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Introduction. Carbon nanotubes (CNTs) have been
investigated for such diverse applications as nanoscale
electronic devices,1,2 field effect transistors,3 chemical
sensors,4 and polymer nanocomposites5,6 due to unique
electrical and mechanical properties as well as an
unusually high aspect ratio. However, because of strong
intertube van der Waals interactions, the dispersibility
of CNTs in ordinary solvents is so poor that it is
extremely difficult to disperse and manipulate CNTs
well.7,8 Many research groups have attempted to dis-
perse CNTs uniformly either in aqueous solution or in
various organic liquids, by modifying the surface of
CNTs via the covalent method (chemical surface
modification)9-12 or noncovalent method.7,8,13-18 Al-
though many studies have focused on the exfoliation and
dispersion of CNTs, only a handful of results were able
to demonstrate structural arrays of dispersed CNTs on
organic or inorganic substrates. For example, Snow and
co-workers19 studied formation of carbon nanotube
networks (CNNs) that were prepared by liquid deposi-
tion of CNTs dispersed in water onto either the silicon
wafer or polymeric substrates. Here, CNTs were sus-
pended in surfactant-containing water by ultrasonica-
tion until the pretreated substrate was immersed to
deposit CNTs on its surface. Even though CNNs, which
are prepared by liquid deposition method, can be
utilized as organic transistors, it is difficult to control
the structure and/or the density of CNNs and to produce
large quantities of CNNs. In this communication, we
demonstrate a neat approach to forming two-dimen-
sional arrays of multiwalled carbon nanotubes (MWNTs)
on the silicon wafer from an immiscible polymer pair of
polystyrene (PS) and poly(methyl methacrylate) (PMMA).
We found that MWNT assembled at the surface of
silicon wafer from a MWNT-PS nanocomposite/PMMA
mixture where some of PS chains are grafted to MWNT
and a random network of MWNT was assembled.

Experimental Section. MWNTs (purity >95%, Iljin
Nanotech, Korea) were treated by a reflux of 3 M HNO3,
followed by a reflux of 5 M HCl, to eliminate any
residual impurities without causing damage to MWNTs.20

The acid-treated MWNTs were dispersed in styrene
monomer, which was then in-situ polymerized at 65 °C
for 24 h in the presence of 2,2′-azobis(isobutyronitrile)
(AIBN) as an initiator. The molar ratio of styrene over
AIBN was 80. During the polymerization, the reactor
was immersed in an ultrasonic generator which was
operated at a normal frequency of 28 kHz with a power
of 600 W. The product of the polymerization was a

nanocomposite of MWNT and polystyrene. The same
procedure was employed to synthesize MWNT-poly-
(methyl methacrylate) (PMMA) nanocomposites and
reported elsewhere.5 A 50:50 (by weight) mixture of the
MWNT-PS nanocomposite and poly(methyl methacry-
late) (PMMA) (Mw ) 76 700, Mw/Mn ) 1.06) was
prepared in toluene, and an ultrathin film was obtained
by spin-casting of the mixture solution on the hydro-
philic silicon wafer at 2500 rpm for 2 min at room
temperature. Prior to spin-casting, silicon wafers were
cleaned in a mixed solution of H2SO4 and H2O2 (70:30
by vol) and then rinsed in deionized water several times.
The film was estimated to be ca. 30 nm thick by
ellipsometry. Morphological investigation of the surface
of the 50/50 MWNT-PS nanocomposite/PMMA blend
film was made by the dynamic mode atomic force
microscopy (SPA400 with SPI 4000 controller, Seiko
Instruments). The cantilever was fabricated from Si3N4,
and the tip was SI-DF40 (spring constant: 42 N/m;
resonance frequency: 250-360 kHz). To determine the
composition profile of the blend film surface, the film
was etched by selective solvents. For example, PS and
PMMA phases were etched by cyclohexane and acetic
acid, respectively. The final MWNT array on the silicon
wafer was investigated by a scanning electron micro-
scope (SEM, Hitachi S-4200) at 15 kV of acceleration
voltage. The sample was gold coated to minimize the
charging effect.

