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ABSTRACT: Poly(methyl methacrylate) (PMMA) nanocomposites containing well-dispersed multiwalled
carbon nanotubes (MWNTSs) were prepared via an in-situ bulk polymerization of methyl methacrylate
(MMA) in the presence of carbon nanotubes (CNTs). Electrical conductivities of the synthesized PMMA/
MWNT nanocomposite films containing 1-5 wt % of MWNT were between 10~* and 1072 S/cm. When
PMMA/MWNT nanocomposites with the same MWNT concentrations were electrospun in DMF into
nanofibrous membrane, the conductivities were reduced to ~1071° S/cm, even though dispersion of the
MWNTs in the electrospun nanofibers was superior to the conventional polymer composites with carbon
nanotubes. The diameter of the electrospun fibers ranged between 120 + 30 and 710 + 20 nm. In addition,
MWNTSs in the electrospun nanofibers were found to be embedded in the polymer matix and to align

along the fiber axis.

Introduction

Carbon nanotubes (CNT) possess remarkable electri-
cal and mechanical properties coupled with good chemi-
cal stability due to their unique nanostructures.!—3
Thus, polymer composites reinforced with CNTs are
considered to have many engineering potentials, rang-
ing from battery electrodes and electronic devices to
much stronger composites.

Electronic properties of the perfect MWNTs are
known to be similar to those of the single-walled CNTs
(SWNTSs) due to the one-dimensional electronic struc-
ture and the electronic transport characteristics. Several
sheets of graphite are rolled up into tubes to form
MWNTs, with the ends closed off by caps of various
shapes. The MWNTs are made up of a series of cylinders
nesting one inside the other like Russian dolls.# Since
the CNTs are extremely flexible and possess high aspect
ratio, it is extremely difficult to align and disperse the
CNTs by using the ordinary composite fabrication
methods. CNTs generally form stabilized bundles due
to van der Waals force, resulting in the formation of
hollow ropes. Therefore, obtaining a good dispersion of
CNTs is known to be one of the key issues in using
CNTs in composites.?8 By introducing small amounts
of CNTs in the form of small bundles or individual
tubes, mechanical strength, electrical conductivity, and
thermal conductivity of the polymer composites can be
improved tremendously compared with those of pristine
polymer.”10 Dispersion of CNT in the polymer matrix
has been studied from different points of view by
noncovalent and by covalent functionalization as
well.11713 In particular, MWNT can be functionalized
and grafted with polymer chains via atom transfer
radical polymerization, which can possibly control the
molecular weight and its distribution within the result-
ing polymer.!* Recently, to obtain homogeneous and fine
dispersion of CNTs in the polymer matrix, Park et al.1?
adopted in-situ polymerization of methyl methacrylate
(MMA) monomer containing functionalized MWNTs by

* Corresponding author: Tel +82-32-860-7483; Fax +82-32-865-
5178; e-mail hjjin@inha.ac.kr.

a radical initiator. They observed that MWNTs were
more uniformly dispersed in the PMMA matrix than in
a composite simply prepared by using a PMMA solution
and reported that successful dispersion of MWNT in
PMMA resulted from the grafting of PMMA onto the
CNT surface.

On the other hand, electrospinning is a fast and
simple process driven by the electrical forces on the
surface of the polymeric fluids, producing polymer
filaments of nanoscale diameters.16-21 Recently, it has
been reported that the chemically functionalized CNTs
in electrospinning process enhance various physical
properties through modulating the interfacial interac-
tion with the polymer matrix.22-24

In this work, MWNTSs were embedded and aligned in
PMMA nanofibers via an electrospinning process. The
dispersion characteristics were improved via a bulk
polymerization of PMMA in the presence of MWNTs.
Unlike previous works on electrospinning of simple
blends of CNTs with polymeric materials,?® we incor-
porated CNTs as nanoscale fillers by in-situ polymeri-
zation of MMA. Thereby, we were able to disperse CNT's
very well in the PMMA matrix prior to the electrospin-
ning. We also investigated morphology and electrical
conductivity of the electrospun PMMA nanofibers con-
taining aligned MWNTs.

