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Influence of different carbon nanotubes on the
mechanical properties of polyaniline nanocomposite —
multiscale molecular modeling
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In this work we present a computational routine based on molecular mechanics, dynamics and dissipative particle dynamics
to predict mechanical properties and morphology of polyaniline (PANI), PANI-single walled carbon nanotubes
octadecylamine (SWCNTs-ODA) functionalized and PANI-SWCNTs carboxylic acid (SWCNTs-CA) functionalized
composite systems. Computational models of PANI-SWCNTs-ODA and PANI-SWCNTs-CA were implemented at atomistic
and meso-scale. Computational results clearly confirmed that SWCNTs-ODA and SWCNTs-CA are properly dispersed and
have beneficial effect on PANI mechanical properties. The Young's moduli generally increased with increasing SWCNTs
content and values range from 2.77 GPa in the case of pure PANI to 7.39-9.31 GPa in the case of PANI-SWCNTs-PABS

composite system.
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1. Introduction

Polyaniline (PANI), is one of the most promising
polyconjugated polymers, distinguished by good
conducting properties, stability, and a relatively easy
production process; furthermore, its raw materials are
available and inexpensive [1-2]. However, PANI films
present wick mechanical properties which are relevant for
most of its applications [2]. The combination of carbon
nanotubes (CNTs) with conducting polymers offers an
attractive route to reinforce polymer as well as to
introduce electronic properties based on morphological
modification or electronic interaction between the two
components [3-5]. The development of such
nanocomposites which can bring in the CNTs excellent
properties is one of the hottest research areas of the
moment. The construction of superior nano structured
composite depends on the dispersion of carbon nanotube
in the polymer matrix or homogeneity of the material
which was reported to be dependent of CNTs nature [4-8].
In the case of single walled carbon nanotubes their
insolubility and poor compatibility with the polymer make
the uniform dispersion in the polymer matrix very
difficult, and the resulting inhomogeneous nanocomposites
often have unsatisfying properties [7-8]. Instead the use of
carbon nanotubes chemically functionalized, attached by
covalent bonds to the polymer matrix seems to be a good
approach for synthesizing homogeneous polymer/carbon
nanotubes composites [4, 9-10]. It has been demonstrated
that by simply combing the polymer with the suitable
carbon nanotubes and by choosing the relative weight ratio
carbon nanotubes/polymer the features of the resulting

material can be finely tuned [10]. However, this it will
results in high number of materials and compositions
which is costly and time consuming to test with
experimental techniques. Computer-aided molecular
modeling can be a valid tool to reduce the material
characterization efforts moreover allows the evaluation of
the dependency of the properties on the material
composition [4, 12-13]. It has been shown recently that
atomistic level simulations using the MD technique can
successfully compute the mechanical properties of a
variety of polymers and polymer/carbon nantubes
composites [12—14] although there are very few works
reporting the computational characterization  of
polymer/CNTs composites since performing these
simulations is not a trivial task. It can be difficult to obtain
mechanical properties from atomistic simulation that
compare well with experimentally measured values due to
the difficulty of building the models and the various
parameters involved [14]. Recently we have reported
atomistic simulations of PANI/single walled carbon
nanotube (SWCNTSs) composite systems but this first
foray was not successful due to approximation of some
features of the real material [14]. Our previous experience
in this area has led us to adopt a policy of ensuring that the
computational models represents as accurately as possible
the real network, relying on experimental data such as,
polymer tacticity, density of the real material, number of
repeated units within the polymer chains efc. On the other
hand the prediction of the CNTs dispersion and alignment
within polymer matrices would allow for the rational
decisional process for the definition of new and improved
nanocomposite  materials. Computational molecular
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modeling at mesoscale has been demonstrated to
accurately reproduce material morphology [15-17].
Dissipative Particle Dynamics (DPD) is one of most
known mesoscale simulation approach; it is based on a
bead-spring-bead approach, introduced in an attempt to go
beyond the limitations of atomistic MD simulations, whilst
retaining some molecular details including the
hydrodynamic interactions [15-17].

