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Molecular-dynamics simulation of polyimide
matrix pre-crystallization near the surface of a
single-walled carbon nanotube†
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Polyimide-based composite materials with a single-walled carbon nanotube as ﬁller were studied by means
of extensive fully-atomistic molecular-dynamics simulations. Polyimides (PI) were considered based on
1,3-bis-(30 ,4-dicarboxyphenoxy)-benzene (dianhydride R) and various types of diamines: 4,40 -bis-(400 aminophenoxy)-diphenylsulfone (diamine BAPS) and 4,40 -bis-(400 -aminophenoxy)-diphenyl (diamine
BAPB). The inﬂuence of the chemical structure of the polyimides on the microstructure of the
composite matrix near the ﬁller surface and away from it was investigated. The formation of subsurface
layers close to the nanotube surface was found for all composites considered. In the case of R–BAPBbased composites, the formation of an organized structure was shown that could be the initial stage of
the matrix crystallization process observed experimentally. Similar structural features were not observed
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in the R–BAPS composites. Carbon nanotubes induce the elongation of R–BAPB chains in composites
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whereas R–BAPS chains become more compact similar to what is observed for EXTEM™ polyimide. It
was shown that electrostatic interactions do not inﬂuence the microstructure of composites but slow
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down signiﬁcantly the dynamics of PI chains in composites.

Introduction
In recent years, polymer composite materials (PCM) have found
wider applications in various areas, including mechanical
engineering, the aerospace and automotive industries.1–3
Having low specic weight compared to, for instance, metals,
PCMs may feature a good mechanical performance, increased
wear resistance, chemical stability, heat and thermal resistance
etc.1,2 A wide variety of polymers may be used as matrices for
PCMs.4–6 These polymers can have a relatively simple or rather
complicated molecular structure. However, even small changes
in the polymer chemical structure can lead to a signicant
change in nal PCM properties.1,2
High heat resistance is a parameter of crucial importance in
many PCM applications which makes it possible to use PCMs at
elevated temperatures without loss of their properties (e.g.
mechanical ones). To produce such kind of PCMs, aromatic
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polyimides (PI) which represent a class of thermally resistant
polymers are widely used in modern industry.7–10
PI-based composites are rather diﬃcult to produce since
many polymers of this class do not dissolve in the majority of
solvents whereas temperatures exceeding the glass-transition
point might cause their active thermal degradation. A traditional technique to form PI-based PCMs is to polymerize the
mixture initially containing a ller.11–14 The drawbacks of this
method include its overall labor intensity and an enhanced
environmental hazard, particularly when using nanollers
which may be released into the environment together with the
solvent waste.
Recent years have seen the development of PIs which are
both thermally resistant and thermoplastic, i.e. they become
viscoelastic without any thermal degradation. This property
enables the formation of PCMs based on such PIs using melt
technology.4,15–17
Recently a range of thermoplastic PIs have been synthesized
in the Institute of Macromolecular Compounds of the Russian
Academy of Sciences. These PIs can be processed using the
melting technology, and have a big potential in terms of their
application as thermoplastic matrices for PCM.15,17 In particular,
polyimides have been synthesized which are based on 1,3-bis(30 ,4-dicarboxyphenoxy)-benzene (dianhydride R) and various
types of diamines: 4,40 -bis-(400 -aminophenoxy)-diphenylsulfone
(diamine BAPS) and 4,40 -bis-(400 -aminophenoxy)-diphenyl
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(diamine BAPB). The chemical structures of the repeating units
of these PIs are shown in Fig. 1.
The major structural diﬀerence of these PIs is the presence of
an additional sulfone hinge group in the R–BAPS diamine
fragment compared to the R–BAPB one. Such a small change of
the chemical structure enhances the exibility of the R–BAPS
polymer chain compared to the R–BAPB and alters its physical
properties. The persistence lengths lp calculated using the
virtual bonds formalism equal 11.7 Å and 10.1 Å in the case of
R–BAPB and R–BAPS, respectively (diﬀerence is 10%).18,19
Despite higher exibility, R–BAPS is characterized by higher
glass-transition temperature Tg which is 490 K, and for
R–BAPB 477 K.15,17–20 The most probable reason of increased Tg
of R–BAPS is high polarity of the sulphone group, as was shown
in our previous studies,18,20 which also inuences the properties
of the R–BAPS polyimide. Also the R–BAPB is semicrystallizable
with the melting point of Tm ¼ 593 K,15,18,20 whereas the R–BAPS
is an amorphous one.
R–BAPB and R–BAPS can be utilized as matrices to form
PCMs with various nanollers such as montmorillonite particles, carbon nanobers and nanotubes.15,17,21–25 The materials
produced feature enhanced mechanical properties and higher
heat resistance than ller-free bulk PIs. Therefore, it is rather
important to clarify the impact of the chemical-structure
modication on the nal properties of the PI-based PCMs.
The addition of nanosized llers in PCMs has considerable
practical eﬀects due to the llers high specic surface.4,26–35
Among all types of nanollers, it is carbon nanotubes (CNT)
that attract greatest attention due to their exceptional
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mechanical,36 electrical37 and thermophysical properties.33,38
The use of CNT as llers for the production of nanocomposites
may lead to considerable changes in the material performance
compared to the original polymer matrix.35
An important feature of the interaction between CNTs and
the polymer is their ability to act as nucleation agents causing
the matrix crystallization in the PCMs.5 Such a behavior has
been established in the PCMs based on polyethylene,39–41 polyacrylonitrile,42 aromatic PIs,43 including R–BAPB.21–25
The fact is of interest that CNT may even induce the crystallization of such polymers which do not crystallize under
normal conditions and are amorphous, such as, for example,
the ODPA-P3 polyimide.43 Polymer crystallization in a nanocomposite may signicantly aﬀect its mechanical and thermophysical properties, which has to be taken into account when
developing new PCMs.5,44
The study of the structure and properties of PCM in the
interface area between the matrix and the ller is essential to
explain molecular mechanisms for altering the material properties following the embedding of the ller. Furthermore,
investigation of the interrelation between the subsurface layer
structure and both polymer matrix and nanoller structure
enables the forecasting of the end material properties, which is
of high importance for the development and formation of new
PCMs.
In order to address this issue, atomistic molecular dynamics
(MD) simulation methods are successfully employed.45–47 The
use of MD in combination with detailed atomistic models
describing the polymers and nanollers makes it possible to

Chemical structures of the repeating units of thermoplastic heat-resistant polyimides R–BAPB (top), R–BAPS (middle), and EXTEM™
(bottom). Arrows indicate phenylphthalimide (PPI), diphenyl (DP), and diphenylsulphone (DPS) fragments of PI monomer units that were chosen
to calculate orientational characteristics as described below.

