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Carbon nanotube (CNT)-polymer composites, with potential applications in structural materials, optoelectronics, sensors,
biocatalysis, and thermal and electromagnetic shielding are an important emerging area of nanotechnology. However,
progress has been slow due to difficulties in dispersing CNTs into the polymer matrix. We attack the problem from a Flory-
Huggins theory point of view, and present novel simulations of the dispersion process at the mesoscale. The solubility
parameter of the CNTs is mapped out as a function of tube diameter, and compared with that of well-known polymers.
Parallel alignment of CNTs with the application of shear, and dispersion by attaching organic functional groups are also

investigated.
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1. Introduction

Extraordinary mechanical, elastic, thermal, and electrical
properties of carbon nanotubes (CNTs) have prompted the
design of novel composite materials in which CNTs are
dispersed within polymeric matrices [1,2]. Applications
can range from structural materials, to electromagnetic
and heat shielding, to optoelectronics, to thin films for
biocatalysis and gas sensing. Performance depends on
several factors, including dispersion uniformity and
degree of parallel alignment of CNTs, and the strength
of CNT-polymer bonding. Since it is difficult to control
many of these properties experimentally, modeling and
simulations could provide crucial insights by studying
variation of composite morphology as a function of CNT
diameter, chirality, and structural modification/functiona-
lization.

There have been several atomic-scale investigations of
the interaction between polymer and an isolated nanotube
using analytical continuum mechanics [3,4], classical
forcefields [5-7], reactive potentials [§—11], etc.
Although these simulations yield useful insights, they
are not suitable for exploring the overall morphology at
length-scales most relevant to nanocomposites, i.e. tens of
nanometers (nm) to microns. The biggest challenge for an
atomistic approach lies not only in the significant number
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of particles involved, but also in simulating over
equilibration times that are orders of magnitude longer
than a nanosecond, a typical limit of classical molecular
dynamics (MD) simulations. One way to circumvent this
problem is to use a mesoscale modeling technique, which
extends simulation limits to length and time-scales
appropriate to the study of CNT-polymer nanocomposites.
Mesoscale modeling has been successfully used in the
study of polymer-melts, polymers in solution, and phase
equilibrium of liquid-liquid mixtures. This paper
represents a first attempt of applying such method to the
study of CNT-polymer composites.

2. Mesoscale method: Dissipative Particle Dynamics

Several flavors of mesoscale modeling exist in the
literature. Accelrys Materials Studio suite of software
incorporates two distinct methods — a particle-based
method called Dissipative Particle Dynamics (DPD), and a
density-based method called Mesodyn. Our overall
strategy for investigating a CNT-polymer composite
consists of (1) determining the equilibrium morphology
of the nanotube-polymer system using DPD; (2) using the
density map from (1) as an input to a finite-elements
program to compute useful materials properties for
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the composite. In this paper, we describe only our initial
DPD simulations and step (2) is left to future work.

In DPD [12] one represents an entire functional group
by a single bead, thereby substantially reducing the
number of particles to be simulated. The positions and
velocities of the spherical beads are propagated by
standard integrators as in regular MD methods and
thermally equilibrated through a Langevin thermostat. But
rather than interact through Lennard-Jones forces, the
beads feel a simple soft pair-wise conservative potential
which embodies the essential chemistry of the system, and
determines whether or not the CNTs disperse in a given
polymer. This force is short range and has a simple
analytic form resulting in fast computation per time-step.
More importantly it provides an effective time-step of
several picoseconds, 3—4 orders of magnitude larger than
typical time-steps employed in a MD simulation. Details
of the equations describing bead—bead interactions in
DPD, and extra terms necessitated by the high stiffness of
CNTs are relegated to the Appendix.

