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small, a perfectly sinusoidal surface emerges whereas it does
not when the difference is large. Regardless of the type, how-
ever, the period of the self-assembled structure is the same as
that of the mold pattern. The intrinsic buckling wavelength of
the thin bilayer cannot be predicted by the conventional
approach. We have derived a relationship for the intrinsic
wavelength based on free energy minimization and found it to
describe experimental results quite well even though it does
not have any fitting parameters.

Experimental

For the physical self-assembly by anisotropic buckling, we used PDMS (Syl-
gard 184, Dow Corning) as the elastomer and fabricated PDMS molds with pat-
terns by casting PDMS against complementary relief structures prepared by
photolithography. For the polymer, we used commercial PS (molecular
weight=2.3 x 10°) for the polymer and silicon wafer (100) as the substrate.
Polymer films were spin-coated onto the substrate to various thicknesses rang-
ing from 150 nm to 800 nm and the aluminum was deposited onto the polymer
surface, ranging in thickness from 30 nm to 100 nm, by thermal evaporation. A
patterned PDMS mold was then placed on the metal surface. A spontaneous
conformal contact is realized due to the good wetting property of PDMS mold
with the metal. The bilayer was then heated to a temperature above the glass
transition (7,) of the polymer for hours, typically two hours. The annealing tem-
perature was varied between 110°C and 130°C. However, the experiments
were carried out primarily at 120 °C due to too small an amplitude at 110°C
(<10 nm) and due to film breakage occurring at 130 °C.

With the PDMS mold making conformal contact with the metal, anisotropic
buckling resulted, unlike the isotropic buckling shown in Figure 3, because of
the strong wetting of the PDMS pattern with the metal surface due to strong in-
teractions between the two hydrophobic surfaces. As such, the buckling wave
has its peak points in the void regions of the mold that are not in contact with
the metal surface. Therefore, sinusoidal buckling patterns form that are a nega-
tive replica of the PDMS pattern. After cooling to ambient temperature, the
mold was removed and the resulting structures were examined by atomic force
microscopy (AFM).
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Fabrication and Properties of Composites
of Poly(ethylene oxide) and Functionalized
Carbon Nanotubes**

By Huaizhi Geng, Rachel Rosen, Bo Zheng, Hideo Shimoda,
Leslie Fleming, Jie Liu, and Otto Zhou*

Carbon nanotubes (CNTs)!"?! have dimensions similar to
those of typical polymeric chains, with 1-50 nm in diameter
and 1-10 pm in length. Experimental results on individual car-
bon nanotubes and nanotube bundles show that they have ex-
ceptional electrical and mechanical properties with an elastic
modulus of ~1 TPa and fracture strain of 5-10 %." The ther-
mal conductivity of the nanotubes is expected to be higher
than that of the carbon fibers because of their structural per-
fection. As a result there are considerable interests in utiliza-
tion of CNTs as fillers for thermal management and structural
reinforcement. Although there are several published studies
on polymer CNT composites,[4'g] realization of the expected
enhancement in properties, especially mechanical properties,
has by and large not been demonstrated. This is in part be-
cause of the difficulties in materials processing arising from
insolubility of the pristine CNTs.

Recent studies have shown that CNTs can be chemically
functionalized such that they are soluble in selected sol-
vents.'""! Mickelson et al. reported that fluorinated single-
walled carbon nanotubes (SWNTs; F-SWNTs) were dissolved
in 2-propanol at a concentration of 1 mg/mL at room temper-
ature (RT).[m The nanotubes appear to be intact and are elec-
trically insulating after fluorination. The enhanced solubility
and potential of tailoring the interfacial bonding between the
nanotubes and the matrix by modifying the side-groups make
functionalized CNTs attractive fillers for composites. Here,
we report results from initial studies of composites of
F-SWNTs and a semi-crystalline thermoplastic polymer,
poly(ethylene oxide) (PEO). Electron microscopy and ther-
mal analysis showed that they have improved uniformity and
nanotube dispersion compared with those by pristine SWNTs.
Significant enhancement of the mechanical properties was ob-
tained. The storage modulus (E”) and yield strength increased
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monotonically with increasing F-SWNT loading. At 4 wt.-%
loading, the RT E’ is 400 % of that of the control sample.
Further analysis indicates strong interfacial bonding between
the F-SWNTs and the PEO matrix.