Experimental Section

Preparation of PMMA/MWNT Nanocomposites. The
MWNTs (purity of 97%, supplied by Iijin Nanotec Co., Korea)
synthesized by the thermal chemical vapor deposition were
used in this study. To remove metallic catalysts from MWNTs
prior to use the MWNTSs were treated in 3 M HNO; at 60 °C
for 12 h and then in 5 M HCI at 120 °C for 6 h.?> The purity
of the treated MWNT was measured to be 99% using thermo-
gravimetric analysis. This acid treatment is known to intro-
duce carboxyl and hydroxyl functional groups on MWNT,
which render MWNT more compatible with common organic
solvents.26 Acid-treated MWNTSs were then dispersed in MMA
monomer for 5 h at 25 °C using a ultrasonic generator (Kyungil
Ultrasonic Co., Korea), which has a nominal frequency of 28
kHz at 600 W. Bulk polymerization of MMA (20 g) in the
presence of dispersed MWNTs was performed at 60 °C with
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2,2'-azobis(isobutyronitrile) (AIBN) (0.04 g) as an initiator in
a capped glass test tube. PMMA/MWNT composites thus
prepared showed MWNT contents of 0, 1, 3, and 5 wt % with
respect to MMA. After polymerization, the MWNT/PMMA
composites were separated from test tubes and characterized
by a Fourier transform infrared spectrometer (FT-IR, Perkin-
Elmer, Spectrum 2000) to evaluate the chemical structure
using a KBr pellet.

Electrospinning Process. To prepare a sample solution
for the electrospinning process, the PMMA/MWNT composite
obtained from in-situ polymerization of MMA was dissolved
in dimethylformamide (DMF) for 2 days. The solution concen-
tration of the PMMA/MWNT composites in DMF varied with
the MWNT content in composites: 4.0 wt % both for PMMA
only and for 1 wt % MWNT content, 4.7 wt % for 3 wt %
MWNT content, and 5 wt % for 5 wt % MWNT content in
PMMA/MWNT composites. The higher the MWNT content in
the PMMA/MWNT composites, the higher the solution con-
centration for the electrospinning.

The electrospinning appratus was composed of several
components: a high-voltage supplier (Gamma High Voltage
Research, E3 30P-5W), a capillary tube with a stainless steel
needle (16 gauge), a syringe pump (Harvard Apparatus), and
a stainless steel collecting screen (diameter ~ 10 cm) as
described elsewhere.?!27.28 A high electric field from the high-
voltage supplier is generated between the needle and the
collection plate. As it reaches a certain voltage difference, the
electrical charge passing through the polymer solution over-
comes surface tension of the polymer solution droplet that is
formed at the tip of the needle. Electrospinning was carried
out using a syringe with a 1.2 mm diameter spinneret at an
applied voltage difference of 30 kV over the distance of 50 cm
(E = 0.6 kV/cm). As the MWNT content was increased, DMF
was evaporated more slowly, resulting in great difficulty in
producing uniform fibers. The distance between the needle and
the collector had to be kept much farther compared to other
systems where the typical distance is 15—20 cm. Prior to
electrospinning, the solution of PMMA/MWNT in DMF was
sonicated for 1 h to obtain homogeneous dispersion. The
syringe pump was set to deliver the solution at a flow rate of
10 4L/min using a 5 mL syringe.

Characterization of PMMA/MWNT Composites and
Electrospun Nanofibers. The amount of MWNT dispersed
in PMMA/MWNT composites was examined by thermogravi-
metric analysis (TGA) (Q50, TA Instrument). The surface
morphology and the fiber shape were observed via a field
emission scanning electron microscope (FESEM, S-4300, Hi-
tachi, Japan), and the orientation of MWNT in the PMMA/
MWNT nanofibers was characterized using a transmission
electron microscope (TEM) (CM 200, Philips, The Nether-
lands). The solution shear viscosity was measured via a
rotational rheometer (MCR-300, Paar-Physica, Germany)
equipped with a concentric cylinder-type measuring unit. The
electrical conductivity of electrospun nanofibers of the PMMA/
MWNT composites was measured by a four-probe method with
a high-voltage source measurement unit (237 Keithley).