3. Flory-Huggins theory and solubility parameters

The chemistry of polymer-nanotube interaction is incor-
porated through relating the DPD bead-bead repulsion to
the Flory-Huggins y-parameter [12]. The Flory-Huggins
approach is well known in its application to the equilibrium
thermodynamics of polymer solutions [13,14]. In order to
determine the y-parameter, we followed the simple scheme
of squaring the difference of pure-component Hildebrand
solubility parameters (6) [15—17], defined as the square
root of the cohesive energy density. Strictly speaking, this
approach is equivalent to considering only the enthalpic
contribution to the y-parameter, yy. In polymer-solvent
systems the entropic component s (= x — xu) 1S
assigned a value between 0.3 and 0.4 (typically 0.34), but
in the absence of any reasonable estimate for the
contribution of ys in polymer-nanotube composite systems
we have chosen not to include this.

The solubility parameters of polymers depend to some
degree on the length of polymer chains and the method of
synthesis, but reliable average values of 6 for long-chain
polymers can be estimated from simple correlation
methods based on fitting a large amount of experimental
data’ [18]. On the other hand, carbon nanotubes are not
polymers in the conventional sense, and therefore, their
solubility parameters have not previously been investi-
gated. Nevertheless, since CNTs tend to form close-
packed bundles, a good measure of their cohesive energy
can be obtained from the debundling energy, i.e. the
energy cost of isolating a CNT from a bundle. Computing
such energy with the Universal Forcefield [19] normal-
izing per unit volume, and taking the square root results in
a solubility parameter that is essentially independent of
the CNT chiral angle, and that decreases smoothly as

Thttp://www.accelrys.com/ceriusZ/synthia.html.
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Figure. 1. Plot of calculated solubility parameter (8) (in units of

(J/em*)'"?) versus tube diameter for armchair (filled circles) and zigzag

(unfilled diamonds) CNTs. The published [18] solubility values for
poly(urethane) (PU), poly(styrene) (PS), poly(methylmethacrylate)
(PMMA), poly(m-phenylenevinylene) (PmPV), polyethylene (PE),
polypropylene (PP) and poly(dimethylsiloxane) (PDMS) are also
indicated on the plot for comparison.

a function of the CNT diameter, as displayed in figure 1.
The graph in figure 1 also indicates the relative positions
of some common polymers on the solubility scale.
Flory-Huggins theory predicts that components with small
X (which leads to small DPD repulsion parameter) should
mix, while components with y greater than a critical value,
x ¢, should segregate. Since in our analysis y is based
entirely on the differences in Hildebrand solubility
parameters it is predicted from figure 1 that PMMA
polymers should mix well with CNTs of diameters close to
1.4nm (e.g. (10, 10) CNTs), while PP is expected to form
uniform composites with CNTs of diameters in the
neighborhood of 1.9nm (e.g. (15, 15) CNTs). For
comparison, we have also computed the CNT solubility
parameters (6) with the DREIDING [20] and the
COMPASS [21] forcefields, and the results were very
similar both qualitatively and quantitatively. Thus for each
Forcefield, 6 decreased approximately as inverse square-
root of the tube-diameter, and for the (10, 10) tube the
computed O (in units of (J/em®)'?) were 19.36 (UFF),
18.25 (DREIDING), and 18.89 (COMPASS), respectively.
The UFF, DREIDING and COMPASS have all been
used to study properties of CNT systems, including
computation of Young’s modulus (UFF) [22], to
investigating mechanical collapse under hydrostatic
pressure (DREIDING) [23], to studying CNT-polymer
binding interactions (COMPASS) [24].

The applicability of Flory-Huggins theory to CNT-
polymer composites, and the accuracy of the CNT
o-values of figure 1 can only be justified by careful
experiments. We are aware of one such experiment on
CNT-Poly(m-phenylenevinylene) (PmPV) composites
[25], where one observes selective affinity of the PmPV
polymer (&~ 18.5(J/cm*)'?) to CNTs of diameters
ranging between 1.35 and 1.55nm. This provided strong
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justification for using the &-parameters of figure 1 to
perform DPD simulations on CNT-polymer nanocompo-
sites, and gain useful information on the composite
morphology. It is also to be noted that the &’s in figure 1
are consistent with strong hydrophobicity known for all
CNTs (Note: 8yaer ~ 47.9 (J/cm*)/? [26,27)).