Results and Discussion. In the MWNT-PS nano-
composite, it is believed that there are not only poly-
styrene molecules free from the MWNT but also poly-
styrenes that were grafted onto the MWNT. During the
in-situ polymerization of monomers in the presence of
AIBN as an initiator and MWNTs, AIBN radicals not
only initiate the polymerization of monomers in the bulk
but also were reported to trigger the growth of polymer
chains on the surface and/or at the ends of MWNT.5,21

Therefore, if the concentration of MWNT in the mono-
mers increases, the amount of AIBN available to MWNT
would also increase, leading to a decrease in the AIBN
concentration available for the polymerization of styrene
monomers in the bulk. Table 1 shows the molecular
weight and the polydispersity of PS in the MWNT-PS
nanocomposite. The MWNT-PS nanocomposite was
dissolved in THF, and the solution was carefully fil-
trated so that polystyrenes that are free from MWNT
are collected. The molecular weight of those polysty-
renes was measured by GPC. Both the molecular weight
and the polydispersity of PS increased with an increase
in the MWNT concentration, which indirectly showed
that some of initiators were consumed by MWNTs and
there were some PS chains grafted onto MWNT (MWNT-
g-PS) in the MWNT-PS nanocomposite.

Additional evidence of the presence of the MWNT-g-
PS is presented in Figure 1. The acid-treated MWNTs
that were blended with PS were not dispersed well in
toluene; they were in fact precipitated in short time, as
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Table 1. Molecular Weights of PS in the MWNT-PS
Nanocomposite

MWNT content (wt %)

0 0.05 0.1 0.2

Mw 45900 46300 64800 90600
Mw/Mn 1.99 2.18 3.14 5.03
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shown in Figure 1b. However, the toluene solution of
the MWNT-PS nanocomposite in Figure 1a yielded a
homogeneous dispersion, which indicates that some
polystyrene chains are grafted onto the MWNT.

Figure 2a shows the AFM image of the spin-cast film
of MWNT(0.1 wt %)-PS nanocomposite/PMMA (50/50,
w/w) blend, which is very smooth and homogeneous
except for a few nanometer-scale islands. It is quite
unusual for a spin-cast film of an immiscible polymer
blend to show such a homogeneous surface morphology.
In general, a thin film of the spin-cast immiscible
polymer blend is far from a thermodynamic equilibrium
state due to the rapid evaporation of the solvent during
the spin-casting process; thus, complete phase separa-

tion or dewetting cannot occur.22,23 Indeed, it has been
shown that a sea island, or continuous island, or pitted
morphology was observed for the PS/PMMA blend film
resulting from the partial phase-separation phenom-
enon, although the blend composition and the type of
the solvent and the substrate can affect the mor-
phology.24-26 To determine the composition profile of the
spin-cast film as a function of the film depth, we
sequentially etched the blend film with selective sol-
vents. First, the film was etched by acetic acid, which
is a good solvent for PMMA and a nonsolvent for
polystyrene. The surface topography of the film did not
change much upon etching, except that some nanom-
eter-scale holes were formed, as the small amount of
PMMA on the film surface was dissolved away (Figure
2b). Total film thickness remained almost constant after
the etching with acetic acid. When the same spin-cast
film was etched by cyclohexane, however, the thickness
of the film decreased by about 10 nm, as shown in
Figure 2c. The surface of the etched film was once again
smooth without any evidence of phase separation.
Because only polystyrene can be dissolved in cyclohex-
ane, the air surface of the spin-cast MWNT-PS nano-
composite/PMMA blend film was believed to the poly-
styrene, and the thickness of the polystyrene layer was
about 10 nm. Figure 2d is the AFM image of the film
that was etched by acetic acid, dried, and then etched
again by cyclohexane. The image in Figure 2d is almost
identical to that in Figure 2c, confirming that the air
surface of the cast film was indeed polystyrene. To
investigate further the structure within the film, the
polystyrene-removed film (Figure 2c) was dissolved in
acetic acid, which would etch away PMMA. A two-
dimensional array of nanowires, so-called CNNs, on the

Figure 1. Toluene dispersion (solution concentration ) 9 mg/
mL) of (a) MWNT(0.1 wt %)-PS nanocomposite and (b) acid-
treated MWNT (0.1 wt %) blended with PS.

Figure 2. AFM images of MWNT(0.1 wt %)-PS nanocomposite/PMMA (50/50, w/w) blend films: (a) as-cast film (rms rougness
) 0.38 nm), (b) upon etching the film in (a) by acetic acid (rms roughness ) 0.40 nm), (c) upon etching the film in (a) by cyclohexane
(rms roughness ) 0.34 nm), (d) upon etching the film in (b) by cyclohexane, and (e) upon etching the film in (c) by acetic acid (rms
roughness ) 6.0 nm).
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silicon wafer was obtained, as shown in Figure 2e. The
diameter of these nanowires was 10-15 nm, which was
nearly identical to that of the pristine MWNT.

