110

Macromolecules 2005, 38, 110—115

Polystyrene-Based Single-Walled Carbon Nanotube Nanocomposite Thin
Films: Dynamics of Structural Instabilities

Brian M. Besancon and Peter F. Green*

Department of Chemical Engineering and Texas Materials Institute, University of Texas at Austin,
Austin, Texas 78712

Received May 19, 2004; Revised Manuscript Received September 7, 2004

ABSTRACT: Thin polystyrene (PS) liquid films supported by oxidized silicon (SiO,/Si) substrates may
be unstable or metastable, depending on the film thickness, 4. In the metastable thickness regime, holes
nucleate throughout the surface of the films and subsequently grow under the action of capillary forces.
Recent studies show that the hole growth rate in thin PS films is suppressed with the addition of small
concentrations of Cgy fullerenes, due to pinning at the line of contact. We examined the hole growth
dynamics in thin film polystyrenes with functionalized single-walled carbon nanotubes (PS-SWNT)
supported by SiO,/Si substrates. The hole growth velocities in PS films containing 0.75 wt % functionalized
single-walled nanotubes, Vps_swnt, were appreciably slower than Vps, the hole-growth velocities of holes
in polystyrene films of the same thickness. Moreover, Vps_swnt and Vps decreased with decreasing film
thickness, for 2~ < 50 nm, with thickness dependencies which exceed theoretical predictions. In addition,
Vps(h)/Vps-swnr(h) increased with decreasing ki, for A < 50 nm, and approached a constant value for larger
h. We show that the suppression of the hole-growth rates in the PS—SWNT films are associated with
larger viscosities of the PS—SWNT films and that the film thickness-dependent velocities are associated

with film thickness-dependent viscosities.

Introduction

Applications involving single-walled carbon nanotubes
(SWNT’s), which include sensors, catalytic films, and
microelectronic devices, take advantage of the unique
physical properties of these materials.!™® Polymers
containing small weight fractions (~1 wt %) of SWNT’s
have been shown to exhibit substantial improvements
of their mechanical properties.” 1! Uniform dispersion
of the nanotubes is necessary to achieve significant
property improvements. However, the dispersion cannot
be achieved without chemical functionalization of the
nanotubes, needed to increase their compatibility with
the polymer host.11716 The nanotubes otherwise exhibit
a propensity to aggregate and form ropes or bundles.1-12

Mitchell et al.1! showed that ~1 wt % functionalized
SWNT’s formed a percolated network throughout poly-
styrene (PS) hosts and that the viscoelastic response of
this material, PS-SWNT, was fundamentally different
from that of pure PS. Whereas the low-frequency elastic
modulus, G', of the pure PS exhibited linear viscoelastic
behavior (i.e., G' ~ w?), the nanocomposite exhibited
pseudo-solid-like behavior, G' ~ »°. The viscosity of the
new nanocomposite also increased appreciably. For
example, the zero shear viscosity of PS nanocomposites
containing 0.75 wt % functionalized SWNT was found
to ble1 approximately a factor of 3 larger than that of pure
PS.

Like bulk polymer-based nanocomposites, polymer
thin film nanocomposites are of current scientific and
technological interest. Film thickness-dependent phase
transitions are exhibited by thin film polymer—polymer
mixtures and by block copolymer films.17~22 Changes of
the glass transition temperatures?3—3! and viscosities3233
with decreasing film thickness also occur in thin poly-
mer films. Interactions between the polymer segments
and the external interfaces and entropic effects, associ-
ated with the packing of chains, are generally implicated
for these thickness-dependent properties.

