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Abstract

A method for calculating the energy of mixing carbon nanotubes (CNTs) with polymers is presented. The formation of the nanocomposite is
analyzed in terms of a simple path in which the nanotubes are exfoliated from a bundle and dispersed in a distorted polymer with cylindrical
cavities to accommodate the nanotubes. From this perspective, the energy of mixing is the difference between the energy required to exfoliate the
nanotubes from a bundle and the energy needed to extract the nanotubes from the polymer matrix relative to the relaxed polymer without any
nanotubes. These energy components are evaluated by performing molecular mechanics calculations on individual, localized models represent-
ing the polymer, nanotube bundles, and polymer/CNT agglomerates. This method is applied to polystyrene/CNT composites and the factors that
determine their thermodynamic stability are identified. To a first approximation, the interaction energies (per unit surface area of the nanotubes)
are independent of the lengths and chiral indices, but dependent on the diameters of the component nanotubes. By the application of this method,
we show that the energy of mixing CNTs with PS is endothermic until the diameters of the component nanotubes exceed about 2.2 nm; at
diameters greater than this value the energy of mixing becomes exothermic. This may explain why it is so difficult to obtain good dispersion
of single-walled CNTs (SWCNTs) in PS, since they rarely grow to have diameters greater than about 1.4 nm. On the other hand, since the

diameters of multi-walled CNTs typically exceed 10 nm, we would expect them to disperse much better than SWCNTSs in polystyrene.

Published by Elsevier Ltd.
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1. Introduction

It has been demonstrated that the addition of small quanti-
ties of carbon nanotubes (CNTs) can improve the thermal and
mechanical properties of polymers [1—7]. In many cases, how-
ever, this property enhancement is limited by the degree to
which the CNTs can be uniformly dispersed within the poly-
mer matrix [8]. Unfortunately, CNTs are difficult to disperse
in most polymers and the composite materials made by mixing
them are typically colloidal suspensions, which have a ten-
dency to phase-separate over time. Thus, the properties of
these materials may deteriorate with use even when good
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initial dispersion is achieved by employing high shear mixing
techniques. At the source of the problem are the very proper-
ties from which the benefits of CNTs derive. More specifically,
CNTs reinforce the polymer matrix because they are inher-
ently more rigid and less mobile than the polymer molecules
they replace, but these attributes may also limit their
miscibility.

In this paper, we continue the development of a simple
methodology based on molecular mechanics that can be
used to calculate the energy of mixing nanotubes with poly-
mers [9]. Although molecular mechanics has been employed
extensively in the past to investigate the structures and me-
chanical properties of CNTs and polymers, [10—14] its appli-
cation to the problem of predicting the miscibility of CNTs in
polymers is still relatively unexplored with the exception of
a paper by Maiti et al. [15]. These authors used molecular me-
chanics to calculate the cohesive energy densities of nanotube
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bundles as a function of their diameters, from which they
obtained the corresponding Hildebrand solubility parameters.
By comparing these to accepted values of the solubility para-
meters for a series of polymers, they were able to make
predictions about the diameters required for miscibility. It
should be noted, however, that their analysis was based on
the Flory—Huggins theory for regular solutions [16]. In our
approach, the interactions between CNTs and the polymer
are explicitly considered so that changes in coordination that
can result in an exothermic enthalpy of mixing are taken
into account.

2. Description of method

The increase in entropy that accompanies the formation of
a mixture is an important factor in determining the miscibil-
ities of small molecules. However, standard treatments of
polymer miscibility based on Flory—Huggins theory [17]
suggest that the entropies of mixing should be smaller in
magnitude for large, immobile molecules, such as CNTs and
polymers. This inference follows from the observation that
the number of lattice configurations (microstates) representing
the mixture will be reduced as a result of constraints imposed
by the bonds between the component monomers (and nano-
tube segments). Thus, assuming that Flory—Huggins theory
applies to mixtures of CNTs and polymers, the combinatorial
entropy of mixing should fall-off like (molecular weight)™'
and, therefore, should become negligible with respect to the
enthalpic contribution for sufficiently large CNTs and poly-
mers. Although it is possible that the local ordering of the
polymer in the vicinity of the CNTs (resulting in a negative
contribution to the entropy of mixing) may actually be more
important than the combinatorial effects (which make a posi-
tive contribution to the entropy of mixing) addressed in
Flory—Huggins theory, this effect should be relatively insensi-
tive to the structures (diameter and chirality) of the component
nanotubes. Thus, it should be possible to predict trends in the
thermodynamic stability of nanocomposites directly from
their enthalpies of mixing (AH,,x). Furthermore, the volume
change accompanying the formation of the nanocomposite
should also be small implying that AH,;y = AEix.

