the network: the Tg of the PpPDA− CNT composite shifts by nearly 50 °C toward higher
temperatures, whereas it remains invariant for the 4EP-pPDA−
CNT composite. The simulations quantitatively account for
those observations, and a detailed analysis of the theoretical
data has been performed to shed light on the origin of the
diﬀerences between these two nanocomposites.
The study of the network topology allowed us to quantify
structural characteristics such as the gelation point, reduced
RDP, free volume, and cross-link and H-bond density, along
with the number of dangling and loop chains representing the
structural defects. The polymer− CNT interface was also
investigated by studying the interactions of the monomers and
cross-linked polymers with a model carbon surface.
The results show that the presence of CNTs has no eﬀect on
the overall structuration of the fully cured polybenzoxazines in
terms of cross-link density and structural defects. Similarly, the
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le d’Excellence” program of
Région Wallonne (FLYCOAT project), the Science Policy
Oﬃce of the Belgian Federal Government (BELSPO, PAI 7/5)
and FNRS-FRFC (Consortium des Equipements de Calcul
IntensifCECI). D.B. is research director of FNRS. The
authors also wish to thank the Région Wallonne for general
ﬁnancial support in the frame of the programs: FEDER 20142020 (MACOBIO project) and Interreg V (BIOCOMPAL)
project.

■

REFERENCES

(1) Thostenson, E. T.; Chou, T.-W. Processing-Structure-MultiFunctional Property Relationship in Carbon Nanotube/Epoxy
Composites. Carbon 2006, 44, 3022− 3029.
(2) Yang, Y.; Gupta, M. C.; Zalameda, J. N.; Winfree, W. P.
Dispersion Behaviour, Thermal and Electrical Conductivities of
26675

DOI: 10.1021/acsami.8b08473
ACS Appl. Mater. Interfaces 2018, 10, 26669− 26677

ACS Applied Materials & Interfaces

Research Article

Carbon Nanotube-Polystyrene Nanocomposites. Micro Nano Lett.
2008, 3, 35− 40.
(3) Thostenson, E. T.; Chou, T.-W. Aligned Multi-Walled Carbon
Nanotube-Reinforced Composites: Processing and Mechanical
Characterization. J. Phys. D: Appl. Phys. 2002, 35, L77.
(4) Ning, X.; Ishida, H. Phenolic Materials via Ring-Opening
Polymerization: Synthesis and Characterization of Bisphenol-A Based
Benzoxazines and Their Polymers. J. Polym. Sci., Part A: Polym. Chem.
1994, 32, 1121− 1129.
(5) Ghosh, N. N.; Kiskan, B.; Yagci, Y. Polybenzoxazines-New High
Performance Thermosetting Resins: Synthesis and Properties. Prog.
Polym. Sci. 2007, 32, 1344− 1391.
(6) Dumas, L.; Bonnaud, L.; Olivier, M.; Poorteman, M.; Dubois, P.
High Performance Benzoxazine/CNT Nanohybrid Network-An Easy
and Scalable Way to Combine Attractive Properties. Eur. Polym. J.
2014, 58, 218− 225.
(7) Zúñ
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