10.1021/ma049008+ CCC: $30.25

Apart from the finite size property-dependent effects
manifested by polymer films, thin, supported, polymer
films may be structurally destabilized due to long-range
intermolecular interactions.?4=%* Stable, unstable, or
metastable behavior is largely associated with the
curvature of the free energy of interaction per unit area,
02®/0h?, between the polymer/substrate and polymer/
free surface interfaces, separated by a distance 4. ® is
often referred to as an effective interface potential. Holes
nucleate throughout the surface of films in the meta-
stable thickness regime, and these holes grow under the
influence of capillary forces. It has been shown that Cgg
fullerenes,* silica,*® and carbon black*® suppressed the
hole growth velocity in polystyrene films supported by
oxidized silicon wafers. The suppression is due to the
segregation of these particles to the line of contact,
resulting in pinning.*>*6 Cole et al.*” showed that
alkanethiol-coated spherical gold particles dispersed
throughout poly(ter¢-butyl acrylate) films had the effect
of reducing the hole growth velocities due largely to an
increase of the viscosity of the films. The proposed
mechanism for the increase of the viscosity is believed
to be associated with the formation of gold—polymer
aggregates, wherein the polymer chains create bridges
between the gold particles.*” Computer simulations of
polymer—filler systems indicate that dewetting rates
should be affected by the mobility of the filler particles,
by the interactions between the filler particles and the
polymer, and by the size of the filler particles.*®

In this paper we examine the effect of functionalized
single-walled carbon nanotubes on the hole growth
velocities in thin polystyrene (PS) films in the thickness
range 25 nm < i < 60 nm, supported by oxidized silicon
wafers. The hole growth velocities, Vps—swnr, in the PS—
SWNT nanocomposite films containing 0.75 wt % SWNTs
were reduced by a factor of 5 compared to Vpg, the
growth velocities in pure PS films. We show that this
reduction is associated with the larger viscosities of the
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Figure 1. A typical AFM image of a hole is shown, ac-
companied by a line scan of the rim profile in which the radius
of the hole is identified.

PS—SWNT films. Second, both Vps_swnt and Vps in-
creased with decreasing i for 2 < 50 nm, at a rate far
in excess of predictions based on theory; the velocities
became independent of & for larger values of 4. The film
thickness dependence of the growth velocities is associ-
ated with film thickness-dependent viscosities. Finally,
Vps/Vps—swnr increased with decreasing i for A < 50
nm.

Experimental Section

Nanocomposite materials of polystyrene (PS) of molecular
weight 152 kg/mol functionally attached to 4-(10-hydroxyde-
cyDbenzoate modified single-walled carbon nanotubes (SWNT)
were used in this study. There is one functional group per
every 66 carbon units. Details of the SWNT functionalization
procedures as well as further information regarding the
characterization of the nanocomposites may be found in refs
11—-15. The diameter of the SWNT’s was roughly 0.7 nm with
an average tube length of ~1 um.'® Three series of samples
were prepared. Films of PS containing 0.75 wt % functionalized
SWNT (PS-SWNT) in the thickness range 25—65 nm were
prepared by spin-coating solutions of PS-SWNT in toluene onto
silicon wafers. The wafers were purchased from Wafer World,
Inc. The wafers had a native oxide layer thickness of 1.5 nm,
as measured by ellipsometry. A second series of nanocomposite
thin films containing 3 wt % unfunctionalized SWNT’s mixed
with PS of the same molecular weight were also prepared. The
third series of films consisting of pure PS of the same
molecular weight used for to make the nanocomposites were
prepared. The polystyrenes were purchased from Polymer
Source.

After spin-casting, the average film thicknesses were mea-
sured using ellipsometry. Analyses of the topographies of the
films were performed using scanning force microscopy (Auto-
probe CP atomic force microscope from TM Microscopes). Ex-
situ SFM scans were made employing the contact mode. Each
film was scored after deposition to expose the underlying
substrate so that the local film thickness could be determined
from the SFM scans of the edges. The films were subsequently
annealed at 170 °C under vacuum and periodically quenched
and analyzed using SFM.