Fig. 1
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study the structure and properties of the PCMs on the atomistic
scale, and establish mechanisms inuencing them, as well as
the correlation between the polymer matrix chemical structure
specics and changes occurring aer the ller embedding.
This paper aims at investigating, by using the MD simulations, the changes taking place in the polyimide matrix structure when forming a composite material with a single-walled
CNT as ller, both near the CNT surface and at a certain
distance from it. The nature of the changes taking place in
the matrix is mainly studied for two types of PI (R–BAPB and
R–BAPS) which diﬀer in the chain exibility, geometric conguration of the units and the presence of polar groups. The
inuence of the electrostatic interactions in the computer
simulation on the nature of the changes taking place in the
polymer matrix has been claried.
The rest of the paper is organized as follows. The second
section contains the description of the model used and the
simulation techniques followed by the presentation of the
simulation results and their discussion. The nal part provides
a summary of the results obtained supported by the relevant
conclusions.

Simulation model and technique
In this paper we present MD simulations of nanocomposites
based on the heat-resistant PI reinforced by a single-walled CNT
with the use of all-atom representation. The simulations have
been performed using the Gromacs computational package48,49
and the Gromos53a6 force eld50 which were successfully used
for bulk PI simulations.18–20,51
The cubic cell with periodic boundary conditions for each of
the systems studied contained 27 chains of polyimides with a
polymerization degree of np ¼ 8, and one single-walled CNT.
This np for R–BAPS and R–BAPB polyimides corresponds to the
molecular weight Mn  6.4 kg mol1, at which the transition to
the “polymer mode” is observed from the molecular-weight
dependence of the glass-transition temperature.17,18,20,51 The
contour length of a polymer chain with np ¼ 8 is 31.0 nm and
37.5 nm for R–BAPB and R–BAPS, respectively. At the same
time the average gyration radius of the PI chains is 4.0 nm for
R–BAPB and 2.9 nm for R–BAPS (at temperature of T ¼ 600 K).
Thus, the PI coils are able to t the simulation cell.
The size of the CNT has been chosen so that in the simulation the mass fraction of the ller in the composite equals 3%
corresponding to the mass fraction of the ller in the heatresistant PI-based nanocomposites studied earlier experimentally.15,17,21–25 In this case, the CNT length should be less than
that of the periodic cell edge (Lbox  6 nm). The nanotube
diameter has been chosen so as to prevent the polymer chains
from penetrating into its inner void. As a result a single-walled
CNT has been chosen consisting of 400 carbon atoms with
chirality (5,5), diameter equals to 0.7 nm, and the length
is 4.7 nm. To maintain the carbon atoms valence, hydrogen
atoms were attached to the ends of the CNT. Therefore, the ller
mass fraction and volume fraction in the simulated composites
amounted to approx. 3%, and 1.5%, respectively.
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The simulation was performed in the NpT ensemble. The
system temperature and pressure were maintained at the
required level using a Berendsen thermostat and a Berendsen
barostat, respectively,52,53 the time constants for which were
taken as sT ¼ 0.1 ps for the thermostat, and sp ¼ 0.5 ps for the
barostat.18–20,54 To maintain the length of the bonds between the
atoms, the LINCS algorithm was used.55
In spite of the fact that the Berendsen barostat leads to
higher pressure uctuations than more accurate Parrinello–
Rahman barostat, both barostats give practically the same
system density uctuations and rather similar local polymer
microstructures. This has been tested in the present study for
PCMs based on R–BAPB and R–BAPS polyimides. Therefore, the
Berendsen barostat was chosen to be used within the approach
developed earlier for simulations of bulk PIs.20
Notably, accounting for the chemically validated atomic
partial charges during the simulation may inuence signicantly the properties of the simulated systems, particularly
when groups with high polarity are present in the compounds
under study.18–20 Nevertheless, when atomic partial charges are
expected to be quite small, they do not have any visible impact
on the calculated properties.56 A number of previous studies
describe the simulation results of the systems based on polystyrene56–60 and polyethylene,61–72 in the absence of electrostatic
interactions. The data obtained in these papers on the polymer
local structure, and its thermophysical and mechanical properties are consistent with the experimental data. Nonetheless,
accounting for electrostatic interactions for heterocyclic polymers with a complicated molecular structure, such as PIs, is of
crucial importance for the calculation of their macroscopic
thermophysical properties.18,20
This paper presents the simulation of PCMs based on heatresistant PIs both with and without electrostatic interactions
(with zero atomic partial charges) accounted for. The atomic
partial charges were calculated for the atoms of the PI chain
fragments consisting of two repeating units (dimer) using the
Hartree–Fock (HF) quantum chemical method and the basis set
of wave functions 6-31G*.20 The geometry optimization of the
dimers was followed by the calculation of the atomic partial
charges using the Mullikan method. The quantum chemical
calculations were carried out using the Firey soware
package.73 The simulation with the charges calculated using
this method quantitatively reproduces the volumetric-thermalexpansion coeﬃcient value of the bulk R–BAPS.20 The values of
the partial charges for both R–BAPB and R–BAPS polyimides are
listed in the ESI.†
The electrostatic interaction energies were accounted for by
the particle-mesh Ewald summation (PME) method.74,75 The
cutoﬀ radius for the calculation of electrostatic interactions in
real space equaled 1 nm, the mesh size for the integration in
Fourier space being assumed to be equal to 0.12 nm.18–20
Generation of initial conguration of polymeric systems and
their equilibration is a rather diﬃcult task in any computer
simulation. Reliable determination of the PCM properties,
particularly in terms of its microstructure, is possible only when
the systems are well-equilibrated. Both the system initial
conguration generation and the subsequent equilibration
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procedure are of signicance. The complicacy of the issue lies
mainly in the fact that producing equilibrated polymeric
samples requires the simulation within the time periods
stretching the limits of computing capacities available at the
modern computer development stage. The problem of obtaining an equilibrium conguration of polymeric systems was
addressed as early as in the classic papers by Theodorou
et al.64,76,77 and other authors,45,78–82 yet it has not been
completely solved.
There exist several approaches to generate the nanocomposite initial conguration. The simplest one is to produce
a low-density system containing one or several not overlapping
polymer chains (polymeric “gas”) followed by the system
compression.18,83,84 In this case, the initial conguration of PI
can be created using coarse-grained models followed by the
system conversion into an all-atom representation.47 Another
approach to create the initial conguration implies the use of
the Amorphous Cell module of the commercial soware
package Accelrys Materials Studio,47,85–87 however, this method
has a number of drawbacks. In particular, the application of
this method to generate the initial congurations for bulk
aromatic polymer samples may lead to the occurrence of polymeric structure artifacts in the form of interlocking between the
periodic parts of the repeating units.82,88 To avoid such situations, the initial conguration is generated with the density
signicantly lower than the experimental one (polymer density
about 10% of the experimental density value). Aer that the
system is compressed with a high pressure of up to several
thousand bar applied to achieve the experimental density, and
additional simulation is performed to nally equilibrate the
sample.
The generation of initial conguration and further equilibration are of crucial importance for the systems accommodating self-organization processes, such as crystallization.
Crystallization is quite a lengthy process,41,89 and oen crystallization simulation is impossible, particularly using atomistic
models. Therefore, in the majority of papers focusing on the
modeling of crystalline polymers, the system initial conguration is articially set in the crystal form.90–97 The initial parameters of the cell are given on the basis of the crystallographic
data available. These papers usually investigate the properties
of crystals and processes related to their melting at increased
temperatures.
So far, the simulation of crystallization process has been
carried out only for polymers with a rather simple chemical
structure, such as polyethylene65–72,89,98 or polypropylene.95
Notably, many papers oﬀer simulations of relatively small
systems consisting of one long66,67,71,72 or several short65,98 polymer chains in vacuum,65–67 near the graphene72 or CNT71,98
surface. These papers point out the formation of crystalline
structures with the polymer chain lying along the surface
making up layered crystal-like structures.71,72,98
Within this paper, the generation of the system initial
conguration and its preliminary equilibration was performed
pursuant to the procedure which was suggested and veried
using experimental data in our previous studies devoted to
simulation of bulk PIs.18–20,51 The initial conguration is a cell
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Fig. 2