In this work, a routine for generating feasible
atomistic models of PANI-SWCNTs chemically
functionalized with different groups (carboxylic acid (CA)
and octadecylamine (ODA)) composite materials and
calculating the elastic constants is described. Further
atomistic simulations were used to derive solubility
parameters values among all system components (PANI,
SWCNTs-ODA and SWCNTs-CA), which were further
used to calculate mesoscale simulation parameters and
mesoscale simulations were performed to determine
composite systems morphologies.

2. Materials and methods
2.1 Realization of atomistic bulk models

The models of the repeating units of the polymeric
chains (aniline), CA and ODA groups were manually
constructed and then minimized in order to obtain a stable
starting structure. Charge groups have been assigned to
fragments of each repeated unit and all structures were
properly equilibrated employing a standard algorithm,
starting with a steepest-descent stage, switching to
conjugate gradient when energy derivative reaches 100
keal'mol'A™ followed by Newton-Raphson optimization
algorithm. The final convergence criterion was to meet a
derivative of less than 0.001 kcal-mol'A™". The polymeric
chains were then generated starting from the repeating
units using the “Build Polymers” tool of the software.

Carbon nanotube (5, 6) is available as standard model in
Materials Studio data base. Further SWCNTs-ODA and
SWCNTs-CA  structures  were implemented by
constructing a covalent bond between SWCNTs (5, 6) and
ODA or CA groups. Using the structures previously
created and equilibrated for each of the materials, PANI,
PANI-SWCNTs-ODA and PANI-SWCNTSs-CA,
independent atomistic bulk models were generated
employing “Amorphous Cell” tool of Materials Studio
with 95/5 and 91/9 (w/w) ratios, employing the
Amorphous Builder. The main characteristics of the bulk
models are depicted in Table 1. The bulk models were
grown at 300K under cubic periodic boundary conditions
using the COMPASS forcefield [18]. Since the systems
contain aromatic elements the chain packing stage was
performed for all the models at a very low initial packing
density (typically 0.1 g/cm3) as Hofmann and co-workers
[19] suggested.

2.2 Refinement of atomistic bulk models

All initial packing models were subject to an
extensive multistage equilibration procedure composed of
a sequences of energy minimisation, NPT (constant
number of molecules, pressure and temperature) and NVT
(constant number of molecules, volume and temperature)
ensembles — MD simulations as reported in Table 2. First
the models were slowly compressed from a density of
about 0.1 g/cm’ to the respective real density via NPT-MD
runs at p = 1 GPa and T = 300 K for about 5000-7500
steps. After the compression stage the systems present a
certain degree of unrealistic tension this indicates that the
simulated packing models need to be equilibrated.
Equilibration was performed by running a minimization
step of 300 ps and a series of NVT-MD simulations at
750K, 600K, 450K, and 300K each one for 300 ps. The
equilibration routine was repeated until computational
bulk model reach the density of the real material [19-20].

Table 1. Bulk model main features.

Model Composition of |  Model No. of atoms in Av. lateral
the model density the model dimension of the

[w/w] [g/cm’] model (A)
PANI 100 1.23 7204 41.84
PANI/SWCNTs-ODA 95/5 1.29 7644 41.93
PANI/SWCNTs-ODA 91/9 1.32 8084 42.92
PANI/SWCNTs-CA 95/5 1.29 7548 42.11
PANI/SWCNTs-CA 91/9 1.33 8084 42.04

From Ref. [29] the density of PANI is 1.23 g/cm’ and the density of SWCNTSs is 1.4 g/cm’.
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Table 2. Stages of equilibration routine.

Stage of Ensemble | Temperature Time
equilibration (K) (ps)
1 Minimisation 0 300
2 NPT-MD 300 5-7
3 Minimisation 0 300
4 NVT-MD 750 200
5 NVT-MD 600 200
6 NVT-MD 450 200
7 NVT-MD 300 300

2.3 Characterization of the atomistic models

The computational bulk models mechanical properties
and isotropy were evaluated testing the mechanical
behaviour of the models in three orthogonal directions
using the Mechanical Properties Assessment tool
implemented in the software. Elastic Properties Analysis
tool is using a static approach originating in the work of
Theodoru et al., 1986 in more details described elsewhere
[21].