Figure 1 shows the morphology of a typical hole that
develops in films in this thickness range; each hole is sur-
rounded by a circular, stable, outer rim which increases in size
as the hole grows. As discussed in an earlier publication, the
rims surrounding holes in thinner PS films (A < 24 nm) of
this molecular weight are unstable and form fingers.**5° The
holes in these films increase in size and eventually impinge

Carbon Nanotube Nanocomposite Thin Films 111

0.3 T T T

0.25

0

——25nm
-8— 33nm |+
—*—42nm
-6— 50nm
—¥—56nm |1
-6— 65nm

R-R _(microns)
o
o
T

| |
0 50 100 150 200 250
t—t0 (min)

Figure 2. Hole radius as a function of time is shown for
different film thicknesses of 0.75 wt % functionalized SWNT
composites.

and subsequently approach a final stage characterized by large
macroscopic droplets and small regions of tiny nanoscale
droplets ~1 nm in height. The contact angles of the macro-
scopic droplets were Opsswnr = 32 + 2° in all samples
examined. The time dependencies of the hole radii in different
films are shown in Figure 2.

Results and Discussion

The structural destabilization of thin films is reason-
ably well understood. The free energy of interaction per
unit area between the liquid/substrate and liquid/free
surface interfaces separated by a distance & is deter-
mined by a combination of short and long-ranged
intermolecular interactions. These are often represented
by an effective interface potential, which has two
contributions ® = —Ag/127h2 + 6(h), where the first
term describes the long-range contribution to the inter-
action; Ag, is the Hamaker constant.?* The second term,
O(h), describes the short-range interactions.?4~38 A net
attraction exists between the solid—liquid and liquid—
vacuum interfaces when the Hamaker constant is
positive. For the Si/SiO,/PS/vacuum system, the effec-
tive Hamaker constant is positive, and thin PS liquid
films are typically unstable or metastable, depending
on the value of ;. 32:33.36,37,39,40—43,50

The nucleation of holes in the substrate occurs with
the formation of a local depression in the film. This local
depression penetrates into the film and impinges the
substrate.*2 When a hole forms on the substrate, capil-
lary forces are responsible for growth (negative spread-
ing coefficient, S).#451 As a hole grows, a rim develops
at the perimeter due to the accumulation of chains.33:44
The driving force for hole growth is opposed by two
processes: the dissipation of energy within the film due
to viscous resistance and by the frictional resistance at
the substrate/liquid interface. If friction at the substrate/
liquid interface is the dominant mode of dissipation,
then for small rim widths the velocity of growth is given

by3:44
Ve 'S—'(hi)m (1)
7\

In eq 1, » is the viscosity and b is the extrapolation
length; b is determined by the viscosity and the mono-
mer friction coefficient between the polymer and the
substrate, & (k = 5/b). That the velocity is constant is
associated with the fact that the driving force is
constant. Experimentally this may be confirmed by
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Figure 3. Velocity as a function of film thickness is shown
for the 0.75 wt % functionalized SWNT composites, the 3 wt
% pristine SWNT composites, and the pure PS.

measuring the dynamic contact angle between the
moving front and the substrate (we will return to this
issue later). While the radius of the hole increases
linearly with time, the width of the rim increases as the
square root of time due to a conservation of volume
constraint.** Eventually as time progresses, the velocity
of growth eventually decreases and R [ ¢%3,43:4¢ The
decrease of the growth rate at long times follows from
the fact that the frictional resistance increases with the
size of the rim while the driving force remains con-
stant.** In the second extreme scenario, the resistance
to growth is determined entirely by the dissipation of
energy within the film. Under these conditions, the
growth velocity is also constant, but the velocity does

not depend on the film thickness; accordingly, V O |S|/
51,52
n.=

Of interest to us in this paper are films of PS and
PS-SWNT in the thickness regime where they are
metastable. Holes nucleate throughout the films and
grow; eventually they form droplets. The droplets that
develop on the substrate from the destabilized PS and
PS-SWNT films possess the same equilibrium contact
angles (Og = 32 £ 2°). The time dependencies of the radii
of holes in the Si/SiO,/PS-functionalized-SWNT systems
are plotted in Figure 2. In each case R exhibits a linear
dependence on time.

