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ABSTRACT: Polymer blends based on poly(ethylene gly-
col), polyacrylonitrile, and multiwalled carbon nanotubes
(MWNTs) were prepared by the solvent cast technique
from the dispersion of the MWNTs in the concentration
range 0-3.45 wt %. The interaction of the MWNTs with
the polymer blend was confirmed by a Fourier transform
infrared (FTIR) spectroscopy study. The thermal properties
of the polymer blend with the MWNTs were carried out
by means of differential scanning calorimetry (DSC). It
was evident from DSC that the polymer/MWNTs had a
high thermal stability. Scanning electron microscopy was

used to study the dispersion of the MWNTs in the poly-
mer blend. To measure the electrical conductivity, the
four-point probe method was used. The electrical conduc-
tivi’ay showed an ionic conductivity on the order of 4.4 x
10 * to 1.2 x 10" S/cm. Relative changes in the conduc-
tivity with the concentration and temperatures for the
samples were analyzed. © 2010 Wiley Periodicals, Inc. ] Appl
Polym Sci 119: 142-147, 2011
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INTRODUCTION

As nanoscience and nanotechnology have advanced
rapidly, extensive research and development have
been performed on high-performance polymeric
nanomaterials for targeted applications in numerous
industrial fields. Several attempts have been made to
develop high-performance polymer nanocomposites
with the benefit of nanotechnology in fields ranging
from the scientific to the industrial, including
the incorporation of nanoscaled reinforcements into
the polymer matrix. Carbon nanotubes (CNTs) have
attracted a great deal of interest as advanced rein-
forcements since CNTs were discovered by lijima in
1991.1 Moreover, this discovery has created a high
level of activity in materials research, which has led
to the practical realization of the extraordinary prop-
erties of CNTs, with their infinite number of possi-
bilities for new materials.*”

The incorporation of nanoparticles into a polymer
matrix has been of increasing interest in materials
engineering.®® The resulting products are composite
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materials where nanoparticles are randomly dis-
persed. In this regard, polymers are a good choice as
host materials because they have a wide variety
of bulk physical properties and possess flexible
processability.'’ Several works have appeared in the
literature in which the preparation of new nanopar-
ticles/polymer composites have been reported.''™°
Commonly, a problem persists for these types of
materials; particles of different types develop self-
aggregation, and as a result, an uncontrollably wide
size distribution occurs. Consequently, the develop-
ment of easier synthesis techniques to produce new
nanoparticles and nanodispersions with narrower
size distributions in a polymer matrix is an actual
challenge.

CNTs have exhibited remarkable chemical, elec-
tronic, and mechanical properties.'®!” The tensile
modulus and strength of CNTs reach 270 GPa-1 TPa
and 11-200 GPa, respectively.'® Polymer composites
with CNTs are expected to improve the mechanical
properties of matrix polymers. Lee et al.'"” prepared
multiwalled carbon nanotube (MWNT)-reinforced
polyurethane nanocomposites with excellent me-
chanical properties, thermal properties, and electric
conductivity; their study showed that hydrogen
bonding played an important role in the mechanical
properties and that MWNTs had a strong influence
on hard-segment hydrogen bonding. Kim et al.*
studied the electrical conductivity of a film-typed
sample of the MWNT/polystyrene (PS) composites
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Figure 1 FTIR spectra of (a) PAN, (b) PEG, and the (c)
PEG/PAN and (d) PEG/PAN/MWNT composites.

as a function of the MWNT content in PS; it was
shown that the electrical conductivity with MWNT
content in the PS was in accordance with a per-
colation theory,”! and the percolation threshold
for the MWNT/PS composites was between 0.5 and
1.0 wt %.

Miscible polymer blends are attractive host materi-
als to which CNTs can be inserted because this type
of mixture has a degree of mixing down to the
molecular level. Many literature reports deal with
the addition of CNTs as fillers into polymer matri-
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ces; however, just a few researchers have investi-
gated the effect of adding CNTs to a polymer matrix
specifically formed by a miscible polymer blend.
Because CNTs are typically insoluble in organic sol-
vents and severely bundled, their homogeneous dis-
persion in a desired polymer matrix is difficult to
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Figure 2 DSC heating curves for the (a) PEG/PAN blend
and PEG/PAN/MWNT composites containing (b) 1.25
and (c) 3.45 wt % MWNTs.
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TABLE I

Thermal Properties of the PEG/PAN/MWNT Composites

Sample AH,, (J/g8) Tw (°C) AH.(/g) T.(°C) T, (°C)
PEG 154.40 59.81 26.2
PAN 343.6 295.18
PEG-PAN (30 : 70 wt %) 318.8 285
PEG-PAN (50 : 50 wt %) 76.96 286.19 109.4 61.26 38
PEG-PAN (70 : 30 wt %) 287.16 89.02 59.14 36
PEG-PAN-MWNT (1.25 wt % MWNT) 20.59 292.70 47.79 58.25
PEG-PAN-MWNT (2.36 wt % MWNT) 310 41 59.2
PEG-PAN-MWNT (3.45 wt % MWNT) 91.53 326.15 69.47 60.94

AH,, = heat of melting, AH, = heat of crystallization, T, = glass transition temperature.

dissolution of CNTs
4.22-25

achieve. The in common
organic solvents has been describe

The aim of this study was to report on the thermal
properties of polymer/MWNT composites. Differen-
tial scanning calorimetry (DSC) and Fourier trans-
form infrared (FTIR) spectroscopy techniques
allowed us to detect changes in the thermal and
structural properties of the composites prepared as a
function of the MWNT content. In addition, the mor-
phology and electrical properties of the polymer
composites were also examined.