4. Results from DPD simulations

Although figure 1 provides an initial screening of which
polymers blend with CNTs of given diameters, it is still
necessary to perform explicit DPD simulations to address
important questions relating to the degree of dispersion,
time-scales associated with the dispersion process,
effectiveness and critical concentration of specific
functional groups in solubilizing CNTs, effect of creating
covalent bonds between CNTs and polymer, and to apply
external constraints such as the imposition of shear, that
can be used to align CNTs in the composite. For the initial
set of DPD simulations we chose PMMA (6 ~ 19.0) as a
concrete example, because it is a popular polymer used in
experimental studies of nanocomposites [28—-33]. The
original DPD code [12] uses simple spring potentials to
represent polymeric chains. We introduced an additional
spring and an angle-dependent interaction between CNT-
beads in order to mimic the structural rigidity of nanotubes
(see Appendix). We studied several nanotubes, but report
only the most salient results for (10,10) and (15,15)
CNTs. In all these studies the relative amount of the CNTs
in the composite was fixed at 5% in volume fraction, and
the equilibrium morphology was obtained following a
total simulation of 5 X 10’ steps, corresponding to a real
time of ~9 us.

Figure 2 displays results for a PMMA composite with
(10,10) CNTs. As expected, the (10, 10) CNTs readily
mix with PMMA (figure 2(a)), with the CNTs randomly
oriented within the polymer matrix. For mechanical
properties, such as the elastic modulus, a more parallel
alignment of the CNTs would be desirable. Borrowing
from known experimental procedure [34] we subjected the
morphology in figure 2(a) to shearing forcesi [35], which
resulted in the morphology of figure 2(b).

Figure 3 displays the results for (15,15) CNTs. The
unfunctionalized (15,15) CNTs appear immiscible with
PMMA, and segregate. Possible strategies to effectively
disperse CNTs into immiscible solvents, including
polymers, could be: (1) functionalizing the CNTs by
covalently attaching compatibilizing groups (schemati-
cally shown in figure 3(b) inset); (2) coating the CNTs
with appropriate surfactants; (3) modifying the polymer
with appropriate groups/blends, and so on. Figure 3(b)
displays the resulting morphology upon attaching PMMA
monomer groups to the (15, 15) CNT (strategy (1) above)
at a relative volume fraction of 30%.

Figure 2. Equilibrium morphologies of (10,10) CNT-PMMA
composites at ambient temperature and pressure as modeled by DPD.
(a) Dispersed CNTs; (b) parallel alignment during application of shear.
CNTs are shown in white while the PMMA chains are hidden for clarity.
Note: each CNT is represented as a string of beads, but string thickness
does not reflect physical diameter of a CNT.

It should be mentioned here that although we use a
CNT-diameter-dependent solubility parameter in order to
compute the CNT-polymer interactions, we physically
represent nanotubes as a string of DPD “beads” as a first
approximation. Our model does not consider real physical
tubes with empty volumes inside, which, depending on the
nanotube diameter may or may not be accessible to
polymers. Assuming that the inner cavity of a CNT is not
accessible to the polymer (as would be true for a narrow-
diameter tube), one could attempt to incorporate finite
CNT-diameter effects through a combination of smaller
(and diameter-dependent) values of 78 for the CNT-spring
term (see Appendix) and a larger interaction cutoff for the
CNT-beads. We believe that these details will not
significantly affect the main conclusions regarding CNT-
polymer miscibility except when Y is quite close to its
critical value, but could become important in computing
physical properties of the nanocomposite, where we would

“The simulations in figure 2(b) applied a default shear rate of 0.2 DPD units, to quickly generate a typically sheared morphology. For our choice of

beads, this shear rate physically corresponds to ~9 MPa/ns.
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Figure 3. Equilibrium morphologies of (15,15) CNT-PMMA
composites at ambient temperature and pressure as modeled by DPD.
CNTs are shown in white in both images. In (a) the PMMA chains are
shown in red while in (b) they are hidden for clarity. (a) Unfunctionalized
(15,15) CNTs which quickly segregate and align. (b) Dispersion of
(15,15) CNTs functionalized with 30% (by volume) acrylate groups
attached at regular intervals (shown in red). (b-inset) An atomistic
representation of one of the acrylate groups attached to a CNT.

wish the density fields generated to more accurately reflect
the real volume of the tube.