Unfortunately, an explicit calculation of the energy of mix-
ing (AE.ix) of polymer/CNT nanocomposites is precluded
because of the computational demands involved in evaluating
all of the interactions between the atoms, which might contain
nanotubes many microns in length and as many as 1000 car-
bon atoms in the polymer for every carbon atom in the nano-
tubes (i.e., a loading of ~0.1%). To overcome this limitation
we have adopted an approach that makes use of localized mo-
lecular models of the polymer, nanocomposite, and nanotubes
to estimate the magnitudes of the energies associated with the
polymer—polymer (pp), CNT—CNT (nn) and CNT—polymer
(np) interactions. The energy of mixing is then evaluated in
terms of a simple path in which the nanotubes are exfoliated
from a bundle and dispersed in a distorted polymer with cylin-
drical cavities to accommodate the nanotubes. From this per-
spective, the energy of mixing is the difference between the

energy required to exfoliate the nanotubes from a bundle
and the energy needed to extract the nanotubes from the poly-
mer matrix relative to the relaxed polymer without any
nanotubes.

Following the logic of this scheme, the energy of mixing
can be evaluated from

_ s s s
AEix = [AErln - (AEnp - AEPP)J X S, (1)
where
AE AE AE
s _ BEm s _ BEnp s _ BEp
AE = S AEnpf S AEppf—Sn (2)

are calculated from the energy differences of the model reac-
tions depicted in Fig. 1. The individual terms in Eq. (2) are
normalized by dividing by the surface area of the model nano-
tubes, S, to facilitate the extrapolation of the results obtained
from the atomic length scales of the molecular models to the
much larger dimensions that prevail in real materials (i.e.,
moles of atoms). Thus, as indicated in Eq. (1), the sum of these
component energies is multiplied by the total surface area of
all of the nanotubes in the nanocomposite, S (obtained as the
product of number of nanotubes and the average surface
area per nanotube) to calculate the energy of mixing for the
experimental material.

In these equations, AE,, is the energy required to remove
a nanotube from a bundle. The magnitude of this term reflects
the strength of the interaction between nanotubes. In this
study, values for these contributions were obtained by sub-
tracting the energy of a bundle (consisting of 7 CNTs) from
that of the smaller bundle where (any) one of the peripheral
nanotubes was removed and positioned sufficiently far away
so that its interaction with the others was effectively zero.
The second term, AE, is the energy needed to extract a nano-
tube from a polymer/CNT agglomerate that represents the
environment of the nanocomposite in the vicinity of the nano-
tube. This term accounts for the interactions between the nano-
tube and polymer. These values were obtained by subtracting
the energy of the polymer/CNT agglomerate from that of the
structure consisting of the polymer with a cylindrical cavity
(where the nanotube was removed) and a noninteracting
CNT (.e., located far enough away that its interaction with
the polymer was insignificant). The last term, AE,,, is the
energy lowering that results from closing the cylindrical cavity
created by the nanotube in the polymer/CNT agglomerate,
which should be proportional to the surface energy of the
polymer. These values were obtained by multiplying the sur-
face energy of the polymer by the surface area of the cylindri-
cal cavity. The surface area of this cavity is 2m(R + d)l, where
R is the radius of the CNT, / is its length, and d is the average
distance between the polymer and the surface of the nanotube.

3. Computational procedures

Molecular mechanics calculations were performed on
models of polystyrene (PS), PS/CNT nanocomposites, and
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Fig. 1. Processes involved in the formation of a PS/CNT composite from a nanotube bundle and polymer.

nanotube bundles using commercial software package (Hyper-
chem version 7)' with the MM+ force field [18]. Energy
optimized structures were determined by employing the
Polak—Ribiere conjugate gradient algorithm with an exponen-
tial-6 potential (without a cut-off) to represent the nonbonding
interactions. Since molecular mechanics calculations consist
of minimizing the potential energy without consideration of ki-
netic energy, they cannot account for the effects of temperature.
Thus, we must assume that the relationships between the energy
of mixing and nanotube structure, which are derived on the basis
of molecular mechanics, are insensitive to temperature.
Calculations of the cohesive energy of graphite and the surface
energy of PS were preformed to evaluate the accuracy of the
MM force field and determine its suitability for application to
polymer/CNT composites. A model of graphite was constructed
by minimizing the energy of a stack consisting of 3 (identical)
graphene sheets (3.93 nm x 2.38 nm). The energy of this model

! Certain commercial equipment, instruments, materials or companies are
identified in this paper in order to adequately specify the experimental proce-
dure. This in no way implies endorsement or recommendation by NIST.