Initial conﬁguration of the R–BAPB – CNT composite.

with a rather big volume in which partly coiled polymer molecules practically do not overlap, and with a CNT embedded into
the cell (Fig. 2). Polymer chains and CNT are able to move in the
simulation cell and their mobility was not constrained. It was
followed by a gradual compression with total duration of 20 ns.
The maximum pressure value during the compression was 300
bar. Aer the system compression, annealing took place which
comprised the gradual alteration of the system temperature
from the maximum temperature of 600 K to the minimum
temperature of 290 K with an increment of 50 K. The maximum
annealing temperature exceeds the glass transition of R–BAPB
and R–BAPS by over 100 K,15,18 which is essential to the correct
determination of thermophysical properties of PCMs that are
known to depend on the maximum annealing temperature.99 At
each annealing stage, the system was simulated for 2 ns. The
process of cooling down and heating up was repeated three
times during the annealing.47 Aer that the simulation was
performed at the temperature of 600 K for 10 ns. Therefore, the
total time of the preliminary equilibration amounted to 108 ns.
Further simulations were conducted at the constant temperature (600 K) and pressure (1 atm).
Equilibration time in MD of polymer systems is oen determined by the system density achieving the values close to
experimental ones.47,81,87,100 In the majority of papers on polymer
simulation, the equilibration time does not exceed 100
ns.47,64,80,85–87,101–104 In the studies devoted to the polyethylene and
polypropylene crystallization process, the typical simulation
duration lies within the range of several nanoseconds65–67,71,72 to
several tenths of nanoseconds.68–70,95 This is due to quite a rapid
progress of the crystallization in the simulated systems, which is
considered to be related to the simple structure of macromolecules and the relatively small system size. Recently, papers have
emerged with the simulation time of approx. 100 ns.98
The polymer system reaching the density value close to the
experimental one does not yield an unambiguous estimate of the
system achieving its equilibrium. Indeed, density uctuations in
RSC Adv., 2014, 4, 830–844 | 833
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bulk PIs at the temperature of 600 K are dened by quite rapid
relaxation processes with characteristic times of several nanoseconds,18 and the simulation run of 100 ns considerably
exceeds the relaxation times of the system density uctuations.
However, it was demonstrated that this equilibration time may be
insuﬃcient for PIs in a bulk to reach the equilibrium state
because the displacement of the polyimide chains in the melt for
the distance comparable to the chain size at the temperature
exceeding the glass-transition temperature Tg lies in the microsecond time-scale.19,20 It was shown that the density of PI sample
does not depend on equilibration degree. At the same time, the
mean values of the polymer gyration radius hRgi and the end-toend distance hhi, aer the completion of about 100 ns equilibration procedure, may be signicantly lower than the values
calculated on a theoretical basis in the case of PI with polymerization degree np ¼ 8.18–20 The sizes of PI chains close to those
calculated theoretically are sure to be reached aer equilibrating
the system for 1.0–1.5 ms in the case of simulation without electrostatic interactions.19,20 This timescale corresponds to the time
of polymer chains displacement for the distance comparable to
their size. Therefore, to obtain the polymer equilibrated conguration at the temperatures higher than Tg, microsecond-scale
simulation is required.
The embedding of the ller interacting with the polymer into
the matrix may slow down considerably the relaxation processes
taking place in the sample. For this reason, when simulating
PCMs, a legitimate question arises as to how the ller incorporation will aﬀect the equilibration time. To answer this question, a
3 ms simulation was performed for the composites, same as for the
bulk PIs earlier.19,20,51 Based on the simulation, the mean square
displacement hDrcom2(t)i was calculated for the centers of mass
(COM) of polyimide chains in the PCM, and the nanotube COM:
r(t1)  ~
r(t2))2i
hDrcom2(t)i ¼ h(~