The velocity of hole growth increases with decreasing
film thickness, as illustrated in Figure 3 for each
system. For thicknesses A < 50 nm, Vps—_swnt 0 273 and
Vps O AL These data also indicate that Vps &~ 5Vps_swnr
for A > 50 nm. Moreover, Vps/Vps_swnt increases with
decreasing with thickness. This plot, in addition, in-
cludes two data points for the nanocomposite film of PS
mixed with 3 wt % nonfunctionalized SWNT’s. Com-
paratively, the velocities of hole growth in the samples
containing the 3 wt % nonfunctionalized SWNT’s exhibit
modest changes compared to the effect of the function-
alized SWNTs. The data in this figure clearly illustrate
the significant effect that functionalized nanotubes have
on the dewetting dynamics in polystyrene films.

The differences between the hole-growth velocities,
Vps and Vps—swnr, are not associated with differences
between the driving forces. In fact, the magnitudes of
the driving forces for hole growth in the PS and the PS-
SWNT films are similar. Masson and Green?3 reported
that the dynamic contact angle, 6pgs, for PS was a
constant, 5.5°, in the linear growth regime for films in
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the thickness range & > 25 nm. In the nanocomposite
thin films, the dynamic contact angle was also Ops—swnt
= 5.5 + 1° = Opg and remained constant throughout the
linear region of hole growth. The equilibrium contact
angles are also comparable in these systems, 6 = 32 +
2° for the nanocomposite droplets (Masson and Green
found 6 = 35° for PS33). Since the driving force for hole
growth is 51,52

Fp = y(cos 0 — cos 0p) (2)

suggesting that these forces are similar in both systems,
then there should be another reason for the dramatic
decrease of the hole growth velocity in the PS-SWNT
films.

Since there appears to be no evidence of pinning at
the line of contact, it is probable that a change in the
effective viscosity of the film could account for the 5
differences in hole-growth velocities on these systems.
In the thicker film regime where Vps ~ 5Vps_swnr, the
viscosities of the thicker films (A > 50 nm) should be
comparable to the bulk viscosities. Mitchell et al. showed
that by adding 0.75 wt % functionalized SWNT’s to bulk
PS the zero shear viscosity increased by a factor of ~3.11
It follows from eq 1 that the velocities and the viscosities
should be related such that

Vs __ Wps—swNT

3)

Ves—swnr Nps

This equation suggests that the larger viscosity of the
nanocomposite qualitatively accounts for the slower
hole-growth rates in these films compared to PS; eq 3
predicts a factor of 3 whereas experimentally a factor
of 5 is observed.

The increase of the hole-growth velocity with decreas-
ing A is now addressed in further detail. Theory predicts
that the velocity of hole growth should increase with
decreasing film thickness as V [0 A~V2, whereas the data
indicate that the increase with decreasing his VO A%,
where o ~ 3 for the PS system and a ~ 1 for the PS-
SWNT system. The prediction that V 0 A~Y2 as men-
tioned earlier, is based on the notion that the resistance
to hole growth is largely associated with the dissipation
of energy at the polymer/substrate interface. Also
implicit here is that the viscosity of the film, #, remains
constant, independent of A. The obvious question,
therefore, is what would account for the excess velocity
with decreasing h. We begin by reiterating that the
driving force is constant. Therefore, one source of the
increase of the velocity with decreasing A could be a
decrease of the viscosity with decreasing film thickness,
n = n(h). (A change of extrapolation length with film
thickness, & = b(h), could be considered, but & is
determined by the viscosity.)