was subtracted from that of a second model consisting of
2 graphene sheets with the third sheet separated to ‘“infinity,”
as described above with respect to the CNT models. After divid-
ing this difference by the area of a single side of the graphene
sheet (A = 9.4 nm”), we obtained 164 kJmol~' nm™?, which is
in close agreement with the accepted experimental value
(160 kI mol ' nm~?) for the cohesive energy of graphite [19].
The convergence of the calculated value was examined by repeat-
ing these calculations with additional graphene sheets. The effect
of the fourth sheet was negligible with respect to the estimated un-
certainty of the calculations, ~ 5%. The surface energy of PS was
calculated as follows. A rectangular slab of polymer, with dimen-
sions similar to the graphene sheets, was constructed by stacking
2 layers of PS each consisting of 4 (18 monomer) parallel chains.
A second, identical slab was obtained by replicating this struc-
ture. The two slabs were then placed on top of each other and a re-
laxed structure for the bulk assembly was obtained by minimizing
its energy. Finally, the surface energy was obtained by dividing
the energy required to separate the two component slabs (until
their interaction was effectively zero) by the surface area created
by their separation (2A). The value obtained in this way was
Ypp = 39.6 kJ mol~ ' nm ™2, which is in good agreement with
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the estimate obtained from extrapolation of experimental mea-
surements of the surface tension of PS to 0 K (37 kJ mol ! nm )
[20]. Again, the convergence was investigated by considering
additional layers of polymer, but the calculated value remained es-
sentially constant after the addition of the second layer to each PS
slab. Based on these comparisons, we think that the MM+ force
field provides a realistic description of the potential energy inter-
actions that determine the energies of mixing CNTs with PS.

Similar calculations were performed to evaluate the
energy of interaction (per unit surface area) between graphene
and PS, AEép. A slab of PS (constructed as described above)
was placed on top of a graphene sheet having the same sur-
face area and an optimized structure for the composite was
obtained by minimizing its energy. The value, AE;p =
90.7 kJ mol ! nm~2, was calculated by dividing the amount of
energy required to separate the PS slab (until the interaction
between them was effectively zero) from the graphene by the sur-
face area of the PS slab/graphene sheet (A). The convergence of
AEgp with respect to the addition of subsequent PS layers was
also examined as described above. We found that the value did
not change (to within the estimated uncertainty of the calcula-
tions) after addition of the second layer of polymer. The energy
required to remove the PS slab from a stack consisting of 2 gra-
phene sheets was also calculated in an effort to understand the
effect of additional nanotube walls on the CNT—polymer inter-
action energy. We found that the magnitude of AE; increased
about 13% (from 90.7 to 102.3 kJ mol ' nm™?) by the addition
of second graphene sheet. The effect of adding a third sheet
was negligible.

Molecular models of zig-zag, arm-chair, and chiral CNTs
with diameters ranging from 0.34 to 1.46 nm were constructed
and used to make bundles consisting of 7 CNTs (i.e., a central
CNT surrounded by 6 nearest neighbors) arranged in a hexa-
gonal lattice without any twists, bends, entanglements, or
other defects. The models of these bundles were optimized
to determine the lowest energy geometries and used to calcu-
late values for AES , as described above. The effects of the
length of the nanotubes and size of the bundles were examined
in a previous study where it was found that the values for AEﬁn
were insensitive to changes in the number of nanotubes in the
bundle (beyond a minimum of 7) and the lengths of the com-
ponent nanotubes [9].

A model PS/CNT nanocomposite was constructed for each
type of CNT by wrapping it with PS chains consisting of 16
monomers. Chains were added until it was determined that
the surface of the nanotube was completely covered by poly-
mer and the resulting structure was energy optimized. Addi-
tional calculations were performed on some of the models to
ensure that the values for AEﬁp were converged with respect
to the number of polymer chains and invariant to changes in
the lengths of the nanotubes. The average value of the distance
of separation between the surface of the CNT and inner sur-
face of the surrounding polymer, d = 0.35 nm, was found to
be independent of the diameter of the CNTs. Constant tem-
perature molecular dynamics simulations were performed at
elevated temperatures (500 K) for several picoseconds on
each of these structures followed by an energy optimization

to generate three independent structures for each PS/CNT
agglomerate. The values of AEip obtained in this way varied
by approximately 5%. The averages are reported in the follow-
ing section.

4. Results

The approach described above was applied in an attempt to
understand the factors that determine the thermodynamic sta-
bility of PS/CNT composites. Polystyrene was chosen for the
first application because it has aromatic rings, which should
interact favorably with CNTs based on the premise that
“like dissolves like.”

