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Ultrahigh Electrical Resistance of Poly(cyclohexyl
methacrylate) /Carbon Nanotube Composites Prepared

Using Surface-Initiated Polymerization

Kenichi Hayashida* and Hiromitsu Tanaka

Multiwalled carbon nanotubes on which poly(cyclohexyl methacrylate)s are
densely grafted (PCHMA-CNTs), are synthesized using a modified surface-
initiated atom transfer radical polymerization technique. The electrical resist-
ance of PCHMA-CNT is systematically characterized under direct current
(DC) and alternating current and compared to that of conventional nano-
composites prepared by blending PCHMA with the CNT (PCHMA/CNT). At a
comparable volume fraction of CNT, DC volume resistivity of PCHMA-CNT is
14 orders of magnitude higher than that of PCHMA/CNT. This is because the
grafted polymer with a combination of the high molecular weight and the high
grafting density isolates individual CNTs at a long distance in the PCHMA-
CNT system. In addition, impedance analysis reveals that the highly insu-
lated PCHMA-CNT has the same electrical nature as neat PCHMA, i.e., it is

a dielectric. Furthermore, dynamic mechanical analysis shows PCHMA-CNT
has a good mechanical properties as well as ultrahigh electrical resistance.

not only good mechanical properties and/
or high thermal conductivity but also elec-
trical insulation (more than 1 TQ cm)
(e.g., printed circuit boards, sealants for
semiconductor devices and light emitting
diodes, insulators for the coils of motors).
The unavoidable electrical conductivity of
the polymer/CNT nanocomposites limits
the extent of the applications. Although
there are numerous studies on high elec-
trical conductivity of the polymer/CNT
nanocomposites, no highly insulated
polymer/CNT nanocomposite has been
reported so far.

A solution to prevent the electrical
conductivity of the polymer/CNT nano-
composites is that individual CNTs
are completely covered with polymer
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1. Introduction

Polymer/carbon nanotube (CNT) nanocomposite materials
have been much developed over the last two decades.' The
CNTs impart good mechanical properties and high electrical
and thermal conductivities to polymer materials at low CNT
loading. Especially for electrical conductivity, several orders
of magnitude enhancement is achieved at a few vol% of CNT
loading.>'% The polymer/CNT nanocomposites become con-
ductive becasue of the formation of a 3D conductive network
of the CNT within the polymer matrix when the CNT content
exceeds a critical value, known as a percolation threshold. The
percolation thresholds are typically much less than 1 vol% for
the polymer/CNT composites,'>] whereas more than 10 vol%
of loading is required for conventional conductive fillers such
as carbon black. The extremely low percolation threshold for
the CNT means almost all polymer/CNT nanocomposites are
electrically conductive. The polymer/CNT nanocomposites,
therefore, cannot be used for some applications demanding
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matrix not to contact each other.

Polymer grafting on the surface of the
CNT shows promise of insulation of the CNT.''-15] Unlike
physically adsorbed polymer chain, the covalently attached
polymer chain would withstand processing such as com-
pression molding at elevated temperature. In addition, the
grafting density of the polymer chain is important for high
electrical resistance. When the grafting density is low, even if
the molecular weight is high, the CNT might approach each
other within several nanometers, as indicated by previous
morphological works.'213] Tt is widely accepted that such
small internanotube distance allows efficient electron hop-
ping between the nanotubes (tunneling conduction).[1®-19]
In contrast, a combination of a high molecular weight and
a high grafting density isolates individual CNTs at a long
distance by steric repulsion of “polymer brush’,12-13 and
a highly insulated polymer/CNT nanocomposite could be
produced. In the last decade, surface-initiated polymeriza-
tion (SIP) techniques (especially, using atom transfer radical
polymerization (ATRP), which is a highly versatile tech-
nique for controlled polymerization) have been developed
to provide high molecular weight polymers densely grafted
on nanoparticles such as silicas,?%2!l metals, and metal
oxides.?223] Many methods for ATRP from the surface of
single-walled carbon nanotubes (SWCNTs)!?4?°] and multi-
walled carbon nanotubes (MWCNTs)26-28 have been reported
as well. While high molecular weight polymers of over 100k
were obtained,?*] the grafting densities of the polymers were
not identified for the SI-ATRP of CNTs.
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In this paper, we demonstrate ultrahigh electrical resistance
of the polymethacrylate/ MWCNT nanocomposite prepared
using a modified SI-ATRP technique. We have recently estab-
lished an SI-ATRP method of synthesizing high molecular
weight polymethacrylate densely grafted on silica nanoparticles
using an originally designed ATRP initiator, p-(bromomethyl)
benzyl 2-bromoisobutylate (BBnBiB).'>?!l Our method has
been modified to be applicable to MWCNT, and the ATRP
initiator moiety was covalently attached on the surface of the
MWCNT. Using this ATRP initiator-modified MWCNT (CNT-
Br), a series of MWCNTs on which poly(cyclohexyl methacr-
ylate)s (PCHMAs) with various molecular weights were grafted
(PCHMA-CNTs), were synthesized, and the grafting density
was determined through careful characterization. We chose
PCHMA as the polymethacrylate because low polarity of the
cyclohexyl group is expected to impart low water absorption to
the polymethacrylate; high electrical resistance is susceptible
to the water absorption. Second, PCHMA has a comparatively
high glass-transition temperature of 104 °C. The electrical resist-
ance of PCHMA-CNT was systematically characterized under
direct current (DC) and alternating current (AC), and com-
pared to those of two conventional nanocomposites prepared
by blending PCHMA with CNT or CNT-Br (PCHMA/CNT and
PCHMA/CNT-Br). Furthermore, polymer/CNT compatibilities
in the three nanocomposites were investigated using dynamic
mechanical analysis. To the best of our knowledge, this is the
first report on the electrical and mechanical properties of the
polymer/CNT nanocomposite system in which all the polymer
chains are tethered on the CNT surface.