2.4 Realization of mesoscale bulk models

Amorphous Cell analysis module was further
employed to predict solubility parameters 0 of composite
system components using the Scatchard and Hildebrand
theoretical treatments of mixing [22-23]. Afterwards Flory
Huggins theory and dissipative particle dynamics
mesoscale molecular modeling was used to estimate the
SWCNTs-ODA and SWCNTs-CA dispersability within
PANI matrices.

b)

Fig. 1. Coarse graining atoms to beads for SWCNTs
model, representation of one bead of SWCNTs a) and
SWCNTs mesoscale model b).

DPD simulations for PANI-SWCNTs-ODA and
PANI-SWCNTs-CA were conducted using DPD module
of Materials Studio software. In present study each PANI

monomer, aniline, is represented with a single bead. The
PANI chains considered in present study consisted of 100
beads. For SWCNTSs mesoscale models six aromatic rings
(Fig. 1a) were represented with a bead and each SWCNTs
consisted of 24 beads as depicted in Fig.1b. Computational
cubic bulk models of PANI-SWCNTs-ODA and PANI-
SWCNTs-CA  were implemented with  different
compositions 91/9, 95/5 (w/w) within a simulations box of
20%20x%20 reduced units (r.u.) consisting of 2.4 *10000
beads. The beads of the same molecule are connected by
harmonic spring having the spring constant ¢ = 4. The
DPD calculations run over 2*10° steps with a time step of
0.05 reduced units. As Groot and Warren suggested
density of the system was set p=3 r.u. [24].

3. Results and discussion

The present simulation routine combine atomistic and
mesoscale simulations and was focused to generate and
characterize computational systems with large SWCNT-
ODA and SWCNTs-CA weight fraction (5% and 9%).
Although experimental system typically contain much
lower weight fraction of CNTs, our simulations results can
help to make useful prediction for lower CNTs weight
fraction enhancement by extrapolation. The equilibration
routine allows the obtainment of suitable computational
bulk models, energetically stable which reflect well the
density of the real material. In Figure 2, is depicted the
characteristic computational bulk model of PANI-
SWCNTs-ODA (95/5 w/w) which consists of about 8000
atoms and two components.

3.1 Mechanical properties assessment

A first investigation of the computational bulk models
was performed by evaluating the models’ Young modulus
and isotropy by means of virtual uniaxial traction tests
along their three perpendicular edges. The method used
here for calculating the elastic constants is a method for
static deformation of periodic atomistic models. The 6x6
elastic constant matrix is determined by partial derivatives
of the stress tensor o, with respect to the deformation, ¢, as
indicated by equivalent-continuum constitutive equation
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(1). The constitutive equation of the equivalent continuum

is given as follows:
o = Chuty

(€]
Where, ¢;; are the components of stress tensor and Cyy, is
the elastic constant matrix [17]. By reversing elastic
constant matrix, the compliance matrix (2) was obtained
and the elastic moduli referred to the three perpendicular
direction of the cell.

1/E,  -v,E, -v,/E, 0 0 0
~v,/E  1/E,  -vy/E, 0 0 0
—v,/E, -v,/E, 1/E, 0 0 0
0 0 0 1w, O 0
0 0 0 0 g, O
0 0 0 0 0 1/u,
2

where, £ is Young’s modulus, u is shear modulus and v is
Poisson ratio. The stiffness (3) and inverse compliance
matrix (4) for PANI-SWCNTSs-CA (91:9 w/w) is reported
below.
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Fig 2. Packing model for PANI-SWCNTs-ODA 95:5
(w/w). SWCNTs-ODA is emphasised for better
visualisation.