The energies required to remove a CNT from a bundle
(per unit surface area of nanotube), AEﬁn, are listed in Table 1
and plotted in Fig. 2. The variation of the CNT (surface area
normalized) binding energies with radius is well-described

by Eq. 3)

Cnn
VR

AE,,(R) = 3)

with Cp, = 55.2 kJ mol™' nm~¥2. This function appears to fit
the calculated values equally well without regard to the chiral

Table 1
Models of CNT bundles

Chiral indices ~ Nanotube =~ Nanotube =~ Number of AES,
radius length nanotubes (kI mol~' nm~?)
(nm) (nm) in the bundle
3.2 0.17 3.80 7 131.9
6_0 0.23 3.78 7 117.3
55 0.34 3.39 7 92.7
6_4 0.34 3.90 7 922
10_0 0.38 3.78 7 90.7
77 0.47 3.88 7 81.9
10_10 0.67 3.39 7 67.7
12_8 0.67 3.90 7 67.6
20_0 0.73 3.78 7 67.4
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Fig. 2. The values of AES obtained from MM calculations (points) are
well-described by Eq. (3) (line).
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indices of the nanotubes (i.e., whether they are zig-zag,
arm-chair or chiral).

The observed R™'? fall-off is consistent with results
reported previously by Tersoff and Ruoff [11] and others
[12,15]. It arises from the simple fact that the average distance
between adjacent cylindrical surfaces (with the same radius)
increases from their distance of closest approach with increas-
ing radius. Since the atoms that comprise each of the two
interacting nanotubes are on average farther apart in large
diameter nanotubes (assuming that their distance of closet
approach remains the same), the attraction between them
diminishes thereby reducing the cohesive energy per unit sur-
face area of the bundle.

A similar analysis can be applied to both AEﬁp and AEgp.
As discussed above, AEgp represents the energy lowering
(per unit surface area of nanotube) associated with closing
the cylindrical cavity occupied by the nanotube and should
be proportional to the (negative of the) surface energy of the
polymer (7yp, =39.6 kJ mol ' nm~?). That is,

S B —Ypp2T(R+d)l _ d
AEpp(R) IR -y E—— Yopl 1 +R . 4)

The CNT—polymer interaction energies, AEﬁp, obtained from
our calculations are listed in Table 2 and plotted as a function
of CNT radius in Fig. 3. The results are accurately represented
by Eq. (5)

d
AE; (R) = AE}, (1 + ﬁ> , (5)

with AE;;p =90.7 kJ mol~! nm~2 and d = 0.35 nm. Here AEép
is the energy of interaction between PS and a single graphene
sheet (per unit area of graphene) and d is the distance separat-
ing the surface of the nanotube from the internal surface of the
surrounding polymer (see the discussion in Section 3). The
result expressed in Eq. (5) is consistent with the hypothesis
that the potential energy of interaction between the CNT and
polymer increases in proportion to the sum of the areas of
the external surface of the CNT and the internal surface of
the surrounding polymer shell. As noted above with respect
to the CNT—CNT interaction energies, a single function
appears to provide a good representation of the variation of

Table 2
Models of PS/CNT agglomerates
Chiral  Nanotube Nanotube Number of 16-monomer AE‘fIp
indices radius length polystyrene chains in (kJ mol~! nm~?)
(nm) (nm) the agglomerate
32 0.17 3.80 20 184.3
6_0 0.23 3.78 20 165.1
5.5 0.34 3.39 20 133.0
6_4 0.34 3.90 24 1354
100 038 3.78 24 133.9
77 0.47 3.88 24 123.2
10_10 0.67 3.39 24 109.3
12.8  0.67 3.90 34 107.2
200 0.73 3.78 34 111.9
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Fig. 3. The values of AEﬁp obtained from MM calculations (points) are
well-described by Eq. (5) (line).

the CNT—polymer interaction energies with R, independent
of the chiral indices of the nanotubes.