EXPERIMENTAL

Poly(ethylene glycol) (PEG) with an average molecu-
lar weight of 2700-3300 was obtained from Merck
(Darmstadt, Germany), polyacrylonitrile (PAN) with
a molecular weight of 9.5 x 10* and dimethylforma-
mide (DMF) were obtained from Aldrich Chemical
Co. Inc. (Milwaukee, Wisconsin), and MWNTs with a
diameter of 10 nm, a length of 0.1-10 pm, and a purity
of 90% were supplied by Nanocyl S. A. (Hamburg,
Germany). The blends were prepared by solution cast-
ing with DMF as a solvent. In the first part of the
study, PEG and PAN were blended at several weight
percentage ratios and dissolved in DMF. The solutions
were stirred overnight and then poured into glass
dishes and allowed to evaporate slowly at room tem-
perature. The solid films were further dried in vacuo to
remove residual solvent. The selected weight ratio of
PEG to PAN (50 : 50) was selected for the second part
of the experiments. Here, different weights of MWNTs
(0.68, 1.25, 2.36, and 3.45 wt %) were mixed into PEG/
PAN at the chosen ratio. The characterization of the
samples was carried on a Nicolet DX 510 FTIR spec-
trometer with KBr pellets (analytical reagent grade) at
room temperature. DSC measurements were carried
out on a DuPont 2000 DSC instrument in standard
mode with nitrogen gas. Samples were heated to
350°C with a heating rate of 10°C/min. The morphol-
ogy of the composite was observed with scanning
electron microscopy (SEM; model JSM-6400, JEOL,
Peabody, MA, low voltage = 20 kV). The SEM samples
were gold-sputtered to prevent charging. The electri-
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cal conductivity of the samples was measured at dif-
ferent temperatures with a four-probe technique (EPP
0602, Entek Electronics).

RESULTS AND DISCUSSION

The FTIR spectra of the PEG/PAN/MWNT compo-
sites were analyzed to confirm the interaction
between the polymer blends and the MWNTs. The
PEG/PAN/MWNT spectrum showed absorbance
peaks at 1454 cm ™' (—CHj), 2243 cm™! (CN), 2886
cm ' (—CH,—), and 3565 cm ™! (O—H), characteristic
of the polymer composite. The inset in Figure 1
demonstrates a small shift of the C=N and OH
peaks following the MWNT embedding compared
with the pure PAN and PEG/PAN blend. The C=N
band, originally appearing at 2214 cm !, shifted
slightly to 2243 ¢cm ™' for the PEG/PAN/MWNT
composite; however, it was evident that the OH
peak for PAN/PEG/MWNT (3565 cm ™ Y) shifted
compared to the PEG/PAN blend (3543 cm™').

DSC thermograms provide high information tools
for studying the phase behavior of polymer blends
and composites.”® Figure 2 shows typical DSC
curves of the PEG/PAN and PEG/PAN/MWNTs
systems in the range 25-350°C; a single, sharp crys-
tallization peak was observed for all of the blend
compositions.

The linear relationship between the crystallization
temperature (T,) or melting temperature (T,,) and
the blend composition indicated the additive
contribution of the polymer blend to the total crys-
tallinity; the DSC data are summarized in Table I.
PEG showed an endothermic peak at 59.81°C (peak
temperature), with a crystallization enthalpy of
154.40 J/g and a weak inflection or exothermic
change in its base line at 121°C. This effect, demon-
strated by other authors for PEG with different
molecular Weights,27 was related to the oxidation of
the PEG at this temperature. PAN exhibited a sharp
exothermic peak between about 285 and 300°C. This
peak corresponded to the dehydrogenation, oxida-
tion, crosslinking, and mainly, cyclization reactions.



PEG/PAN/MWNT COMPOSITES

aso

(a)

oo L

T1%C)

3%
ALY

AN
"\t

(k)
. * .
50 |

-05 0. os 1.0 15 20 25 ao as
wt. % ofMWHNT content

Figure 3 (a) T,, and (b) T, of the PEG/PAN/MWNT
composites as a function of the MWNT content.

The appearance of multiple melting peaks in
some samples can usually be explained by the
coexistence of different crystal populations or alter-
natively by melting and crystallization. The single
glass transition meant that the polymer blend took
a homogeneous single phase at the annealing tem-
peratures. Figure 3 represents the effect of the
MWNT composition on the T,, and T, values of the
PEG/PAN/MWNTs; there was an apparent
increase in the T,, of the PEG/PAN film from
286.19°C to approximately 326°C in the blend with
increasing MWNT content (0-3.45 wt %). Similar
observations were made by Nam et al.®® They
reported that the T,, values of a poly(vinylidene
fluoride) (PVDF) blended with MWNTs at various
contents (0.01-5 wt %) increased from 1779 to
182.1°C.