The results of virtual traction tests are summarized in
Table 3. These values are taken from the average of the
three configuration runs for a given set of parameter
values. The results of the mechanical properties assays
showed that for each one of the composite materials, the
values of the Young modulus along the three
perpendicular directions were very disagreeing; this is
indicating that the computational systems characteristic to
PANI-SWCNTs-ODA and PANI-SWCNTs-CA are not
isotropic. For what concern the numerical values we
expect to see an increase of Young’s moduli values for
increasing CNTs content. Generally, this trend is observed
with some inconsistencies which are discussed below. The
predicted Young’s moduli from the MD simulations at 300
K range from 2.77 GPa in the case of pure PANI, to 4.74-
5.72 GPa in the case of PANI-CNTs-ODA, and 7.39-9.31
GPa in the case of PANI-SWCNTs-CA composite
materials. An increase of up to 300% of the elastic moduli
was observed upon the addition of approximately 9 wt. %
SWCNTs-CA.

The reinforcement was related on the one hand to the
systems composition and on the other hand to the systems
components. As displayed in Fig 3 higher values of CNTs
percentage cause an increase of materials stiffness, this
effect becomes evident for CNTs fraction of about 5 wt%.
Doubling the CNTs content (from 5 wt. % to 9 wt. %) the
values of Young’s modulus increase has not the same
extent. This suggests that the optimum CNTs
reinforcement is perhaps below 9 wt%. Similar trend for
elastic constants was found in the work of Zeng at al. [25].
They observed an increase of the elastic constants of
poly(methyl methacrylate) as the carbon nanotubes content
increase up to 5 wt%, for higher content of carbon
nanotubes just marginal effect was observed. On the other
hand, the Young’s moduli were related to the material
components as depicted in Fig. 3. Generally, there is an
increase of Young’s modulus with the addition of CNTs,
the maximal value of Young’s modulus (9.31 GPa) was
obtained for the composite system PANI-SWCNTs-CA
(91/9 w/w) thus we can conclude that the best
reinforcement of PANI is provided by SWCNTs-CA.

Table 3. Young’s moduli on three perpendicular
directions of PANI, PANI-SWCNTs-ODA and PANI-

SWCNTs-CA  computational systems with different
compositions obtained by means of molecular modeling
Model Ex Ey Ez | Eavg
composition | (GPa) | (GPa) | (GPa) | (GPa)
(W/w)
PANI 100/0 296 | 2.13 | 322 | 2.77
PANI-SWCNTSs- 95/5 498 | 3.57 | 5.68 | 4.74
ODA
PANI-SWCNTSs- 91/9 396 | 638 | 6.82 | 5.72
ODA
PANI-SWCNTSs- 95/5 752 | 6.11 | 8.54 | 7.39
CA
PANI-SWCNTSs- 91/9 6.17 | 936 | 12.40| 9.31
CA
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Fig. 3. Young’s modulus trend as a function of SWCNTs-
CA and SWCNTs-ODA content.

The differences in the reinforcing efficiency between
SWCNTs-CA and SWCNTs-ODA is mostly likely due to
different interaction energies/interfacial adhesion between
the carbon nanotubes and PANI. Interfacial adhesion
quality was estimated assuming Flory-Huggins theory on
the base of solubility parameters [26]. Flory-Huggins
theory predicts that components with similar ¢ values lead
to small repulsions, accordingly PANI (6=20.89(J/cm?)*?)
should present a the best interfacial adhesion with
SWCNTs-CA (6=23 (J/em®)™) and good interfacial
adhesion with SWCNTs-ODA (6=26 (J/em®)®®). The
predicted Young’s modulus values from MD simulations
of PANI and PANI composite systems are in good
agreement with theoretical and experimental results from
the literature which range from 2-4 GPa for PANI and are
up to 17 GPa for the PANI-CNTs composites [3, 27-28].
In these reports we can notice that the mechanical
properties of the resultant PANI material and its
composites might changed due to the characteristics of
PANI material such as molecular weight, doping or the
preparation of films or fibers [3]. Conversely, small
discrepancy might appear between experimental and
computational values due to the fact that in the present
models some features of the real material such as the
presence of voids and imperfections were not taken into
account.