2. Results and Discussion

ATRP-initiator modified MWCNT (CNT-Br) was synthesized as
Scheme 1, where MWCNT with an average diameter of 10 nm
was used. In the first step in Scheme 1b, the CNT was amine-
functionalized using an aryl diazonium salt method developed
by Tour et al.2%3% Although amine-functionalized CNTs have
been synthesized using diazonium salts prepared from p-phe-
nylenediamine,BY the diazonium salt was unstable to decom-
pose even at 5 °C as had been pointed out by Delamar et al.’%
We have found that a diazonium salt from 4,4’-oxydianiline
(ODA) was stable at 5 °C (similarly, diazonium salts prepared

2N@ O NaN02 HClag - 7[\].,.@ *@“NH@I
(ODA) /
CINZOOONH;;CI

(b)

CNT > ONT—{ Y0 )1
5°C —»50°C,11h
(BBnBIB) ot (CNT-NH.)
BrCH, CH,O- g gHsBr oHy
e ONFNHen{ )anogca
(CNT-Br)

Scheme 1. Preparation of ATRP initiator-modified CNT.
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Table 1. Characteristics of the Modified CNTs.

Code CNT weight  Loading Element content
fraction®  [mmol g™']?) [wtos])
H N Br
CNT-NH, 0.693 24 1708 2320 -
CNT-Br 0.664 0.23 22(1.9) 2220 12(1.))

ADetermined by the weight increment of the CNT sample after reaction; ®)The
amount of the introduced moiety per unit weight of the CNT, which was calculated
from the molecular weight of the moiety and the CNT weight fraction; 9Estimated
from the loading amounts. The value in the parentheses was obtained by elemental
analysis of the modified CNTs.

from 4,4-thiodianiline and 4,4’-diaminodiphenylmethane were
stable), and efficiently reacted with the CNT at the higher tem-
perature (Scheme 1a). Thereby, the 4-(p-aminophenoxy)phenyl
(APP) moiety of ODA was covalently attached to the CNT sur-
face (CNT-NH,). We calculated the CNT weight fraction of CNT-
NH,, loading amounts of the APP moiety on the CNT and the
element content of CNT-NH, using a weight increment of the
CNT after the reaction (Table 1). The APP moiety attached on
the CNT could not be completely and selectively decomposed in
thermogravimetric analysis (Supporting Information) and ele-
mental analysis could not distinguish a carbon atom of the APP
moiety from that of the CNT. The calculated values for CNT-NH,
in Table 1 were supported by results of elemental analysis of H,
N for CNT-NH,. The experimental H and N contents in paren-
theses in Table 1 are consistent with the calculated element con-
tents from the sample weight. The APP moiety attached on the
CNT was directly observed by transmission electron microscopy
(TEM) (Figure 1b). It is confirmed that an amorphous-like layer
uniformly covers the CNT surface. The thickness of the layer is
approximately 1.5 nm, which indicates formation of a multilayer
of the APP moiety (Supporting Information). Similar multilayers
produced by diazonium salts have previously been reported.1:33]
In the second step in Scheme 1b, CNT-NH, was reacted with
BBnBiB,?!) and the ATRP-initiator moiety was introduced on
the surface (CNT-Br). CNT-Br was homogenously dispersible in
N,N-dimethylformamide or o-dichlorobenzene (DCB) with the
aid of sonication. The Br content in CNT-Br was confirmed by
combustion ion chromatography (Table 1). Cyclohexyl methacr-
ylate was polymerized using CNT-Br, where an unfixed initiator,
benzyl 2-bromoisobutylate (BnBiB) had been added in order to
obtain a free PCHMA produced from the BnBiB for molecular
weight characterization. Several groups have reported that the
number average molecular weights (M,,) of graft polymers were
almost the same as free polymers simultaneously formed.?%->34
The resultant free PCHMA was separated from PCHMA-grafted
CNT (CNT-PCHMA) using centrifugation. The characterization
result of the free PCHMA is shown in Table 2 together with the
calculated grafting density of the tethered PCHMA on the CNT
(Supporting Information). The grafted PCHMA was found to
have a high grafting density of 0.14 chains nm™, enough to be
referred to as “dense polymer brush’.1#3% The grafted PCHMA
chain is clearly observed in the TEM image of CNT-PCHMA in
Figure 1d.