Results and Discussion

Figure 1 shows TGA curves of the PMMA/MWNT
composites with various concentrations of MWNTSs, at
a heating rate of 20 °C/min with Ny gas purging. When
it was heated to 900 °C, more residues were observed
for higher MWNT contents. PMMA starts to degrade
around 200 °C and completely decomposes at 400 °C.
The PMMA/MWNT composites also decomposed at 400
°C, and the amount of MWNT in the composite re-
mained at higher temperatures.

The molecular weights of PMMA in the PMMA/
MWNT nanocomposites with different CNT contents are
described in Table 1, showing that the molecular weight
of PMMA increases with the MWNT content due to its
participation in the polymerization resulting from con-
suming AIBN.? AIBN can initiate the polymerization
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Figure 1. TGA thermograms of (a) PMMA and PMMA/
MWNT composites: (b) 99/1, (¢) 97/3, and (d) 95/5 wt %.

Table 1. Molecular Weights of PMMA in PMMA/MWNT
(wt %) Composites by GPC

PMMA/MWNT 100/0 99/1 97/3 95/5
My 311100 447300 613600 741400
M, 72800 110500 166500 217800
PI* (M/My) 4.27 4.05 3.68 3.40

@ Polydispersity index.
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Figure 2. FT-IR spectrum of (a) PMMA/MWNT (99/1 wt %)
composite and (b) pure PMMA.

of MMA monomers in the bulk. Also, AIBN is capable
of opening the 7-bonds of CNTs, and the generation of
radicals on MWNT surface by the AIBN triggers the
growth of PMMA chains tethered on the CNT surface,
resulting in the increase in the molecular weight of
PMMA.15 The molecular weights shown in Table 1 are
the ones of the PMMA chains that are free from the
CNT surface because the chains adsorbed onto the CNT
were filtered out prior to the GPC measurement. The
additional consumption of AIBN led to a reduction in
the number of radicals during the reaction and eventu-
ally an increase in the PMMA molecular weight.

Chemical structures of the composites of MWNT and
PMMA as well as pristine PMMA were further analyzed
by an FT-IR spectrometer (Figure 2). A new peak at
1650 cm™! (the arrow in Figure 2) was observed in the
composites. It is believed to be originated from a C—C
bond between MWNT and PMMA, which was formed
during polymerization initiated by the radicals on the
surface of MWNT.915

Figure 3 shows the nonwoven membranes formed by
the electrospun nanofibers of both PMMA/MWNT and
PMMA from the DMF solutions. They display quite
compact textures over a large area. The color of the
electrospun mat was gray due to the presence of the
MWNTs embeded in the nanofibers.

Figure 4 displays SEM photographs of the electrospun
nanofibers of PMMA/MWNT composites. The electro-
spun nanofibers of PMMA/MWNT composites show a
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Figure 3. Membrane images of electrospun nanofibers of (a)
pure PMMA and (b) PMMA/MWNT (97/3 wt %). Scale bars:
10 mm.

Figure 4. SEM images of electrospun nanofibers of PMMA/
MWNT composites: (a) pure PMMA (b) 99/1, (¢) 97/3, and (d)
95/5 wt %. Scale bars: 2 um.

relatively broad size distribution (fiber diameter: about
100—700 nm) with different MWNT contents compared
with that of the electrospun PMMA without MWNT
(520 £+ 50 nm, N = 50). The surface of the PMMA
electrospun nanofibers without MWNT is very smooth,
as shown in Figure 4a. On the other hand, addition of
the CNTs into PMMA made the fiber surface rough and
uneven, while the MWNTs were well embedded in the
fiber (Figure 4b,c). As the CNT content increased, the
electrospun nanofibers showed some aggregates and
local irregularities, as shown in Figure 4d. It was rather
difficult to spin the PMMA/MWNT solution containing
5 wt % CNT due to its higher solution viscosity with a
larger shear thinning behavior compared with other
solutions in Figure 5. Although the shear viscosity of
the PMMA/MWNT solution increased with the MWNT
content, high solution concentration was required to
electrospin the PMMA/MWNT solution with higher
MWNT content. It is due to the fact that as the MWNT
content in the solution increases, the elasticity of the
solution decreases, thus making the electrospinning
rather difficult.