The T, difference between the PEG/PAN blend
and the samples containing MWNTs was very small;
this indicated that the addition of the MWNTs did
not significantly affect the value of T.. That could
have been due to the fact that the addition of CNTs
to the blend inhibited crystallization.

Figure 4(a) shows the SEM micrograph of the
MWNTs used in this study. The existence of a
highly entangled networklike structure of the
MWNTs is well evident in the micrograph. A
percolated MWNT network structure and a rela-
tively good dispersion of MWNTs were evident
in the PEG/PAN/MWNT composites with 3.45
wt % MWNTs at different scales [Fig. 4(b,c)].
Compared to polymer/MWNTs prepared via an
in situ bulk polymerization, the solvent cast film
showed a better nanoscopic dispersion of
MWNTs.*

The measurements of the ionic conductivity of the
PEG/PAN/MWNT composites were carried out at
different concentrations in the temperature range
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293-353 K. The conductivity (o)-temperature varia-
tions of the polymer composite were calculated as
follows:™

[ —— L U e
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Figure 4 SEM micrographs for the (a) pure MWNTs and
(b,c) PEG/PAN/MWNT in different scales.
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Figure 5 Arrhenius plots of the PEG/PAN/MWNT com-
posites with (a) 0, (b) 0.68, (c) 1.25, (d) 2.36, and (e) 3.45
wt % MWNTs.

c = opexp [kTu} (1)

where E, is the conductivity activation energy, K is
Boltzmann’s constant, and o, is the pre-exponential
factor and includes the charge carrier mobility and
density of state. The semilogarithmic plots of In o
versus T~ ' (temperature), illustrated in Figure 5, were
linear with E, values of 119 and 81 meV for PEG/
PAN and PEG/PAN/MWNTs, respectively. The cor-
responding values of E, are shown in Table I

The electrical conductivity of PEG/PAN (50 : 50
wt %) was 4.4 X 10~* S/cm; this result was compa-
rable with the polymer blend by Liang et al.>* With
the variation of PAN, although the conductivity
changed, the values were in the range of 10~ orders
of magnitude. However, a change in the amount of
PAN had a considerable effect on the mechanical
properties. These observations led to the conclusion
that PAN played a great role in providing mechani-
cal stability rather than conductivity.*?

The highest electrical conductivity was given by
the sample containing 3.45 wt % MWNTs with a
conductivity of 1.2 x 1072 S/cm. Figure 6 presents
the conductivity of the PEG/PAN/MWNT compo-
sites as a function of the MWNT composition. The
analysis was carried out at room temperature. This

TABLE II
Arrhenius and Vogel-Tamman-Fulcher (VTF) Activation
Parameters for the PEG/PAN/MWNTs

MWNTs (wt %) G, E, (meV)
0 0.06204 119
0.68 0.69643 130
1.25 0.4182 104
2.36 0.44844 97.9
3.45 0.30821 81.1
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Figure 6 Electrical conductivity of the PEG/PAN/
MWNT composites as a function of the MWNT content.

graph clearly shows that conductivity increased to
the maximum value at 3.45 wt % MWNTs. The per-
colation threshold for the PEG/PAN/MWNTs was
around 0.625 wt % MWNTs. However, Hu et al.*®
reported that the tunneling effect could be identified
by the increase in the electrical conductivity when
the volume fractions of CNTs were near the percola-
tion threshold of the composite. The tunneling effect
disappeared gradually with increasing addition of
CNTs. This result implies that a high sensitivity in
strain measurement could be achieved in this nano-
composite when the CNT loading was controlled to
be close to the percolation threshold.

The conductivity of the PEG/PAN blend at room
temperature was reported to be 4.4 x 107* S/cm.
Similar observations were obtained by Sundaray
et al.’*; it was indicated that the conductivity of the
PMMA/MWNTs further increased by nearly one
order of magnitude from 4.5 x 107° to 5.3 x 10°* S/
cm with increasing concentration of the MWNTs
from 0.05 to 2 wt %. This was possibly due to its
high conductivity.

CONCLUSIONS

The studied PEG/PAN/MWNT composites were
prepared by a solvent cast technique. The micro-
structure, thermal properties, and electrical conduc-
tivity of four MWNT-filled polymer blend systems
were investigated and analyzed. We concluded that
the MWNT distribution in the polymer blend played
a very important role in the determination of both
the thermal and electrical properties of all of the
composites. It was evident that the polymer/
MWNTs had a high thermal stability. The electrical
conductivity showed an ionic conductivity on the
order of 4.4 x 107* to 1.2 x 107> S/cm. The percola-
tion threshold for the PEG/PAN/MWNTs was
around 0.625 wt % MWNTs. Nanocomposites based
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on PEG/PAN and MWNTs as filler showed a signif-
icant enhancement in the electrical conductivity as a
function of temperature. The good electrical proper-
ties of the composites containing MWNTs are prom-
ising for the design of low-cost polymer composites
for numerous future applications.
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