5. Future directions and summary

A more exhaustive study on the effect of CNT and polymer
lengths, temperature, relative composition, shear rate, and
fraction, position, and chemical structure of attached
groups is currently planned. Also worth exploring are other
mixing strategies, because functionalizing CNTs can often
be challenging experimentally. Finally, we note that the
equilibrium morphology obtained from DPD simulations
could be used as input for finite-element-based approaches
[36,37] allowing the calculation of mechanical, electrical,
and thermal properties of the nanocomposite.

In summary, using mesoscale methods we have extended
simulations on polymer-nanotube composites to time and
length-scales of direct relevance to experimentalists, which
are orders of magnitude larger than possible with classical
MD simulations. In the process, we have, for the first time,
mapped out the solubility parameter of the CNTs as

a function of the CNT-diameter, which provides a fast
screening tool for the choice of an appropriate polymer for a
composite. Results presented here position mesoscale
modeling as a practical and powerful tool that should
generate new interest and lead to further progress in the
field of CNT-polymer nanocomposites.
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Appendix: DPD theory—basic equations revisited

In the DPD formalism, the beads simply follow Newton’s
equations of motion:

dry . doy -

o Yis dr =/
where all the masses are normalized to 1 for simplicity,

and the force f‘, on bead i contains three parts, each of
which is pairwise additive:

]?i = zj:/(f,,c +J_€yp +f;)

where ) denotes summation over index j with i=j
excluded. In the above equation, f° and f® are
respectively, the dissipative and random forces, which
effectively act as a thermostat and result in fast
equilibration to the Gibbs-Boltzmann canonical ensemble.
The significance of these terms is investigated in detail
elsewhere [38] and will not Cbe discussed further in this
paper. Instead, we focus on f;; , which is modeled as a soft
repulsion between beads i and j. The force acts along the
line joining the two beads, and is therefore conservative
(i.e. momentum conserving). Groot and Warren [12]
assumed the following functional form for f:

fo® =a;(1-r/R), [Al=r=R

=0, r>R.

The parameters a;;, henceforth referred to as bead—bead
repulsion parameters, or simply as DPD interaction
parameters, depend on the underlying atomistic inter-
actions. The interaction range R, in the above equation
sets the basic length-scale of the system, and is defined as
the side of a cube containing an average number of p
beads. Therefore, R, = (ﬁVb)l/ 3, where V), is the volume
of a bead. One can think of g as a dimensionless bead-
density, related to the average bead-density p = 1/V,, by
the equation p= pRg. Even in a heterogeneous system
consisting of several different species, the basic assump-
tion is that all bead-types (each representing a single
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species) are of the same volume Vj,. This assumption is
useful in order to conform to the Flory-Huggins
Xx-parameter theory.

Let us now focus on the DPD interaction parameters.
The Accelrys DPD code’ works with interaction
parameters in reduced (i.e. dimensionless) units a =
aR./kT, and that’s the convention we follow here. If one
assumes the same bead-density for all components, one
can show [15] that the intra-species interaction parameters
are the same for all species, i.e.

aaa = dsp

for all species A and B. Therefore, it is the cross-species
interaction daag, or to be more precise, the excess
interaction Aa = (aap — aaa) that determines whether
components A and B will mix or segregate. The situation
is quite similar to the well-known Flory-Huggins theory of
polymers in solutions where the y-parameter controls
mixing or segregation behavior. It is therefore only natural
to seek a relationship between Az and the Flory-Huggins
x-parameter. For a homogeneous mixture it can be shown
that [12,15]:

XaB = 2apAa,

where a ~ 0.1 is roughly a constant. However, for a
segregated mixture the above relation does not hold. Using
the computed volume fraction of the minority component
in the homogeneous part of the mixture, Groot-Warren
(GW) determined a linear fit [12] for a monomer—
monomer mixture:

x = 0.286Aa (forp=3) and
(A.1)
x = 0.689Aa (for p = 5),

while Wijmans-Smit-Groot (WSG) determined a non-
linear fit [39] (see figure 2 of Ref. [39]). It should be
remarked here that the minority volume fraction, which
decreases exponentially with increasing y, becomes a very
small number for moderately large values of y, say x' ~
10 or so. Thus, both the GW and WSG fits are appropriate
only in the range y < x', which roughly corresponds to
Aa < 30 or so (for g = 3). For higher values of y one
needs to take recourse to other quantities, e.g. interfacial
tension, in order to compute Aa.