3.2 Models morphology assessment

In order to analyze the SWCNTs-CA and SWCNTs-
ODA dispersion within PANI matrix DPD mesoscale
simulation technique was employed. DPD provides a
dynamics algorithm with hydrodynamics for studying
coarse-grained systems over long length and time scales.
In DPD calculations a small region of material (group of
atoms) is represented by a single bead, therefore the
number of particles to be simulated is reduced with the
respect to atomistic simulations. The beads mutually
interact via soft potentials. Three forces are acting between

c
each pair of nonbonded beads: a conservative force, 7 ,
interaction which is linear in the bead-bead separation; a

dissipative force, F, D

; » Tepresenting the viscous drag

R
between moving beads, and a random force, 7 ,
representing  stochastic  impulse. The nonbonded
interactions between a pair of nonbonded beads can be
written as:

(%)
/i :Z(FtyC’LFaD*Ff)

i#j

Groot and Warren [24] established a link between this
conservative force and the Flory-Huggins interaction
parameter, y, which is a measure of the compatibility of
binary mixtures. Flory-Huggins interaction parameter
could be calculated from solubility parameters (atomistic
simulations) [26].

2

(6,-5,Fv .
RT
where, J; and J;, are the solubility parameters of i and j,
respectively, while 7 is the molar volume of the bead, R is
universal gas constant, and 7 is temperature. Subsequently,
Flory-Huggins parameters were converted into repulsion
parameters (a;;) between pairs of beads using equation (7)
[17].

Xi =

x
__ X s R
% =0.306

In addition, there is also a harmonic force between bonded
beads. Bonded beads interact by Hookean springs
controlling the bond stretching and angles bending. A
single spring constant is used to specify the average
bonded interaction. All forces are short-ranged with a
fixed cut-off radius, r., set as unit length.

Table 5. Van Krevelen solubility parameters and molar
volume of composite systems components.

System Van Krevelen Molar Volume
component Parameter (cm*/mol)
((VVem®)) S
PANI 20.89 75.53
SWCNT 26 110
CA 23 89.44
ODA 26 43.02

Fig. 4 illustrates the morphology of PANI-SWCNTs-
CA and PANI-SWCNTs-ODA composite systems after
2*10 ° DPD calculation steps. In Fig. 4a, 4b it can be
easily observed that SWCNTs-CA and SWCNTs-ODA are
well embedded into the PANI matrix and singularly
dispersed regardless of their concentration. Therefore, the
improvement of mechanical properties observed by means
of atomistic molecular modeling is reasonable and in good
agreement with our DPD observations and data from the
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literature [3-4, 25]. Interestingly, similar trend for Young
modulus was found in the work of Gajendran et al. [3] and
Gojny et al. [30-31].

Fig. 4. Equilibrium morphology of PANI-SWCNTs-CA

(91/9 ww) a) and PANI-SWCNTs-ODA (91/9 w/w) b)

systems as modelled by DPD. SWCNTs-CA are shown in

black, SWCNT-ODA are shown in dark blue and PANI
chains are shown in light grey.

They observed an increase of the Young modulus,
when the CNTs are well dispersed within polymer matrix,
on the opposite when CNTs are agglomerated a decrease
of polymer Young’s modulus was observed.

4. Conclusion

This work confirms that MD and DPD computational
tools allow to achieve well equilibrated bulk models and to
predict PANI, PANI-SWCNT-ODA and PANI-SWCNTs-
CA composite systems properties accurately.

The simulation results suggested the possibility of
mechanically reinforce PANI by incorporation of
SWCNTs-CA or SWCNTs-ODA. Among the studied
composite systems PANI-SWCNTs-CA exhibited the
highest enhancement of the Young’s modulus and it was
followed by composites PANI-SWCNTs-ODA.

The reinforcement of PANI was found to be a
function of SWCNTs content: while at 5 wt% CNTs
loading, the modulus of the composite systems increased
substantially, similar improvements were not observed at 9
wt% CNTs loading. This suggests that the optimum CNTs
reinforcement is perhaps below 9 wt%.

The results of simulations agree with theoretical
considerations, which forecast higher Young’s moduli
with higher CNTs content.

DPD simulations suggested that both SWCNTs-CA
and SWCNTs-ODA are properly dispersed within the
PANI matrix.
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