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ABSTRACT

The incorporation of carbon nanotubes into polymeric
matrices is faced with the challenge of obtaining an adequate
dispersion throughout the matrix without destroying the
integrity of the nanotubes (NTs). In the current work, we
show that nanotube-polystyrene hybrid materials (SWNT-PS)
can be prepared in situ under miniemulsion polymerization
conditions, utilizing an aqueous cationic surfactant solution -
slightly above the critical micelle concentration (CMC). The
SWNT-PS nanocomposite with 8.5% nanotube loading
exhibited a strong black coloration, and electrical resistivity
10" orders of magnitude lower than the unmodified polymer.
We also assessed the feasibility of incorporating hybrid
SWNT-thermoplastic materials as modifiers for epoxy resins
by using the reaction-induced phase separation concept.
These results have implications for composite manufacture in
the aerospace industry.
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1 INTRODUCTION

Solution-evaporation methods have been the major
experimental route to prepare both multiwall nanotube
(MWNT) - and single wall nanotube (SWNT) — filled
thermoplastics such as polystyrene (PS)[1], polyvinyl alcohol
(PVA)[2], polyhydroxyaminoether (PHAE)[3,4], poly(m-
phenylenevinylene-co-2,5-dioctyloxy-p-phenylenevinylene)
(PmPV)[5], as well as epoxy thermosets [6]. Solution-casting
methods have limited applicability for producing highly
conductive films because SWNT composites tend to saturate
at 1 — 2% nanotube content as the excess nanotubes aggregate
[5]. In addition, most polymeric materials need a large
amount of solvent to be completely solubilized and
consequently incorporate the NTs. These solvents are known
organic liquids of high toxicity such as toluene, chloroform,
tetrahydrofurane (THF) or dimethyl formamide (DMF).

To circumvent the use of solvents, several approaches
aiming to disperse carbon nanotubes into different types of
polymers have been presented recently in the literature. For
instance, Potschke et al. [7] formed MWNT-filled

polycarbonate nanocomposites by melt extrusion; Thostenson
and Chou [8], used solution casting, high-shear mixing and
melt extrusion in a micro-scale twin-screw; and finally,
Sandler et al. [9] used high speed mixing (e.g. 2000 rpm) to
incorporate multi-walled nanotubes into an epoxy polymer
based on bisphenol-A resin and an aromatic hardener. These
physical mixing methods have clear limitations; the most
important of which is that the dispersion of nanotubes is not
entirely reproducible from experiment to experiment. Also,
using multiple high-temperature reprocessing steps can lead
to polymer degradation. Other alternatives to nanocomposites
fabrication include the polymerization of nanotube-monomer
mixtures [10,11,12,13], as well as the use of either anionic
[14] or non-ionic surfactants [6] as dispersing agent for the
inorganic filler.

The utilization of surfactant moieties as processing aids in
polymer nanocomposites fabrication has received only
limited attention, mainly because practically nothing is
known about the structures and interactions of carbon
nanotubes in solution [15]. In a recent investigation [16], our
research group demonstrated that nanotube-polystyrene
(SWNT-PS) and nanotube-poly(styrene-co-isoprene) hybrid
materials could be prepared in situ under miniemulsion
polymerization conditions, utilizing an aqueous cationic
surfactant solution — slightly above the critical micelle
concentration (CMC). The premise behind this study was that
surfactants moieties strongly interact with advanced materials
such as carbon nanotubes to form co-micelles. The co-
micelles in turn, are responsible for stabilizing the monomer
nano-droplets (e.g. 80 — 200 nm in diameter) that are formed
in the aqueous surfactant solution after applying high
sonication energy. Each nano-droplet serves as individual
nanoreactors during the polymerization reaction; thus,
eliminating the complicated kinetics of monomer transfer into
the micelles that takes place in conventional emulsion
polymerization. These nanotube-surfactant aggregates have
been also identified by other authors, and were used as a
template for the synthesis of nanotube-containing silicon
oxide microrods [17]. Within the reacting monomer nano-
droplets, the nanotubes are subsequently incorporated, either
by physical trapping, or by a grafting mechanism involving
the growth of polymer radicals attaching to the defects
present in the carbon nanotube surface [13,18,19]. Important
properties of the SWNT-PS material prepared by
miniemulsion polymerization were analyzed by different
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techniques: dissolving experiments, Raman spectroscopy,
TEM, DC resistivity and AC Impedance. These results will
be presented in detail later. Utilization of SWNT-PS as
reinforcement for a commercial epoxy resin appears
promising as the nanocomposite containing the nanotubes
creates well-dispersed domains (e.g. 0.5 - 2 um diameter)
after curing of the epoxy matrix takes place.