SEM images in Figure 6 show various types of surface
irregularities of the nanofibers in detail. It is clearly
shown that some parts of the CNT are knotted or
entangled or protruded from the side or from the end
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Figure 5. Shear viscosity of PMMA/MWNT composites with
different MWNT contents in DMF.

Figure 6. SEM images of electrospun nanofibers of PMMA/
MWNT showing several types of irregularities: (a, b) PMMA/
MWNT (99/1 wt %); (c—f) PMMA/MWNT (95/5 wt %). Scale
bars: 1 um for (a—c) and 500 nm for (d—f).

of the nanofibers. Note that SWNT bundle protruding
from the edge is also recently reported for SWNT—
polyurethane nanofibers.2’

We further investigated the internal structural details
of the PMMA/MWNT electrospun nanofibers containing
different amounts of CNT by TEM. Figure 7 compares
TEM images with SEM images of the embedded CNTs
that are well-oriented along the nanofiber axis. In
Figure 7a, the TEM photograph clearly shows that the
embedded CNTs are entangled, even though the solu-
tion viscosity of the PMMA/MWNT containing 1 wt %
MWNT was lower than other solutions containing
higher MWNT contents. However, it should be noted
that the carbon nanotube appears well dispersed within
the nanofiber individually. The electrospun nanofibers
with the CNT content of 3 wt %, shown in Figure 7b,c,
were well aligned and almost fully extended. However,
as the CNT content in PMMA increased to 5 wt %, the
surface of some fibers was irregular and rough due to
aggregation of the CNT during the electrospinning
process (Figure 7d). Figure 7d compares TEM images
with SEM images. Even though the MWNTSs are con-
sidered to be well oriented, partially bent and twisted
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Figure 7. TEM images of electrospun nanofibers of PMMA/
MWNT composites: (a) 99/1, (b) and (c) 97/3, and (d) 95/5 wt

%. Scale bars: 100 nm for (a—c), 200 nm for (d), and 1 um for
SEM image in (d).

CNTs within nanofibers are also shown. The diameter
of nanofibers was affected by the degree of the MWNT
alignment within the nanofibers. Nanofiber diameter
can be further controlled by the processing condition.
As confirmed in Figure 7, the embedded CNTs within
the nanofibers could be identified, and their alignments
could also be investigated by SEM and TEM images.

Because the CNTs are electrically conductive, it was
interesting to monitor electrical conductivities of PMMA/
MWNT bulk films and the electrospun PMMA/MWNT
nanofibrous membranes. The PMMA/MWNT films were
prepared by solvent casting with a film thickness of 150
um. The electrical conductivity of PMMA/MWNT (99/1
wt %) film was 3.1 x 107* S/cm, and that of PMMA/
MWNT (95/5 wt %) films was 1.4 x 1072 S/cm, while
the electrical conductivity of pure PMMA film was very
low at 10714—1071% S/cm. However, electrical conductiv-
ity of the electrospun PMMA/MWNT membrane was
found to be approximately ~10710 S/cm, regardless of
the MWNT concentration.

It should be noted that the physical state of the
PMMA/MWNT composite affects the electrical conduc-
tivity at the same MWNT loading, although there was
a report that in-situ polymerization in the presence of
the CNTs could induce some defects on the CNT
surface.!! In the case of electrospun nanofibrous mem-
branes of PMMA/MWNT, both the high porosity of the
nonwoven membranes?® and the fact that the PMMA
chains wrapped around the MWNTs in individual
PMMA/MWNT nanofibers may have contributed to
lowering of electrical conductivity.

Conclusions

We prepared the PMMA/MWNT composites by ef-
fectively dispersing MWNTs via an in-situ bulk polym-
erization of MMA. Electrospinning of the composite
solution produced nanofibrous membranes with well-
aligned and embedded CNTs within individual fibers,
as observed by SEM and TEM. The electrical conductiv-
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ity of the electrospun PMMA/MWNT composite mem-
branes was lower that that of the bulk composite film
at the same concentration of MWNTSs. Not only high
porosity of the electrospun membrane but also excellent
wrapping of PMMA chains around the MWNT may have
caused the reduction of electrical conductivity. It was
found that the electrospinning process was a useful
method for aligning the CNTs in the nanofibers but not
very efficient for enhancing electrical conductivity of
matrix polymer.
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