Two factors would suggest that the viscosity should
increase with decreasing film thickness, which would
be at odds with our suggestion that # decreases with
decreasing h. First, studies indicate that when the film
is confined between two plates, the viscosity increases
with decreasing film thickness.?%57 While these observa-
tions would ordinarily support a conclusion that in our
system the viscosity may in fact increase with decreas-
ing h, the following point should be considered. At a free
surface, the chain segments possess more configura-
tional freedom than in the bulk, and in fact, the
segmental dynamics are faster than the bulk.?® The
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interactions in our system are asymmetric, chains
interact with a free surface and with a hard, confining,
substrate. These relative interactions at the interfaces
would strongly influence the viscosity of the system. In
this regard the behavior of our system is, in principle,
different from the case where the film is confined
between two hard substrates. The second factor that
would appear to oppose the notion that the viscosity
decreases with decreasing A is that the translational
diffusion coefficient of chains in the vicinity of a hard
substrate are shown to decrease in relation to the
bulk.53-55

The flows in our system are the result of instabilities,
and the moving fronts are driven by capillarity. In light
of this, two possibilities for the decrease of the viscosity
with decreasing i should be considered. One possibility
is shear thinning. The reduction of the viscosity with &
due to shear thinning would be less important in the
PS-SWNTs films than in PS films because the moving
fronts are driven across the substrate at a much slower
rate. This would suggest a weaker thickness dependence
of the viscosity in the PS-SWNT films, which is consis-
tent with our data.

A second possibility for the viscosity film thickness
dependence is a T, effect. In thin films, the glass
transition temperature is known to decrease, or to
increase, with decreasing film thickness, depending on
the nature of the interactions between the chain seg-
ments and the interfaces.?*731 In cases where the chains
interact strongly with the substrate, e.g., hydrogen
bonding, the T, increases with decreasing film thick-
ness, whereas it decreases when the interactions are
weak.23731 The latter describes the situation for poly-
styrene on silicon oxide where T, decreases with de-
creasing h, at least for the thicknesses examined in this
study.?426 Different models have been proposed to
explain this phenomenon. Some models consider the
effect of segmental mobilities near interfaces; others
consider the existence of multiple Ts within the film.
One model by Long and co-workers is based on the
notion that the density of local regions (domains) of the
sample fluctuate at a rapid rates whereas other regions
fluctuate slowly.27-59:60 They introduced a critical den-
sity, pc, above which the relaxation of the domains, each
occupying a volume vy, would correspond to the relax-
ation rate near the glass transition (~100 s). The glass
transition occurs when the slowly relaxing domains of
volume vy and density larger than p. percolate. Because
the percolation threshold is larger in 2D than in 3D,
the glass transition should occur at a lower temperature
in thin freely standing films relative to the bulk. In the
case where one surface is constrained by a substrate,
the interactions between the polymer segments and the
substrate become important. If the substrate—polymer
interactions are sufficiently strong, then the effective
fraction of slow domains in the system increases, and
this would lead to the situation wherein the T} of the
film is higher than the bulk. If the interactions are
weak, then one encounters a situation wherein the T
decreases with decreasing h. They predict that the
change of the T} is2"59

ol

where a is a segmental length and v is a critical
exponent. The magnitude of the parameter f is of order
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Figure 4. Fitted values of the glass transition temperature
for the 0.75 wt % functionalized SWNT composite and the pure
PS are shown for various film thicknesses. The T, values were
calculated from fits of the data in ref 31.

unity; f < 0 for systems in which the interactions with
the substrate are weak, and > 0 when they are strong.
These predictions are in agreement with experiment.
Long and co-workers also show that the viscosity is
connected to these shifts in the glass transition, and the
viscosity of the film could be approximated as®®

nﬁlm(Tah) = nbulk(T - ATg) 5)

where AT, is the magnitude of the depression in T, at
h. If this equation, which provides a link between the
film thickness dependence of the glass transition tem-
perature, shown in Figure 4, and the viscosity is true,
then it suggests that the viscosity decreases with
decreasing film thickness in our system. This decrease
of the viscosity with film thickness would qualitatively
account for the increase of the hole growth velocity with
decreasing film thickness observed in pure PS and in
the PS-SWNT system. With regard to the thinner films,
the ratio of the velocity of hole growth in PS to that in
PS-SWNT, Vps/Vps—swnr, increases with decreasing h
as shown in Figure 5. The data in Figure 4 indicate that
the T, of PS decreases at a faster rate with decreasing
h than the Ty of the PS-SWNT system. Equation 5
would predict that the viscosity of PS should decrease
at a faster rate than that of PS-SWNT.