2 METHODS

2.1 Surfactant-nanotube Solution. The SWNTs were
purchased from Carbolex (batch CLAP 8256), and further
purified according to a procedure described elsewhere [20],
which ensures a carbon content in the final product of at least
86%. Cetyltrimethylammonium bromide (CTAB) from
Aldrich and SDS (Aldrich, 98% purity) were added to
separate vessels containing deionized water. The purified
nanotube powder was weighed and added to the anionic and
cationic surfactant solutions so as to have nanotube contents
of 0.6 and 1.2% weight percent. Mixing and moderate
sonication (45 W) for 2 h yielded dark solutions of well
dispersed nanotubes showing negligible amounts of
precipitate.

2.2 Miniemulsion Polymerization. The inhibitor in
the styrene (99% purity, Aldrich) monomer was removed by
vigorously shaking a small volume of monomer (ca. 25 ml)
with one gram of basic alumina (activity grade I, Sigma) in a
30-ml vial. A typical synthesis routine for the SWNT-PS
composite is as follows: 0.8 ml hexadecane (99.8% purity,
Fisher) and 0.05 ml PS-AlCls/hexadecane mixture were
dissolved in 4 ml of styrene. 0.05 grams of an oil-soluble
initiator: AIBN (99% purity, Aldrich) were dissolved in 1.5
ml of pure ethanol (Absolute 200-proof, AAPER) and then
mixed with 35 ml of the surfactant-nanotube solution. The
monomer/hydrophobe/catalyst ~ was added to  the
surfactant/nanotube/initiator solution and the whole volume
shaken for 1 h at 200 cycles/min. Afterwards, the vial content
was sonicated for 60 s at room temperature with a Fisher 550
sonic dismembrator operating at the equipment amplitude
setting of 5. As a result of the sonication the solution turned
into a gray-bluish emulsion without any traces of carbon
deposits or other particulate. Immediately after sonication the
sealed vials were transferred to a constant temperature device
operating at 65 °‘C and providing moderate shaking.
Typically, the reaction was assumed to reach completion after
14 h. After this time the vials were opened and the whole
contents poured into a large volume of pure isopropyl alcohol
(J.T. Baker) where, for the samples employing CTAB,
coagulation immediately took place. By way of comparison
the reference material (i.e. polystyrene) was synthesized
using the same anionic and cationic surfactant solutions and
procedures described above, obviously without adding the
carbon nanotubes. In the case of the base-line polymers or
reference materials, both cationic and anionic surfactants
yielded polymers with similar characteristics.
Polymerizations within SDS/SWNTs solutions however were
not investigated any further as in every case a clear polymer

and a dark solution, presumably containing the nanotubes,
separated as two different phases.

2.3 Solids Characterization. Raman laser spectroscopy
was used to probe the structure of the unmodified polymer, as
well as the SWNT-PS. In all cases an excitation wavelength
of 514 nm with 35 mW intensity served to scan the spectral
range between 80 cm™ and 4000 cm™. Other experimental
parameters were: acquisition time = 1 min; lens power = 50x.
For AC impedance measurements (Solartron 1260 Impedance
Analyzer) at room temperature, a two-probe geometry was
employed. Disk-shaped parts of the SWNT-PS composite
were compression-molded to different thicknesses and
sandwiched between two polished copper electrodes (area =
4908 cm®) held tight to the specimens by two flat
polycarbonate plates. Fowler Associates Inc. (Moore, SC)
carried out DC volume resistivity measurements in
accordance with ASTM D-257, also on disk-shaped SWNT-
PS molded specimens.

2.4 Epoxy/SWNT-PS Blends. Rubbers are commonly
added to rigid thermoset matrices to improve their toughness
characteristics. However, in particular applications (e.g. the
aerospace industry) needing an increase in toughness without
detrimental effects in the Tg’s, thermoplastics are used
instead of rubbers. In the current study, 0.1 g of SWNT-PS
containing 8.5% nanotube loading was added to 5 g Epon
815C (Shell Chemicals). At room temperature these two
materials were immiscible. However, by raising the
temperature above 120 °C, the modifier dissolved in the resin
forming a dark black mixture. This mixture was stable even
after cooling back to room temperature. A stoichiometric
amount of Epicure 3282 (1.0 g) was subsequently added to
the Epon 815C/SWNT-PS mixture, ensuring a thorough mix
of all components. Composites with dimensions of 55 x 15 x
1 mm were prepared by pouring the reacting mixture into
glass molds and covering with Teflon tape. A similar
procedure was followed to prepare blank specimens by
dissolving 0.1g of pure polystyrene in the resin, followed by
addition of the curing agent. Parts were cured at 80 °C for
two hours and maintained at room temperature for five days
before performing Dynamic Mechanical Analysis (DMA).
The DMA experiments were carried out in a Rheometric
Scientific RSA II DMA operated at a fixed frequency of 1
Hz, strain rate of 0.04%, in the three-point bend configuration
spanning 48 mm. The temperature inside the chamber was
changed over the range 26 °C to 180 °C at incremental steps
of 4 °C, maintaining a minimum of 10 s soaking time to
account for the temperature transients inside the sample.