SWNT bundles™ were synthesized by the laser-ablation
method under conditions described elsewhere.'¥l The raw
materials were purified to remove the impurity phases such as
amorphous carbon and graphitic nanoparticles by reflux in
H,0, followed by filtration."”! Transmission electron micros-
copy (TEM) and X-ray diffraction studies show that the sam-
ples contain over 90 % SWNT bundles with the average bun-
dle diameter of 30-50 nm, tube diameter of 1.4 nm, and
bundle length of 5-10 um. The purified SWNTs were fluori-
nated using the conditions described before (see Experimen-
tal).m] Figure 1 shows a representative TEM image of the

fluorinated SWNTs.

Fig. 1. TEM image of fluorinated SWNTs. Compared with as-purified materials,
the diameters of the fluorinated SWNT bundles are smaller (~10 nm instead of
30-50 nm) and they disperse better in the solvent. The low image contrast is re-
lated to the small bundle size.

PEO/SWNT composite membranes with F-SWNT loading
of 1, 4, 6, and 10 wt.-% and control samples (pure PEO) were
prepared under the same conditions by roll-casting[16] (see Ex-
perimental).

To examine the dispersion of the nanotubes, samples were
microtomed into membranes ~90 nm in thickness and were
studied by TEM. Within the limited view of high-resolution
TEM, no conglomeration of the F-SWNTs was observed. The
nanotube bundles did not show any preferred orientation in
the polymer matrix. Differential scanning calorimetry (DSC)
measurements were performed using a Perkin-Elmer Pyris 1
DSC system. The results obtained in the first heating cycle are
shown in Figure 2. For the control sample, an endothermic
peak centered at 72.0 °C was observed upon heating. This is
attributed to melting of the crystalline phase of the semi-crys-
talline PEO. The measured latent heat, which reflects the
amount of crystalline phase in the sample, is 135.3 J/g (nor-
malized by the total weight of the semi-crystalline sample).
Both the melting temperature and the latent heat are consis-
tent with the values reported in the literature.'” For compos-
ites with F-SWNT loading < 6 wt.-%, a single endothermic
peak was observed with a slightly lower melting temperature
of 66—65°C. The sample with 10 wt.-% of F-SWNT showed
two endothermic peaks centered at 72.3°C, the melting
temperature of pure crystalline PEO phase, and 65 °C, respec-
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Fig. 2. Differential scanning calorimetry (DSC) data of pure PEO and PEO/
F-SWNT composites. The endothermic peak on the heating curve is attributed
to melting of the crystalline phase of the PEO matrix. The melting temperature
is 72 °C for the control sample with a latent heat of 135.3 J/g. The temperature is
reduced to ~65 °C for the composites. The re-appearance of a second endother-
mic peak at ~72°C in the 10 wt.-% F-SWNT composite indicates macroscopic
phase separation into regions of pure PEO and regions of PEO/F-SWNTs.

tively. These results indicate that single-phase F-SWNT/PEO
blend was formed at < 6 wt.-% F-SWNT loading, while
phase separation (into regions of pure PEO and regions of
PEO/F-SWNT) occurred at higher F-SWNT loading due to
conglomeration of F-SWNTs. No significant change in the
crystallinity of the PEO matrix was observed. The measured
latent heats are 135.3 J/g, 118.7 J/g, and 146.6 J/g for the
control sample (pure PEO), and PEO blended with 1 and
4 wt.-% of F-SWNTs, respectively.