With this information regarding 7(h) and possible
connections to the hole growth velocities, it is tempting
to use the WLF equation®! to make a quantitative
prediction of the magnitude of the shifts in the growth
velocities between both systems. However, accuracy may
be in question because the WLF constants, c¢; and cg,
are expected to be film thickness dependent.®263 One
should in principle be able to perform a temperature-
dependent study of the film thickness dependence of the
hole growth velocity in order to determine such con-
stants. This would have to be the subject of a separate
study. Finally, there remain a number of open issues.
The effect of shear thinning on the viscosity in these
thin film systems is not fully understood (however, this
is unlikely to provide an alternate explanation). On the
other hand, independent and reliable measurements
show that the glass transition temperature decreases
with A, which would support the notion of a decreasing
viscosity with decreasing film thickness. These observa-
tions would lead one to draw different conclusions
regarding the film thickness dependence of the hole-
growth velocity and by extension the viscosity. The issue
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Figure 5. Ratio of the hole growth velocity of the pure PS
}f;ﬂms to the 0.75 wt % functionalized SWNT films is plotted
ere.

becomes more complex since reliable studies show that
translational diffusion decreases as the film thickness
decreases in supported PS films.?37%5 This would argue
that the viscosity should increase with deceasing film
thickness, as indeed some studies have shown. On the
other hand, it might be argued that since the flows in
our samples are “driven,” then the translational diffu-
sion measurements may not be relevant. Dewetting
rates exceed translational diffusion rates. Nevertheless,
while the connection between the viscosity and the
translational diffusion is well understood in bulk sys-
tems, a comprehensive picture is yet to emerge in thin
supported films. Our measurements do not resolve these
issues; instead, they strongly suggest the need for
theoretical guidance in this area. Additional features
that complicate the issue further is that in PS films
thinner than 25 nm the holes no longer remain circular,
indicating the influence of inhomogeneous interactions
between the substrate and the polymer. Clearly, any
comprehensive theory of dynamics would have to in-
clude the effect of chain segment interactions with the
substrate. In addition, while it may be possible to
rationalize some experimental observations of dynamics
in terms of an ensemble averaged T, as measured by
many techniques, considerations of the influence of a
depth dependent T'x(z) on dynamics needs to be consid-
ered in future studies.t

Conclusion

We have shown that the velocities of hole growth in
PS thin films are appreciably larger than hole-growth
velocities in PS-SWNT films, Vps > Vps_swnr. In fact,
Vps/ Vps—_swnr increases from approximately 5 for & >
50 nm to 15 at A = 25 nm. Theoretically, the increase
of V with decreasing & should be V O A~2, Instead, we
measured a much stronger dependence, V [0 A~% where
o ~ 3 for PS films and o ~ 1 for the PS-SWNT films.
The lower hole growth rates in the PS-SWNT films is
consistent with the notion that the effective viscosities
of the nanocomposite films are larger than the viscosi-
ties of the pure PS films. The excess film thickness-
dependent growth velocities are related to film thickness-
dependent viscosities of the films. We also showed that
functionalized nanotubes were more effective at reduc-
ing the velocities than nonfunctionalized tubes. This
result implicates the role of polymer—filler interactions
on the dewetting rates of polymer thin films. Finally,
our results underscore the need for a comprehensive
theory that describes structure and dynamical processes
in polymer systems near interfaces.
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