(1)

where ~
r(ti) is the COM radius vector of the molecule at the time
ti. The times t1 and t2 are averaged out so that t ¼ t2  t1. The
results obtained for the R–BAPB-based composites are shown as

an example in Fig. 3. The R–BAPS-based composites have yielded identical results.
The comparison of hDrcom2(t)i for the PI chains in a bulk and in
a composite (Fig. 3a) showed that the CNT embedding into the PI
matrix hardly aﬀects the mobility of the polymer chains. Therefore,
the time necessary to reach the equilibrium conguration of the
PCMs should coincide with the time required to equilibrate the
bulk PIs. Indeed, polyimide chains in PCMs may reach the theoretically predicted size aer the simulation for 1.5 ms (Fig. 4).
Notably, for R–BAPB composite, the PI chain size aer a 3 ms
simulation turned out to be a little higher than the forecast value,
whereas, in contrast, the chain size of the R–BAPS in PCM was a
little lower than the value calculated theoretically. These discrepancies are likely to be caused by the altered chain shape in PCMs
compared to the chain shape in the bulk PI samples. This
phenomenon will be discussed in the following section.
As was demonstrated earlier20 and as ensues from Fig. 3,
electrostatic interactions lead to a loss of the mobility of the
polymer chains and ller particles drastic. At xed time, the
mean square displacement of the polymer chains in the systems
which were simulated taking electrostatic interactions into
account is almost by two orders less than that for the neutral
systems. The evaluation of the equilibrating time for these
systems yields the value of about hundreds of microseconds,
which is unattainable using available computing capacities. To
overcome this problem, the two-step protocol proposed in our
previous paper20 was used to obtain PCM samples with electrostatic interactions. First, microsecond-scale equilibration of
a sample with partial charges switched oﬀ was performed. Then
11 diﬀerent polymer samples have been selected from the last
microsecond of the 3 ms equilibration run (every 100 ns during
the 1 ms run), i.e., from the part of the MD trajectory where the
system was proved to be in equilibrium. Aer that we switched
the charges on and simulated these samples for 100 ns each.
The most widespread method used to assess the polymer
matrix structure in PCMs is the computation of the pair distribution functions g(r) and various density distribution types of
composite components.45,46,105–108

Simulation time dependence of the mean square displacement (MSD) of the center of mass (COM) of the R–BAPB chains in a bulk or
composite (a), and the COM MSD of R–BAPB chains and CNT in a composite (b), obtained during the simulation with and without electrostatic
interactions.

Fig. 3
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Time dependence of the end-to-end distance hhi of polymer chain during simulation of the bulk R–BAPB (a) and R–BAPS (b) polyimides
and polyimide based PCMs.

Fig. 4

To describe the polymer structure near the CNT, we have also
calculated the pair distribution functions of polymer atoms in
relation to the CNT atoms gCNT-PI(r), and the lateral distribution
of the polymer density in relation to the CNT axis r(r). To
calculate these parameters, the eqn (2) and (3) have been used,
respectively.


N
NPI
CNT X
X
d rij  r
1
1
hr ðrÞi
gCNT-PI ðrÞ ¼ PI
¼
: (2)
hrPI ilocal hrPI ilocal NCNT i˛CNT j˛PI 4pr2
Here hrPI(r)i is the average number density of the polymer
atoms at the distance r to the CNT atoms, and hrPIilocal is the
average number density of the PI in the system. NCNT and NPI are
numbers of CNT and polyimide atoms, respectively, rij is the
distance between the pair of CNT and PI atoms, and d is the
Kronecker delta.
mðrÞ
rðrÞ ¼
;
4phCNT Drð2r þ DrÞ

(3)

where components Rab (a ˛ {x,y,z} and b ˛ {x,y,z}) are calculated
using the general equation:
P
mi ðai bi  aC bC Þ
P
Rab ¼ i
:
(5)
mi

This journal is © The Royal Society of Chemistry 2014

In this case, the relation Rg,x > Rg,y > Rg,z is maintained.
Parameters b, c and k2 describing the polymer shape are
calculated using the values of the main components of chain
inertia tensor:109
b ¼ Rg,x2  1/2(Rg,z2 + Rg,y2),

(7)

c ¼ Rg,y2  Rg,z2,

(8)

k2 ¼

where m(r) is the mass of the polymer located in the cylindrical
layer with the width Dr at the distance r from the CNT axis. The
cylindrical layer height is determined by the nanotube length
hCNT  4.7 nm.
The shape of the polymer chains in a PCM is veried by the
calculations of the mean radius of gyration of the chains hRgi,
main components of the inertia tensor of the chains Rg,x, Rg,y
and Rg,z, as well as asphericity b, acylindricity c and relative
anisotropy of the shape k2.109
The main components of the inertia tensor are determined
by diagonalization of the tensor
2
3
Rxx Rxy Rxz
(4)
G ¼ 4 Ryx Ryy Ryz 5;
Rzx Rzy Rzz

i

Here, ai and bi are coordinates of the i-th atom of the polymer
chain, and aC and bC are coordinates of the chain COM position. The diagonalization of the tensor G gives:
2
3
Rg;x
0
0
Rg;y
0 5:
(6)
Gd ¼ 4 0
0
0
Rg;z

b þ ð3=4Þc
:
Rg 4
2

2

(9)