The mechanical properties were investigated using a dy-
namic mechanical analyzer system (Perkin-Elmer DMA7e)
using either the oscillatory mode (1 Hz) or the tensile stress—
strain mode in the temperature range of —150 °C to 60 °C. For
dynamic measurements, a sinusoidal force with a frequency of
1 Hz and amplitude of 60 mN was applied to the sample. By
analysis of the corresponding strain, the storage modulus (E’)
and loss modulus (E”) were obtained. In the tensile test, the
load was increased at a rate of 100 mN/min. For each
F-SWNT concentration, several samples were measured un-
der the same conditions. Figure 3 shows the storage modules
of one set of samples obtained in the first cooling and heating
cycle. The 20 °C E’s from all the samples measured are plotted
in Figure 3 inset as E’ versus wt.-% of F-SWNT loading. The
storage moduli of the composites are significantly higher than
that of the pure PEO in the entire temperature range of the
experiment, and increased monotonically with increasing
F-SWNT loading. As shown in Figure 3, inset, the averaged
20°C E’ (over several samples with the same F-SWNT con-
centration) increased from 0.3 GPa for pure PEO to 1.2 GPa
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Fig. 3. The storage modulus (E’) of the F-SWNT composites measured using a
dynamics mechanical analyzer at 1 Hz. The inset shows the room-temperature
E’ values versus wt.-% of F-SWNT loading from all the samples measured
under the same conditions. The averaged 20°C E’ (over several samples with
the same F-SWNT concentration) increased from 0.3 GPa for pure PEO to
1.2 GPa for PEO blended with 4 wt.-% of F-SWNT.

for PEO blended with 4 wt.-% of F-SWNT. In contrast, when
pristine carbon nanotubes were used without fluorination, no
systematic enhancement of the mechanical properties was ob-
served at the same nanotube loading level.

Figure 4 shows the tensile stress—strain curves of a compos-
ite with 1 wt.-% of F-SWNT and a control sample, measured
at a rate of 100 mN/min. The sample with 1 wt.-% of
F-SWNT has a significantly higher (~3x) yield strength com-
pared to that of the control sample. The elastic modulus, ob-
tained from fitting the initial slope of the stress—strain curve,
is 5.95 x 107 Pa for the control sample and 1.47 x 10% Pa for
the PEO reinforced with 1 wt.-% of F-SWNTSs. The mechani-
cal properties of the composites were measured in two orthog-
onal directions (parallel and perpendicular to the direction of
the roller motion) were measured using samples from the
same batch. No noticeable anisotropy was observed.

The above results show that adding a small amount of
F-SWNTs drastically enhances the mechanical properties of
the polymer matrix. These are in contrast to the previous
studies of composites formed using pristine nanotubes where
the change in the elastic properties are, in general, insignifi-
cant even at very high nanotube loading. Two recent studies
reported moderate increase in the storage modulus in poly-
mer composites blended with multi-walled carbon nanotubes
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Fig. 4. The engineering tensile stress-strain curves measured at a rate of
100 mN/min. The sample with 1 wt.-% of F-SWNT has ~3x higher yield
strength compared to that of the pure PEO. The elastic modulus is 5.95 x 10’
and 1.47 x 10® Pa for the control sample and the PEO reinforced by 1 wt.-% of
F-SWNTs, respectively.

(MWNTs). The RT E’ was found to increase by ~60 % (from
~6 GPa to 10 GPa) when 50 wt.-% of MWNTs was added to
poly(vinyl alcohol) (PVOH) matrix by solution cast.'®! A sep-
arate study reported a factor of ~2 increase in the storage
modulus when 26 wt.-% of MWNTs was added to poly(methyl
methacrylate) (PMMA).!"%)

The large increase of the elastic modulus at low nanotube
loading suggests effective load transfer from the matrix to the
F-SWNTs in the current system. The results were analyzed
using the equation developed for short-fiber composites:m‘z”

E= CICOVfEf + (1—Vf)Em (1)