In this paper, we compute y from solubility parameters
using the formula [15-17]:

V
XAB = k—;(aA — &), (A2)

where 8, and Op are the solubility parameters of systems
A and B, respectively, V}, is the volume of a bead (all beads
having the same average volume Ri /), k the Boltzmann
constant, and 7 the absolute temperature. The solubility

parameter 0 is defined as the square root of the cohesive
energy density.

From the above discussion it is clear that all DPD
interaction parameters can then be determined once one
calibrates the value of aaa for a specific system. Groot and
Warren chose water as the specific system, and equated the
density-derivative of pressure at a constant 7 and V to the
inverse of (dimensionless) isothermal compressibility k,
which led to the following relation:

ana = 75/p, (A.3)

irrespective of the bead volume. Thus for commonly used
values of p= 3 and 5, aaa = 25 and 15, respectively.

As a concrete example, let us illustrate how the
interaction parameters for the DPD simulation of a
mixture of PMMA polymer and (15,15) CNTs are
computed. We define a PMMA monomer as a bead. Thus,
the bead volume V,, is the equilibrium volume occupied by
a PMMA monomer in an amorphous polymer at room
temperature. Considering a room-temperature density of
1.19 gm/cm® for PMMA, one computes Vy =~ 145 A3,
roughly five times the volume of a water molecule. For
solubility parameters, we use the UFF-computed value of
8=15.7/cm®)"? for a (15,15) CNT and SYNTHIA-
computed+ (18] value of 18.9 (J/em®)'? for PMMA
(see figure 1). All our simulations were performed for
bead-density p = 3. Thus, using equations (A.1)—(A.3),
the interaction parameters were computed as: aaa = 25,
and apg = 26.3.

DPD intramolecular potentials

In addition to the conservative soft-repulsive interactions
as described above, polymeric systems also require extra
spring-like interactions to describe covalent “bonding”
between consecutive beads in a polymeric chain. In the
Accelrys DPD code’ Hookean spring potentials have
traditionally been used:

1 5
where the energy is dependent only on the separation of
the beads 7; (expressed in reduced units, i.e. 7; = r;j/R.)
and leads to a force

_ 1,B=
FU_k rij,

where kP is the force constant. This scheme has been
shown to successfully reproduce the end-point distribution
and exhibit the correct scaling laws for chains as short as
L = 10, although a microscopic theory mapping the detail
of the polymer to the DPD strings has not so far been
developed. For the value of k ® it appears sufficient to use a
value that does not allow excessive stretching of the bond;
kB = 4.0 has often been used and was used here for bonds
in all polymer chains in the polymer-nanotube composite

ISee Accelrys page: http://www.accelrys.com/mstudio/ms_modeling/dpd.html.
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models. It should be noted that although the minimum
bond energy is achieved for r; = 0, complete overlapping
of the beads is prevented by the soft repulsive bead-bead
interaction, which works against this. There are no 1-2 or
1-3 exclusions from the soft repulsive interaction for
bonded DPD beads.