Results and discussions
The pair correlation functions gCNT-PI(r) and lateral distributions of the polymer density in relation to CNT axis r(r) for
R–BAPB and R–BAPS-based PCMs simulated with partial
charges are shown in Fig. 5. Similar polymer-nanotube distribution functions were obtained in other nanocomposite simulation studies as well.105,106,108
Values of distance 0 < r < 0.2 where gCNT-PI(r) ¼ 0 (Fig. 5a)
correspond to the area which polyimide atoms cannot occupy
due to their own atomic size. The rise of gCNT-PI(r) within the
range 0.2 < r < 1.0 to reach the values close to 1 takes place by
accounting for the polyimide atoms forming the subsurface
matrix layer. The small peak at r  1 nm corresponds to the
atoms located in the subsurface layer of the polymer matrix.
With the values of r lower than the CNT diameter (dCNT  0.7
nm), the pair distribution function takes into account the
matrix atoms which are found near the nanotube external
surface only. With r > dCNT the matrix atoms which are located
on the strictly opposite side of the CNT in relation to its
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Fig. 5 Pair distribution functions gCNT-PI(r) of the polymer atoms in the composites simulated with full electrostatics in relation to the CNT atoms
(a), and the distribution of the polymer density r(r) relative to the CNT axis (b) for R–BAPB and R–BAPS-based PCMs. Dashed line corresponds to
the CNT radius rCNT. The inset in (b) shows a zoomed-in area selected by the rectangle.

specic atom come into account in the pair correlation function
gCNT-PI(r). The kink of the curve at r ¼ 0.5–0.7 nm, which is
usually not considered,105,106,108 is likely to be associated with
atoms located at a distance exceeding the CNT diameter from
the specic carbon atom of the nanotube.
The dependence obtained for the polymer density distribution in relation to the CNT axis (Fig. 5b) is qualitatively similar
for the R–BAPB and R–BAPS-based PCMs. Polymer in nanocomposites forms “shells” (this corresponds to some local
structuring of PI atoms) around the nanoparticle with the
polymer density exceeding the average polymer density in the
system. Near the CNT surface (at a distance of 0.6 to 0.8 nm
from its axis), there is an area with the polymer density
considerably exceeding the average system density. This area
corresponds to the polymer matrix atoms which are closest to
the CNT surface and form the subsurface layer where at fragments of PI polymer chain are oriented along the CNT axis as
will be shown below. The distance dependence of PI density
obtained in the present study coincides qualitatively with the
nanocomposites simulation results described above.45,110
The diﬀerence in positions of density peaks that is observed
for R–BAPB and R–BAPS (Fig. 5b) is due to the presence of the
highly charged sulfonic group in the R–BAPS monomer unit.
Higher partial charges in R–BAPS lead to rather strong dipole–
dipole interactions and to additional local structuring, as
shown in our previous study.18 Thus, the presence of the sulphone group in the diamine fragment results in a denser
packing of R–BAPS in comparison with R–BAPB, which, in turn,
leads to the lower distance between peaks.
The pair distribution functions gCNT-PI(r) and the polymer
density distribution in the composite r(r) are determined by the
atomic composition of the polymer matrix and do not account
for its chemical structure. R–BAPB and R–BAPS have a rather
similar atomic composition, which is why for PCMs based on
them, gCNT-PI(r) and r(r) are quite similar as well and do not
provide suﬃcient information on the polymer matrix microstructure. Therefore, the pair distribution functions in the PCM
which are generally used to describe the material
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structure,45,46,105–108 do not clarify the interrelation between the
composite microscopic structure and the matrix-building polymer chemical structure. Thus, some additional characterization
of the subsurface layer microstructure is needed.
In order to describe further the subsurface layer microstructure of the polymer matrix in PCMs, we have calculated the
distribution of the angle q between the CNT axis and vectors
dening the position of at fragments of PI monomer units and
order parameter S(r) for these vectors. The fragments of the PI
monomer units for which the orientation-related parameters
were calculated have been chosen so that their geometrical
conguration would be close to a at one, which enables us to
reduce the impact of the valence angle value uctuation on the
distributions obtained. For R–BAPB, phenylphthalimide and
diphenyl fragments have been chosen for this purpose. In Fig. 1,
these fragments are marked as PPI and DP, respectively. For
R–BAPS, to calculate S(r) and q(r), phenylphthalimide and
diphenylsulfone fragments have been chosen which are marked
as PPI and DPS in Fig. 1. The diphenylsulfone fragment DPS is
not at due to the presence of sulfone group. Nevertheless, the
order parameter S(r) and angle distribution q(r) calculation for
this fragment will make it possible to investigate the inuence
of the sulfone group presence on the orientation of the polymer
chain fragments along the CNT.
The order parameter S(r) was calculated using the following
equation:
S(r) ¼ 3/2hcos2q(r)i  1/2

(10)

where hcos2q(r)i is the mean square of the angle cosine between
the CNT axis and the vector of the PI monomer unit fragment
arranged at a distance r from the CNT axis.
As far as the CNT has a highly curved surface, it is interesting
to explore the at fragments distribution it the azimuthal
direction relative to the nanotube axis. The azimuthal dependence of the order parameter S(4,r), where 4 is an azimuthal
angle, was calculated for the PPI fragments of R–BAPB and
R–PABS polyimides which are located in the most dense PI
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Fig. 6 Azimuthal dependence of the order parameters S(4,r) of the PPI
ﬂat fragments of R–BAPB and R–BAPS polyimides calculated in the
region 0.6 < r < 1.0 nm for PCM systems simulated with electrostatic
interactions.