For electrical and mechanical measurements, surface-initi-
ated polymerization using CNT-Br was scaled up, and a series

wileyonlinelibrary.com

2339

“
G
F
F
>
v
m
~




(-
[T}
s
a
-l
wd
=
[

2340 wileyonlinelibrary.com

Figure 1. TEM images of the modified CNTs: a) CNT, b) CNT-NH,,
c) CNT-Br, and d) CNT-PCHMA.

Table 2. Characteristics of CNT-PCHMA

CNT weight M, (x 10732 M,,/M, Loading  Grafting density
fraction? [umol g9 [chains nm=2]9)
0.155 93.8 1.33 53 0.14

3Determined by the weight increment of the CNT sample after polymer-grafting;
b)Values for the free polymer grown from an unfixed initiator; 9The amount of the
grafted polymer chains per unit weight of the CNT, which was calculated using
the M, and the CNT weight fraction; ¥Calculated from the loading amount of the
polymer chains and the specific surface area of the CNT (220 m? g7').

of PCHMA-CNTs with various molecular weights from 60k to
190k, were obtained as listed in Table 3, where the number in
the sample code represents the volume fraction of CNT (@cyr).
These samples are generally soluble in whatever solvents
PCHMA is soluble in. Several papers have reported orientation
of CNTs dispersed in solvents under electric fields;3*-8 Because
of the electric polarizability of CNT, the tube axis aligns parallel
to an electric field. First, we prepared PCHMA-CNT solutions in
DCB (0.1 vol% of CNT) with aid of sonication, and the stability
of the solutions was checked out over a month. Some sediment
was seen for PCHMA-CNT14 while PCHMA-CNTO06 has shown
no sedimentation because of the molecular weight as high as
190k. The stable PCHMA-CNTO06 solution was sandwiched
between indium tin oxide (ITO)-coated glass substrates with
a gap of 100 pm, and applied AC voltages (60 Hz). Figure 2a
shows visible absorption spectra of the CNT solution under the

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Characteristics of a Series of PCHMA-CNTs.

Code? M, (x 10732 Fraction of CNT Internanotube
distance [nm]®)
weight?) volumed)
CNT-Br - 0.664 0.547 -
PCHMA-CNT14 60.2 0.214 0.143 15.2
PCHMA-CNT12 72.5 0.188 0.124 17.0
PCHMA-CNT11 82.5 0.171 0.112 18.4
PCHMA-CNTO09 102 0.145 0.094 21.0
PCHMA-CNTO06 190 0.087 0.055 30.8

AThe number in the sample code represents the volume percentage of CNT;
b)Estimated using the loading amount of the polymer chains on the CNT described
in Table 2; 9Determined by the weight increment of the CNT sample after poly-
mer-grafting; 9Calculated using a bulk density of 1.8 g cm™ for the CNT and of
1.1 g cm™ for the organic component; 9ldeal value calculated assuming CNT is
hexagonally packed.