where E, E;, E,, are the moduli of the composite, fiber, and
polymer matrix, and C; and C, are coefficients related to the
fiber length and orientation, respectively. For three-dimen-
sionally randomly oriented fibers, as in the case of the
F-SWNTs in PEO, C, is about 0.2.2%?! Using the average
elastic modulus of 0.3 GPa measured for the control sample
at 20°C as the value for E,,, and assuming unity for C,, the
elastic modulus of the F-SWNT bundle is calculated to be
around 0.1 TPa. The value is higher when a lower number is
used for C). This is surprisingly close to the reported value of
1 TPa calculated®! and the upper value derived experimen-
tallym for an isolated CNT, especially when considering that
defects were not taking into accounts in the calculation. In ad-
dition, SWNT bundles with weak van der Waals inter-tube
bonding were used in the current experiments, rather than iso-
lated SWNTs. The close agreement between elastic modulus
calculated from the equation derived for short-fiber compos-
ites and the value measured from an isolated nanotube and
nanotube bundles™! indicates that there is an efficient load
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transfer between the F-SWNTs and PEO matrix. In compari-
son, in the PVOH/CNT system, the calculated elastic modulus
of the CNTs is only 150 MPa.l'® The lower value was attribut-
ed to the weak interfacial coupling. In addition, the results re-
ported here show that side-wall fluorination does not signifi-
cantly reduce the mechanical performances of the carbon
nanotubes. At this point, it is not clear whether the enhanced
load transfer, compared to composites using pristine CNTs, is
due to chemical bonding between the fluorine and PEO or/
and due to improved dispersion of the F-SWNTs in the poly-
mer matrix and consequently increased entanglement be-
tween nanotubes and the polymeric chains.

In summary, we show that composites with improved uni-
formity and dispersion can be formed using chemically func-
tionalized carbon nanotubes. A significant enhancement of
the mechanical properties was obtained at low nanotube load-
ing. In contrary to previous results from pristine nanotubes,
the composites show efficient load transfer between the fillers
and matrix.

Experimental

Sample Preparation: For the fluorination reaction 10-15 mg purified SWNTs
were dispersed in dimethylformamide (DMF) by sonication. Filtering the solu-
tion through a Nylon filter membrane (Milipore, pore size 0.45 um) resulted in
a black film on the surface. The film was then peeled off and baked in air at
100 °C for several hours. It was fluorinated following the procedure described
by Mickelson et al. [10]. First it was transferred into a Monel reactor and heated
to 260 °C in flowing argon. The gas was then switched to a mixture of fluorine
gas (20 %) and nitrogen (80 %) for ten hours at constant total flow rate of
30 scem.

The Roll-Cast System: The roll-cast system comprises two opposing parallel
rollers made of Teflon and stainless steel, respectively, and an electrical motor.
The gap distance between the Teflon and the passive stainless steel roller, which
is placed on a translational stage, can be adjusted using a micrometer to obtain
the desired film thickness. F-SWNTs were first suspended in isopropanol by
sonication and were then mixed with a clear PEO/methanol solution. They were
dropped slowly onto the Teflon roller using a pipette while it’s rotating. A solid
film formed after evaporation of the solvent. The film was peeled off, folded,
and cut to 0.2 x 1 x 7 mm® samples for mechanical test. The samples are consid-
erably more uniform than those formed using pristine CNTs. PEO (consists of
repeating —-O-CH,~CHj, units) powder with a molecular weight of 30 000 g/mol
was purchased from Aldrich and used without further processing.
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Selective Fabrication of Carbon Nanocapsules
and Mesocellular Foams by Surface-Modified
Colloidal Silica Templating**

By Jyongsik Jang* and Byungkwon Lim

The diverse applicability of nanometer-sized carbon materi-
als has motivated the development of various methods of fab-
ricating tailored carbon nanostructures, such as nanotubes,
hollow capsules, and mesoporous forms.'! In particular, meso-
porous carbon provides a controlled pore size and high sur-
face area, and can be applied to nanoreactors, catalysts, adsor-
bents, optical devices, and electrochemical supercapacitors.[z]
On the other hand, hollow carbon nanostructures are useful
for the purposes of drug delivery, the protection of proteins
and enzymes, and as sensors and storage materials.”!

Recently, various porous and hollow carbon nanostructures
have been prepared by templating procedures. Porous carbon
nanostructures have been synthesized by using zeolites, meso-
porous silicas,* and opals[s] as the templates. The fabrication
of porous carbon using porous silica templates generally in-
volves filling the pores with a carbon precursor, followed by
carbonization and the subsequent removal of the template.
Hollow carbon nanostructures have also been obtained using
submicrometer-sized polymeric!® and inorganic!” spheres as
the template, by forming a template-carbon core—shell parti-
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