region close to the CNT surface (0.6 < r < 1.0 nm as follows from
Fig. 5b). The results obtained are shown in Fig. 6. As seen from
this gure, there is no signicant azimuthal dependence of the
order parameter of PPI fragments for both PIs, i.e. the
azimuthal distribution of polymer for the chosen CNT diameter
is rather uniform.
The order parameter S(r) and distributions of the orientation
angles of PPI fragments in relation to the CNT axis q(r) calculated for the composites based on R–BAPB and R–BAPS simulated with electrostatic interactions are shown in the Fig. 7. The
averaging of the calculated characteristics was performed
within the time interval of 40 ns with instantaneous congurations taken every 20 ps. Therefore, each q(r) distribution
shown below is obtained by averaging 2000 congurations per
each system studied.
The rst peak in the order parameter dependence S(r) (Fig. 7a
and b) corresponds to the subsurface layer of PIs. The formation
of this layer at T ¼ 600 K was observed in all simulated PCMs. The
position of the subsurface layer correlates with the rst peak of
the polymer density distribution functions (Fig. 5b).
The order parameters are very similar for the systems
calculated with and without electrostatic interactions in the
region of the subsurface layer (r < 1.2 nm). Rather high uctuations are observed for S(r) of the systems with electrostatic
interactions. However, S(r) dependences are qualitatively
similar in both cases. For the R–BAPS-based PCMs the rapid
decrease of the order parameter to zero is observed, whereas
only slow decrease is observed for the R–BAPB-based PCMs.
Such behavior allows us to suppose that some orientational
ordering is observed in PCMs based on the R–BAPB.
The analysis of the orientation angle distributions q(r)
(Fig. 7c and d) shows that the polymer is found primarily along
the CNT in the subsurface layer. For the rst layer positioned at
the distance of 0.8 nm from the CNT axis and about 0.3–0.4 nm
wide, the angle distribution peak is observed at q  10–20 . The
analysis of the microstructure of the polymer located farther
away from the CNT is impeded, because q(r) distribution is
fragmented due to the strong local structuring observed for the
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systems simulated with electrostatic interactions. Such local
structuring results from the strong dipole–dipole interactions
in these systems and leads to the formation of polymer shells
with increased density seen on the Fig. 5b.
Unfortunately, the structural analysis of considered PCMs
simulated with full electrostatics for q(r) distributions is rather
complicated due to the observable high uctuations. The strong
deceleration of polymer chains movement in the matrix,20
(Fig. 3) leads to the “freezing” of the polymer matrix microstructure in the systems with electrostatic interactions
accounted for. This impedes the polymer microstructure
statistical analysis considerably since it requires simulation of
much larger systems, and a longer and more resource-intensive
simulation procedure that is impossible due to computational
resources limitation.
Taking into account that the partial charges of the CNT
atoms slightly diﬀer from zero only on the CNT ends (more
than 80% of CNT atoms have zero charges, see ESI†), one can
conclude that the electrostatic interactions should not inuence suﬃciently the orientation ordering of PI chains in the
PCMs close to the CNT surface, which is probably governed
mostly by excluded volume interactions. Consequently, it is
more convenient to investigate the PI chains orientation
structuring by studying PCMs without electrostatic interactions. Indeed, the comparison of orientation angle distribution q(r) of PPI fragments for the systems with and without
electrostatic interactions obtained aer the same simulation
time (Fig. 7c–f) results in the similar conclusions about the
orientation structuring of PI chains near the CNT surface.
Thus, all the results presented below correspond to the
systems without electrostatic interactions to perform more
detailed analysis of the CNT-induced local structuring of PI
chains.
To study the inuence of the PCM equilibration degree on
the polymer matrix microstructure, calculations were conducted for several samples taken at diﬀerent equilibration
times: from 0.5 ms to 3.0 ms with an increment of 500 ns.
It was established that the equilibrated microstructure of
the polymer matrix in R–BAPS-based composites takes quite
long to form. Changes in the angle distribution between the
CNT axis and PPI at fragments of polymer units for these
PCMs take place during equilibration stage of 1.5 ms, which
ensues from the alteration of the order parameters for the
fragments of the R–BAPS monomer units in composites based
on this polymer (Fig. 8b). The polymer microstructure of
R–BAPB-based composites takes nal form aer the 500 ns
equilibration already.
Typical distributions of the angle q(r) depending on the
distance r between the vector corresponding to the PPI fragments of R–BAPB and R–BAPS monomer units, and the CNT
axis obtained aer equilibration stage are shown in Fig. 7e and
f, respectively.
For R–BAPS, the angle q distribution does not essentially
depend on the distance to the CNT axis. The values of the angle
q in this case are distributed over a wide interval with a peak
close to 90 , which is a mean value for the range of possible
values of the angle q varying from 0 to 180 . For this polymer,
RSC Adv., 2014, 4, 830–844 | 837
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Fig. 7 Order parameters for the same fragments of the monomer units of R–BAPB (a) and R–BAPS (b) calculated after the 2.0 ms simulation time
with and without electrostatic interactions. Distribution of the angle q(r) between the CNT axis and the vector corresponding to the PPI ﬂat
fragments of the monomer units of R–BAPB (c and e) and R–BAPS (d and f) in composites calculated after 2.0 ms simulation with (c and e) and
without (d and f) electrostatic interactions.

certain ordering of the chains is observed mainly near the CNT
surface only, and is not found away from it.
At the same time, in the case of R–BAPB, the polymer forms
structure with several “layers”. Each layer shows its own peak at
q(r) shied towards larger values. We can say that R–BAPBbased nanocomposites demonstrate a “memory eﬀect”, that is
the orientation of the monomer units far away from the ller
surface depends on how the polymer chains are oriented closer
to the CNT surface.

838 | RSC Adv., 2014, 4, 830–844

The conclusions drawn are veried by the analysis of the
dependence of the calculated order parameter S(r) (eqn (10)) on
the distance between the at fragment of the PI monomer unit
and the CNT axis in the composite (Fig. 8).
The rst peak observed for the order parameters of the both
types of PCMs corresponds to the subsurface polymer layer near
the ller particle as was mentioned before. The subsequent slow
decrease of the order parameter for the R–BAPB-based
composites conrms the “memory eﬀect” present in these

This journal is © The Royal Society of Chemistry 2014
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Order parameter S(r) for ﬂat PPI fragments of R–BAPB (a) and R–BAPS (b) in composites calculated for the samples produced after
diﬀerent simulation time.