3 RESULTS AND DISCUSSION

Miniemulsion polymerization is a well-established method
for producing particles with very narrow size distributions
[21]. This process has the advantage of requiring
substantially less surfactant to stabilize the reacting
hydrophobic droplets inside the aqueous medium, and of
eliminating the complicated kinetics of monomer transfer into
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micelles during a typical emulsion polymerization. Although
it is still not clear to us how cationic surfactants interact with
SWNT in order to stabilize monomer droplets during a
typical miniemulsion polymerization experiment, we were
able to prepare nanotube-filled polystyrene with markedly
different properties from the parent polymers. The reacted
miniemulsion containing polystyrene-filled material (SWNT-
PS) had a gray-bluish color, which after coagulation with
isopropanol decanted as a gray powder. This powder was
filtered and washed several times with deionized water, and
thereafter set overnight in a vacuum at 75 °C to drive off any
unreacted monomer and moisture. With the drying operation
the gray-colored powder turned into very hard black pellets,
as can be seen in Figure 1.

T

Figure 1 Unmodified PS (A) and hybrid SWNT-PS (B)

Raman analysis is particularly important to study
morphological and compositional parameters in SWNTs such
as metallic characteristics, diameter, and presence of defects.
In Figure 2, the intermediate frequency region of the control-
polystyrene spectrum is compared to that of the SWNT-PS
composite for an excitation wavelength of 514 nm. By way of
example, the spectrum of the nanotube powder is also shown.
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Figure 2. Raman spectra for SWNT-PS (1); Polystyrene (2)
and Carbolex SWNTs (3)

Herein, the spectrum of polystyrene is dominated by two
main peaks at 1584 cm™ and 1603 cm™ generally assigned to
the tangential stretch mode of carbon-carbon bonds in the
benzene ring. On the other hand, the so-called G-line feature
centered at 1580 cm™ dominates the nanotube spectrum. In
the composites, the introduction of SWNTs causes a shift of
the G-line to higher frequencies as well as a clear
predominance of the 1590 cm™ band. Similar results have
been observed recently for nanotube-conjugated polymer
composites, and it has been suggested that these changes may
not be solely explained by a simple superposition of modes

[22]. For these authors, this phenomenon indicates an
alteration of the vibrational structure of the polymer due to
binding with the SWNT Iattice.

Using the miniemulsion polymerization technique we found
that SWNTs can effectively disperse inside the host matrix
and form multiple tube-tube contacts modifying the electric
response of the composite. Table 1 summarizes the data
corresponding to DC electrical resistivity measurements for
SWNT-PS composites at three different loadings. These
results are suggestive of a typical percolation system wherein
the electrical properties of the composite would not be
changed from those of the bulk polymer until the average
distance between the nanotubes is reduced such that either
electron tunneling through the polymer can occur or physical
contacts may be formed. At the highest nanotube loading
tried (8.5%) the SWNT-PS composite shows a dramatically
lower volume resistivity than that of the pure polystyrene.

POLYMER | THICKNESS SWNT RESISTIVITY
(cm) LOADING (Q-cm)
(%)
PS 0.059 0 >2x 10"
SWNT-PS 0.073 3.4-4 >2x 10"
0.046 8.5 7.47x 10°

Table 1. DC resistivity at room temperature (12% RH)

TEM micrographs of SWNT-PS material dissolved in
toluene showed evidence of a layer of polymer adsorbed on
the nanotube bundles (Figure 3). We anticipate that such
layer may play an important role in enhancing the
compatibility, and therefore the dispersion of carbon
nanotubes in a similar polymer hosts.
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Figure 3. TEM of adsorbed polymer layer

The preparation of modified thermosets by reaction-
induced phase separation involves an initial homogeneous
mixture between one of the monomers and the modifier,

-followed by phase separation during the cure. Figure 4 shows

a dispersion of the SWNT-PS (8.5% loading) in the epoxy
matrix. Interestingly, it appears as if the relatively large
modifier regions, possibly pure polystyrene, are surrounded
by visible substructures that contain materials of higher
density (i.e. higher contrast). Some nanotubes are seen

“extending from a catalyst particle within the substructure at

higher magnifications. This issue will be investigated further
in the future.
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Inset: image of substructure area showing nanotubes

In Figure 5 we present the elastic modulus of both blank
and nanotube-containing composites as a function of
temperature. Focusing on the glass-transition region (i.e.
wherein E’ drops several orders of magnitude), it is clear that
incorporating the nanotubes changes the molecular mobility
within the epoxy network, and T, slightly increases.
However, this positive change is counter-balanced with the
fact that at high temperatures the elastic modulus is
substantially reduced with respect to the blank sample. By
changing the composition of the modifier a variety of
morphologies can be obtained. Thus, more information is still
needed to find the optimum SWNT-PS modifier quantities to
achieve  superior  performance of the thermoset
/nanocomposite blends.
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Figure 5. Elastic modulus (E’) response of epoxy network
with PS and SWNT-PS modifiers
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