AC voltages. The absorbance is decreased with the increase of
the applied voltage, suggesting the CNT is oriented parallel to
the electric field. The response speed of the CNT and repro-
ducibility are shown in Figure 2b. The PCHMA-CNTO06 solu-
tion was still stable and no electric breakdown occurred during
the operation with the electric field of 300 V mm™!. In contrast,
it is known conventional CNT suspensions cause electrical
breakdown because of the percolation of the CNT. Shan et al.
reported electric breakdown occurred at an electric field of
266 V mm™! even in a very dilute SWCNT suspension
(0.0015 vol% of CNT).38 Our CNT solution that is stable and
insulated is promising fluid for a lot of applications such as
electrorheological fluids.[3840]

Conventional nanocomposites (PCHMA/CNT and PCHMA/
CNT-Br) were prepared by blending PCHMA (M, = 250k,
My /M, = 1.10) with CNT or CNT-Br, which were designed to
have the same ®cyr as PCHMA-CNT. These nanocomposite
samples were molded by compression of 10 MPa at 130 °C
prior to electrical and mechanical measurements. Figure 3a
shows DC volume resistivity (ppc) of the three types of nano-
composites. PCHMA/CNT has low ppc, which is a typical
conductivity for nanocomposites containing CNTs. Due to
the coating of the CNT with the organic thin layer (=2 nm),
PCHMA/CNT-Br has higher ppc than PCHMA/CNT. How-
ever, PCHMA/CNT-Br becomes conductive (ppc of less than
10'° Q cm) when @cyr is over 0.05. In contrast, PCHMA-CNT
has very high pp¢ of over 100 TQ cm even at @cyr = 0.094. In
comparison at @cyr = 0.055, ppc of PCHMA-CNT is 14 orders
of magnitude higher than that of PCHMA/CNT. To our knowl-
edge, such ultrahigh electrical resistance has not been reported
for polymer/CNT nanocomposites. On the other hand, when
Dcyr is over 0.1, ppc of PCHMA-CNT is rapidly decreased in
spite of polymer grafting. This is because tunneling conduction
dominantly occurs.'*! In this conduction mechanism, Inppc
is proportional to the internanotube gap width. The average gap
width is proportional to @cyr/? due to spatial considerations.
Therefore, the contribution of the tunneling conduction to ppc
is described by Inppc o« @cyr V/3.116718] In Figure 3b, these linear
relationships are plotted for the tree types of nanocomposites.

Adv. Funct. Mater. 2012, 22, 2338-2344
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Figure 2. a) Visible absorption spectra of PCHMA-CNTO06 dissolved in
o-dichlorobenzene under applied AC voltages (60 Hz). The CNT solu-
tion was sandwiched between ITO-coated glass substrates with a gap of
100 pum. b) Response of the absorbance at 700 nm to an applied voltage
between 30 V (on) and 0 V (off). The on-off switching was operated at
intervals of 30 s.

The slope of the relationship for PCHMA-CNT is greater than
those for PCHMA/CNT-Br and PCHMA/CNT, suggesting the
average gap width in the PCHMA-CNT system is greater.l'¥! This
result strongly supports the CNTs cannot come close each other
in the PCHMA-CNT system because of the polymer brush on
the CNT surface. The ideal gap width is calculated and shown
in Table 3, assuming that the CNT is hexagonally packed in the
PCHMA-CNT system. Note that we obviously overestimate the
internanotube distance, considering the actual random packing
of the CNT in the PCHMA-CNT system.
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Figure 3. a) DC volume resistivity (ppc) of PCHMA (diamond) and three
series of nanocomposites (circles) as a function of volume fraction of
CNT. White circles, PCHMA/CNT; gray circles, PCHMA/CNT-Br; black
circles, PCHMA-CNT. b) Plot of log ppc versus @cyr /3.

AC resistance, impedance (Z), depends on the frequency (f)
of an applied electric field. The magnitude of the impedance,
|Z] for the nanocomposites with @cyp = 0.094 is plotted as a
function of fin the range of 100 Hz to 10 MHz in Figure 4a.
In the log-log plot, |Z| of PCHMA-CNTO09 is decreased linearly
with the increase in fsimilar to that of PCHMA, which suggests
PCHMA-CNT09 has the same electrical nature as PCHMA.
In the case of PCHMA/CNT-Br, |Z] is almost independent of
fin the range of 100 Hz to 1 kHz, but decreased in the higher
frequency. |Z| of PCHMA/CNT is independent of fin all the fre-
quency range, which is a typical conductor behavior. These elec-
trical properties of nanocomposites are characterized in detail
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Figure 4. a) Frequency dependence of magnitude of impedance (|Z]) of
PCHMA (diamond) and three types of nanocomposites (circles). White
circles, PCHMA/CNTO09; gray circles, PCHMA/CNT-Br09; black circles,
PCHMA-CNTO09. b) Resistance (R, triangle) and capacitive reactance
(Xep» Square) components separated from Z under a parallel resistor-
capacitor circuit. White symbols, PCHMA; gray symbols, PCHMA/CNT-
Br09; black symbols, PCHMA-CNTO09.