Fig. 8

PCMs. The quite high second peak in S(r) dependence for the R–
BAPB-based composites with the value r  1.2 nm indicates the
building-up of the polymer “layered” structure near the CNT
surface. The fast decrease of the order parameter to zero in the
R–BAPS-based composites shows that the long-range order is
not present beyond the subsurface layer in these PCMs.
In our opinion, the formation of such a structure may
constitute the initial stage of the PI matrix crystallization where
the CNT acts as the nucleation center. The present study is the
rst report on the nucleation eﬀect observed for PI-based PCM
using MD simulations.
It should be noted that the dependence of the order
parameter on the equilibration time is also indicative of a
considerable inuence of the polymer equilibration degree on
the interface area structure in the PCM.
The comparison of the angle distribution q(r) between the
CNT axis and diﬀerent fragments of PI monomer units (Fig. 9)
shows that in the R–BAPB-based composites, the consequent
PPI and DP at fragments are ordered in the same way. Both
fragments orient along the CNT in the matrix subsurface layer
and form the partly ordered structure with an increased
distance from the CNT surface. Order parameters S(r) for both
fragments of R–BAPB polymer units are almost the same.
In the case of R–BAPS, ordering of the monomer chain fragments along the CNT surface is observed only for the PPI at
fragment, whereas the DPS fragment displays no signicant
ordering even near the CNT surface. This also ensues from the
angle orientation distribution of the DPS fragment along the CNT
in R–BAPS-based composites, and from the order parameter.
The consequent at fragments are aligned both near the
CNT surface and away from it. Embedding of the sulfone group
leads to the disordering of the DPS fragment containing this
group accompanied by the drop in the order parameter for the
at PPI fragment.
Since the R–BAPB chain contains several at fragments
following each other, the CNT in the PCM is likely to act as an
object setting the orientation not only of separate fragments of
the polymer chain but of the entire chain as well. Indeed, the

This journal is © The Royal Society of Chemistry 2014

visual check of the instantaneous congurations showed that
the R–BAPB-based composites have oblong-shaped PI chains
(Fig. 10), with a separate PI chain interacting generally with
several periodical images of the CNT. The study of the inuence
of PI chains interactions with periodic images of CNT on the
matrix microstructure requires additional simulations of larger
systems, and is the subject of our ongoing work.
The characteristics of polymer chains size and shape calculated for the systems without electrostatic interactions are given
in Table 1 (for the systems with electrostatic interactions similar
results were obtained).
In the R–BAPB-based composites, the polymer chain gyration radius rises by approx. 10% compared to the chain size in
the bulk sample, and the PI chain shape changes as well.
Increased values of the shape relative anisotropy k2, shape
factor Rg,x/Rg,z and asphericity b accompanied by a drop in the
chain acylindricity c testies to the fact that the R–BAPB chains
in a PCM with a CNT as ller are elongated. As ensues from the
orientation angle distribution of the at fragments of the
R–BAPB monomer units in relation to the CNT axis, the draw
direction is set by the nanotube position.
At the same time, the R–BAPS-based composite demonstrates
an inverse eﬀect. The gyration radius, relative shape anisotropy
and shape factor of R–BAPS chains in the PCM are even somewhat lower than these in bulk. Compared to the bulk PI, R–BAPS
in composite has a lower value of the chain asphericity and a
higher acylindricity value. Therefore, R–BAPS chains in the PCM
with a CNT get more compact sphere-like structure. This eﬀect is
likely to be due to the fact that, as well as enhancing the exibility
of PI chain, the embedding of the sulfone group inuences their
geometry increasing their “bending degree”. Consequently, the
coiled molecule conformations become more eﬃcient.
To study further the impact of the chemical modication of
the PI repeating unit by the sulfone group on the size and shape
of polyimide chains in a PCM, we have performed an additional
simulation of the bulk polyimide EXTEM™ (ref. 111) with a
chain polymerization degree of n ¼ 9 and corresponding PCMs.
Currently, this PI produced by Sabic Innovative Plastics is one of
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Fig. 9 Distribution of the angle q between the CNT axis and the vector corresponding to the DP (a), DPS (b) and PPI (c and d) fragments of the
monomer units of R–BAPB (a and c) and R–BAPS (b and d) in the composites calculated after the 2.5 ms simulation. Order parameters for polymer
R–BAPB (e) and R–BAPS (f) calculated with the same simulation time for diﬀerent fragments of PI monomer units.

the most promising polyimides for practical use due to its high
glass-transition temperature. The structural formula of
EXTEM™ is given in Fig. 1 (bottom). The monomer unit of this
PI, similar to the R–BAPS monomer unit, contains a DPS fragment. The complete simulation procedure is computationally
demanding; a shorter 1 ms simulation was performed for the
EXTEM™-based systems aer the annealing. For EXTEM™ in a
bulk and in a PCM, the chain size and shape characteristics
were calculated. The results are also presented in Table 1.

840 | RSC Adv., 2014, 4, 830–844

Both EXTEM™ and R–BAPS are characterized by a certain
drop in the chain gyration radius in the PCM, compared to that in
the bulk, though the chain shape, same as in the R–BAPS-based
composites, does not undergo considerable changes. This is
supported by the similar values of the shape factor and relative
anisotropy of the EXTEM™ chain shape in the PCM and in bulk.
Therefore, one might assume that the presence of sulfone
group in the polyimide monomer unit impacting the chain
exibility and spatial conguration prevents the chains from

This journal is © The Royal Society of Chemistry 2014
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formed near the CNT may be attributed to the fact that the
simulation temperature exceeds the R–BAPB melting point.15
The formation of ordered structures at lower temperatures
requires more simulation time and essentially larger computing
resources.
The driving force behind the formation of structures with a
memory eﬀect is likely to be the interaction of aromatic fragments
in PI chains with the CNT surface and with each other, which
results in ordering the chain position in the polymer matrix and
forming the partly ordered microstructure. CNT position sets the
spatial direction along which PI chain at fragments are oriented,
which may facilitates the formation of stable ordered structures. At
the same time, the simulation results demonstrate that electrostatic interactions play no signicant role in the formation of such
structures in PCMs, but lead to local ordering in PI matrix due to
rather strong dipole–dipole interactions.