The DPD polymers constructed this way imply that a
DPD bead diameter is equivalent to a Kuhn segment for
the chain (since the string is fully flexible). Whilst this is a
sufficient representation when there is one type of polymer
in the system, it is not always ideal for polymer mixtures,
where one polymer can be much stiffer than another—or
in this case a nanotube-polymer mixture where the
nanotube model should be inherently very rigid. Angle
dependent potentials are one way of introducing rigidity to
a chain. This has been previously used in DPD simulations
to introduce stiffness to the tails of bilayer forming
amphiphiles [40]. The potential used was a standard three-
body harmonic bond angle energy, familiar from classical
forcefield simulations:

1
Ej = 5kf’(o,-,-k -0

where assigning 0 = 180° aligns the beads. To obtain a
very straight and rigid rod, it was found that k? = 40 was
appropriate for this force constant. Values greater than 40
resulted in some significant heating of the system. Use of
0 < k% < 40 generated chains with larger end-to-end
dimensions than the flexible DPD polymers, i.e. chains of
intermediate stiffness. One consequence of using angle
potentials is that a component of the bond angle force is
directed along each of the bonds themselves. In
conjunction with a bond potential such as that above,
this can result in a significant stretching of the bead—
bead bond distance. This can be avoided by using a
harmonic bond potential with a target equilibrium bond
length

1 2
Eijk = Ekf <’_"ij — 7'2)

F,'j :kf(f,j - 7'2)

A suitable target bond distance for the nanotube model
was chosen from consideration of the bead—bead pair
correlation function of a system of DPD polymers in
equilibrium. Using otherwise identical system parameters,
the mean (reduced) bead—bead separation was found to be
approximately 0.75 and hence this value was chosen for ng in
the nanotube models. Although only imposed for the
nanotube model bond terms, it meant that the average
polymer—polymer, polymer—nanotube and nanotube—
nanotube bead separations were all very similar, helping to
conform to the basic assumption of Flory—Huggins theory
that segment volumes are equal. Trial and error led to
the allocation of kf = 20 for the nanotube bond spring
constant. This high value was required to compensate for the
very high angle restraint, imposed to keep the beads in
alignment.

We would like to point out that even though the values
of k ?and kf were larger than typical spring constants used
in standard DPD simulations, they are still 1-2 orders of
magnitude smaller than that necessary to make the
Young’s modulus and bending stiffness of a bead-
represented nanotube the same as that of a real nanotube.
This is reflected in noticeable bending of the tubes in
figures 2 and 3 even over length-scales of 10nm (see
below), whereas experimental tubes display similar
bending over length-scales of 100 nm or more. However,
we do not expect this to affect nanotube—polymer
miscibility. Besides, we plan to compute mechanical
properties of the composite using a finite-elements
formalism [36,37], where DPD spring-constant para-
meters are not used.

DPD length- and time-scales

As discussed above, the DPD length-scale is set by the
parameter R, = (ﬁVb)l/3 where p= 3, and V}, = 145 A3
for our parameterization. This implies R. = 0.76 nm and
thus a typical simulation box of 30 X 30 X 30 in DPD
units would represent a cube of real spatial dimensions
~23nm on each side. The nanotubes were chosen to be
20-mers long, corresponding to an effective length of
20734RC ~ 11.4nm. The 15-mer polymers were equivalent
to the use of PMMA with molecular weight of
~ 1500 a.m.u. Although the CNTs and polymers were
1-3 orders of magnitude shorter than typical experimental
lengths, the resulting system-size allowed us to complete
each simulation within a few hours on a single
Workstation processor. We are considering approaches
that will simulate longer CNT and polymer chains, either
through use of larger simulation boxes or by further
coarse-graining of the model.

The power of mesoscale modeling is very impressive
after consideration of the gain in time over standard
classical MD. Groot and Rabone [41] compared DPD-
computed diffusion rate of water beads with the
experimentally measured values. This analysis for aas =
25 led to a DPD time-scale given by 7 ~ 25.7 an/3 ps [42],
where N,, is the volume of the bead in terms of water
molecules. In our case Ny, ~ 5, which yields 7 ~ 0.35 ns.
Considering a default time-step of 0.057 used in our
simulations [12], our total simulation run of 5 X 10° steps
correspond to a real time of ~9ws. This kind of
simulation time, coupled to the fact that a cubic box with a
side length of 23 nm filled with PMMA polymer under
ambient conditions amounts to c.a. 1.6 X 10%atoms,
demonstrates very clearly how the equivalent classical
MD simulation would be utterly unfeasible even on a
massively parallel supercomputer.
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