The nanowires were very stable, firmly attached to
the silicon wafer, and could not be removed easily. Thus,
it is believed that the nanowire array on the silicon
substrate was the result of the uniform dispersion of
MWNTs in the MWNT-PS nanocomposites. It should
be noted that there are end-grafted polystyrene molecul-
es on the MWNT, as stated earlier. Also, the MWNT-
PS nanocomposite/PMMA blend film was shown to be
composed of a phase-separated bilayer structure: a thin,
MWNT-containing PMMA layer next to the silicon
substrate and a polystyrene layer on top of the PMMA
layer, both of which are lying parallel to the substrate.

Impurities embedded in the polymers have been re-
ported to accelerate dewetting of the thin polymer
films.27,28 We believe MWNTs in our MWNT-PS nano-
composite helped the phase separation of polystyrene
and PMMA. More direct evidence of the formation of
the MWNT-PS nanowire arrays was obtained by TEM.

Here, the toluene solution of the MWNT-PS nano-
composite/PMMA blend was spin-cast directly on the
TEM grid and was sequentially etched by cyclohexane
and acetic acid in exactly the same manner as described
earlier. Figure 3 unequivocally shows a flexible, single
strand of MWNT and the polystyrene chains wrapping
around the MWNT (arrows in the inset). Therefore, we
could conclude that the nanowire array observed on the
silicon by AFM (Figure 2e) after sequential etching was
of MWNTs. It would be impossible for the acid-treated
MWNTs to stick to the silicon substrate due to the lack
of any interaction of reasonable magnitude. Moreover,
the MWNTs could not be dispersed in toluene as shown
in Figure 1b. The presence of the polystyrene chains on
the MWNT in the MWNT-PS nanocomposite is be-
lieved to be responsible for not only improving the
dispersability of MWNTs in toluene as shown in Figure
1a but also the adhering of MWNTs onto the silicon
substrate, resulting in a two-dimensional array.

In Figure 4a,b the bilayer structure of the MWNT-
PS nanocomposite/PMMA blend film is schematically
shown, along with the chemical information obtained
by XPS. The C 1s peak of the freshly prepared blend
surface is indicative of the carbons of the polystyrene
layer. The high-resolution C 1s peak of the PS-removed
(etched by cyclohexane) film includes at least three
different carbon species, namely, saturated C-C, O-Cd
O, and C-O, which would originate from the PMMA
layer lying under the top polystyrene layer. Thus, the

Figure 3. TEM photograph of MWNT(0.1 wt %)-PS nano-
composite/PMMA (50/50, w/w) blend film that was etched by
cyclohexane and then by acetic acid.

Figure 4. (a) Schematic representation of the MWNT-PS nanocomposite/PMMA (50/50, w/w) spin-cast thin films on Si wafer
and (b) C 1s spectra obtained by XPS.

Macromolecules, Vol. 38, No. 26, 2005 Communications to the Editor 10625



chemical analyses by XPS agree well with the structural
observation by TEM and AFM. The effect of the MWNT
concentration in the MWNT-PS nanocomposite on the
formation of the nanowire array is shown in Figure 5.

The concentration was increased up to 0.5 wt %, and
the nanowire array was examined by both AFM and
SEM. As the MWNT concentration was increased, the
density of the MWNTs formed on the substrate was
increased. At 0.5 wt % most of MWNTs were found to
be interconnected with each other. However, the onset
of the formation of MWNT bundles of significant size,
which can result in poor dispersibility, was not observed
at all in the concentration range of our study.

Conclusion. MWNTs in the MWNT-polystyrene
nanocomposite/PMMA blend thin film were dispersed
on the silicon substrate without any aggregation and
formed two-dimensional nanowire arrays. In particular,
we were able to achieve these arrays of MWNTs by
combining a simple spin-casting method with the phase-
separation phenomenon of the immiscible polymer blend
such as PS/PMMA that was facilitated by carbon
nanotubes. However, MWNT arrays were not observed
in both MWNT-PS nanocomposite and the PS/MWNT
blend. Manipulation of these two-dimensional, random
MWNT nanowire arrays can lead to many industrial
applications that require deposition of carbon nanotubes
such as nanoelectronic devices and functionalized coat-
ings, etc.
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Figure 5. AFM (upper) and SEM (lower) images of the
MWNT-PS nanocomposite/PMMA (50/50, w/w) spin-cast films
containing different amounts of MWNT: (a, c) 0.1 wt %; (b, d)
0.5 wt %.
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