Conclusions

Fig. 10 Typical snapshots of R–BAPB (top) and R–BAPS (bottom)

composites obtained after the 2.5 ms simulation. Each molecule is
highlighted in its own color. For the R–BAPB-based composite, two
periodic images of the primary CNT are shown.

spreading out along the CNT in the PCMs, and forming the
ordered structure in the PI matrix.
The structural diﬀerence between R–BAPS and R–BAPB must
be attributed to the fact that the chains of the latter are stiﬀer
and can form structures maintaining the order at a greater
distance from the CNT surface due to the mutual orientation of
the macromolecule at fragments. The similar eﬀect was
observed recently in the case of nanoconned lms of glassforming polymers. In these lms some local ordering was
observed only in the case of polymer with most rigid backbone.112 The results obtained for R–BAPB composites qualitatively correlate with the experimental data on crystallization of
this polyimide in PCMs where the ller particle (carbon tube or
carbon ber) acted as the nucleation center.21,23–25
The formation of a partly ordered structure near the CNT
surface in the R–BAPB composite matrix observed in simulation
may be regarded as the initial part of the polymer matrix crystallization process. The instability of the polymer structure

This paper presents an extensive molecular dynamics simulation of polymer composite materials (PCM) based on two types
of heat-resistant polyimides (PI) with a carbon nanotube (CNT)
as ller.
Similar to the bulk PI simulations,18–20,51 it has been discovered that equilibrium chain size values are reached only aer
equilibration of the systems containing PIs with polymerization
degree np ¼ 8 without electrostatic interactions for 1.5 ms at
the temperature of 600 K. The investigation of the microstructure of PCMs with diﬀerent equilibration times showed that the
microstructure of the simulated systems depends on the polymer equilibration degree.
The nanocomposite simulations with and without electrostatic interactions demonstrated that the amount of electrostatic interactions does not have a considerable impact on the
polymer matrix microstructural organization (initial crystallization stage) near the ller nanoparticle surface. In this case it
is more reasonable to analyze the orientation ordering of polymer chains in the matrix using the simulation without electrostatic interactions (with zero partial charges) since the partial
charges cause rather strong local ordering in the PI matrix, as
well as a rather sharp drop in the mobility of polymer chains
provoking the microstructure “freezing” and complicating its
statistical analysis. At the same time, the electrostatic interactions are of crucial importance for the determination of the
macroscopic thermophysical properties of polymers, such as

Table 1 Gyration radius Rg, components of the inertia tensor Rg,x, Rg,y and Rg,z, shape factor Rg,x/Rg,z, asphericity b, acylindricity c and relative
shape anisotropy k2 of R–BAPB and R–BAPS chains in composites and in a bulk sample calculated without electrostatic interactions (averaging
was made over last 500 ns of 3 ms simulations)

R–BAPB bulk
R–BAPB composite
R–BAPS bulk
R–BAPS composite
EXTEM™ bulk
EXTEM™ composite

Rg

Rg,z

3.64  0.07
4.03  0.05
3.15  0.06
2.94  0.04
3.06  0.02
2.97  0.04

1.59
1.51
1.53
1.52
1.43
1.49

 0.06
 0.04
 0.04
 0.04
 0.03
 0.03
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Rg,y

Rg,x

Rg,x/Rg,z

1.92  0.07
1.74  0.06
1.82  0.08
1.62  0.04
1.87  0.03
1.59  0.02

2.65  0.04
3.30  0.06
2.08  0.06
1.93  0.06
1.96  0.02
2.01  0.04

1.67
2.19
1.36
1.27
1.37
1.35

 0.07
 0.05
 0.06
 0.06
 0.04
 0.02

Asphericity b

Acylindricity c

Shape anisotropy k2

3.9  0.3
8.3  0.4
1.5  0.4
1.27  0.06
1.1  0.1
1.7  0.1

1.2  0.2
0.7  0.2
1.0  0.2
0.3  0.1
1.5  0.1
0.3  0.1

0.09 
0.26 
0.03 
0.02 
0.03 
0.04 

0.02
0.02
0.01
0.01
0.01
0.01
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the glass-transition temperature and the volumetric thermal
expansion coeﬃcient.20
For all PCMs, at the temperature of 600 K the polymer builds
up the subsurface layer near the CNT surface where the polymer
chains are oriented mainly along the ller. This layer is 1 nm
thick.
PCMs with a matrix based on the R–BAPB which is crystallizable and has stiﬀer chains compared to the R–BAPS, show a
“memory eﬀect” consisting of maintaining the orientation
direction of the PI chain at fragments as they move away from
the ller surface. It results in forming an ordered microstructure which is likely to be regarded as the initial stage of the
polymer crystallization in the composite that is observed
experimentally.21,23–25
The present simulation also makes assertions that the
incorporation of groups enhancing the polymer chain exibility
into the PI repeating unit leads to a decrease in the polymer
order degree in the matrix at a remote distance from the
nanoller surface.
R–BAPB-based composites reveal the PI chains aligning
along the direction set by the spatial position of the CNT, which
is accompanied by a considerable alteration of the polymer
chain size compared to that in the polyimide in a bulk. At the
same time, R–BAPS-based composites feature some chain size
reduction compared to the bulk PI. A similar eﬀect has been
observed for the PCMs based on polyimide EXTEM™ also
containing a sulfone group. Therefore, the inuence was
demonstrated of the incorporation of a hinge sulfone group
into the PI repeating unit on the properties of the polymer
matrix near the ller in a PCM.
Issues to be addressed in forthcoming research include the
impact of diﬀerent types of nanoller geometry as well as other
types of hinge groups (e.g. ether or methylene groups) incorporated into the PI chemical structure, on the microstructure of
the polymer matrix near the ller surface.
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