5. Discussion

Substitution of Egs. (3)—(5) into Eq. (1) results in the fol-
lowing expression for the dependence of the energy of mixing
(per unit area) on CNT radius:

ES

mix

(R) = AES,(R) = |AES, (R) + AES, (R)|

(Eép - Ypp) + (b% - 7pp> 1%] : (6)

The first term on the right hand side of Eq. (6) represents the
energy required to remove a single CNT from a bundle. The
second term (in brackets) represents the energy needed to
extract the same CNT from the polymer matrix; or equiva-
lently, it is the energy released when the CNT dissolves in
the polymer matrix. These terms are plotted separately in
Fig. 4. The solvation energy initially fall-offs like R~' and
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Fig. 4. Plots of the CNT exfoliation (solid line) and solvation (dashed line)
energies indicating the radius at which the mixing between CNTS and PS
becomes exothermic.
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approaches a constant value as R— o. This is because the
term in the solvation energy that depends on R~ arises from
the difference in the areas of the interacting surfaces (i.e.,
the outer surface of the CNT has less area than the inner sur-
face of the surrounding polymer), which becomes negligible
for R greater than about 2d. The exfoliation energy, which
dominates the energy of mixing at small values of R (where
AE,,ix is endothermic), intersects the curve describing the sol-
vation energy at about R = 1.1 nm; after which the energy of
mixing becomes exothermic. This intersection occurs after
the solvation energy has effectively reached its asymptotic
value. Thus, to a good approximation, the critical radius where
the energy required to exfoliate a CNT becomes equal to the
energy released when it dissolves in the polymer is given by

2

R=|—Cm | (7)

(AEép B ’Ypp)

On the basis of these calculations, we predict that it should be
possible to obtain stable, fully exfoliated nanocomposites by
blending CNTs having diameters greater than about 2.2 nm
with polystyrene. Since single-walled CNTs (SWCNTs) are
typically smaller than this (1.0 nm—1.4 nm in diameter)
[21], we conclude that fully exfoliated nanocomposites con-
sisting only of (non-functionalized) SWCNTs and PS are not
thermodynamically stable and will have a tendency to agglom-
erate with the passage of time.

On the other hand, the calculated dependence of AFE;x
on nanotube diameter suggests that multi-walled CNTs
(MWCNTs), which have diameters ranging from about
10 nm to more than 50 nm, [22] should be completely miscible
in PS. This possibility was examined by performing calcula-
tions on double-walled nanotubes (DWCNTSs). The results in-
dicate that, for DWCNTs, the dependence of AE;Srl on R is
well-described by Eq. (3) with Cp,=65.5 kI mol ' nm ">
(i.e., an increase of approximately 19% over the value
obtained for SWCNTs) and that the presence of a second sheet
of graphene increases the value of AEg from 90.7 to
102.3 kJ mol ' nm 2 (see discussion in Section 3). Substitu-
tion of these values into Eq. (7) gives about the same value
(R=1.1 nm) obtained with SWCNTs, suggesting that the
critical radius for thermodynamic neutrality is not significantly
affected by the presence of the second wall because the
increase in AES is offset by a concomitant increase in AEép.
Furthermore, the results of our calculations on models consist-
ing of multiple graphene sheets (Section 3) suggest that the
inclusion of additional walls (i.e., beyond 2) will not have
a significant effect on the values of AEj and AE} . Thus,
the conclusion that the energy of mixing (non-functionalized)
MWCNTs with PS is exothermic appears to be valid.

Another issue that warrants further consideration is the
effect of temperature. As discussed in Section 3, the energy
differences obtained from our calculations correspond to hy-
pothetical structures at 0 K. Thus, in an effort to obtain a qual-
itative understanding of how the energy of mixing depends on
temperature, we performed a series of constant temperature

molecular dynamics simulations on models of CNTs, PS,
and PS/graphene composites at temperatures of 100 K,
200 K, and 300 K. From these calculations, it was determined
that the CNT exfoliation energy decreases, whereas the solva-
tion energy increases with increasing temperature. Thus, the
value of R at which the CNTs become completely miscible
in PS, should become smaller with increasing temperature
(see Fig. 4). This issue will be examined in greater detail in
future investigations.

Our calculations suggest that the thermodynamics of mix-
ing CNTs with polymers becomes more favorable with in-
creasing diameter because the attraction between them (per
unit surface area) decreases while the attraction between the
CNTs and polymer (per unit surface area) approaches a con-
stant value after an initial, more rapid fall-off (Fig. 4). This
difference in behavior is a consequence of the fact that as
the diameters of the component CNTs increase, the number
of atoms per unit volume in a bundle decreases resulting in
a reduction in cohesive energy per atom. On the other hand,
the flexibility of the polymer enables it to conform to the spa-
tial constraints that result from the introduction of the CNTs
while it maximizes the interactions between the component
atoms. The significance of the shape of the nanoadditive on
the thermodynamic stability of nanocomposites can be better
appreciated when taken in context with the observation that
when flat graphene sheets are substituted for CNTs in our cal-
culations, thermodynamic neutrality is never attained. Thus,
according to these calculations, the energy of mixing per
unit surface area is about 62 kJ mol~' nm~2 and is indepen-
dent of the spatial dimensions of the graphene sheet.
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