using impedance analysis. The nanocomposites are simply
modeled as circuits of a resistor and a capacitor connected in
parallel, where Z is divided into the resistance (R,) and the
capacitive reactance (X.) by the following equation, 1/Z =
1/Ry+1/(jXp); jis theimaginaryunit. Thetwo components, R,and
—X,p for our nanocomposites are shown in Figure 4b. Notice
that Xep has a minus sign. For PCHMA-CNT, ~Xp 8 much
smaller than R, in all the frequency range, which shows in the
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Figure 5. Temperature dependence of storage modulus (E’) and loss tan-
gent (tan 8) of PCHMA (diamond) and three types of nanocomposites
(circles) at 1 Hz. White circles, PCHMA/CNTO09; gray circles, PCHMA/
CNT-Br09; black circles, PCHMA-CNTO09.

parallel resistor-capacitor circuit, almost all electrical current is
passed through the capacitor. In other words, PCHMA-CNT09
is a dielectric. In the case of PCHMA/CNT-Br, a transition from
a conductor (R, < -X,) to a dielectric (R, > -X;) is observed at
~10 kHz.

For polymer/CNT nanocomposites, the interfaces between
the matrix polymers and the CNTs play a dominant role in
mechanical properties.l!3 Strong interaction at the interface
often provides good mechanical properties; stiffness, tensile
and impact strengths. We investigated dynamic viscoelastic
behavior of our nanocomposites. Figure 5 shows storage mod-
ulus (E’and loss tangent (tan 6) curves of the three types of
nanocomposites at @cyr = 0.094 as a function of temperature.
As expected from the covalent bonding between the polymer
chain and the CNT, PCHMA-CNT exhibits the highest E'of the
three composites. The E’curve of PCHMA/CNT-Br is indicative
of the improved interface relative to that of PCHMA/CNT. The
compatibility between the polymer and the CNT is also evalu-
ated from the tan J curve. A primary dispersion peak, which is
related to the glass-transition of a nanocomposite, is shifted to
lower or higher temperature depending on the polymer/nano-
filler compatibility. The large filler-polymer interfacial area in
the nanocomposite often brings a significant change to the
polymer mobility and affected the T,.*'*? The primary disper-
sion peaks of PCHMA/CNT and PCHMA/CNT-Br are located
in lower temperature than that of PCHMA, suggesting poor
polymer/CNT compatibilities,*!] whereas the peak top tempera-
ture for PCHMA-CNT is shifted slightly higher temperature.

Adv. Funct. Mater. 2012, 22, 2338-2344
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In summary, we have synthesized a series of MWCNTs on
which poly(cyclohexyl methacrylate)s (PCHMAs) with various
molecular weights were densely grafted (PCHMA-CNTs), using
a modified SI-ATRP technique. The grafted PCHMA was found
to have a high grafting density of 0.14 chains nm™2, which is
enough to be referred to as “dense polymer brush’. PCHMA-
CNT has ultrahigh electrical resistance when M,, of the grafted
PCHMA exceeds 100k (@cyr < 0.1); At @yt = 0.055, DC
volume resistivity of PCHMA-CNT is 14 orders of magnitude
higher than that of a conventional nanocomposite (PCHMA/
CNT). This is because the polymer brush with a combination of
the high molecular weight and the high grafting density isolates
individual CNTs at a long distance in the PCHMA-CNT system.
In addition, impedance analysis reveals the highly insulated
PCHMA-CNT has the same electrical nature as neat PCHMA,
i.e., it is a dielectric. Furthermore, dynamic mechanical analysis
shows PCHMA-CNT has a good mechanical property as well as
the ultrahigh electrical resistance.

3. Experimental Section

Preparation: MWCNTs with an average diameter and length of 10 nm
and 1.5 um, respectively, were obtained from Nanocyl SA. The density of
the MWCNT was about 1.8 g cm™>. The specific area was determined to
be 220 m? g™' using a standard BET method. Procedures for modification
of the MWCNT were as follows:

Amine-modified CNT (CNT-NH,): 4,4’-Oxydianiline (ODA) (12.5 g,
62.5 mmol) was dissolved in water (150 mL) containing concentrated
hydrochloric acid (18.0 mL, 210 mmol) and cooled at around 5 °C.
Sodium nitrite (4.40 g, 63.8 mmol) dissolved in water (50 mL) was
added portionwise. After stirring for 0.5 h, the solution was added to a
dispersion of MWNTs (4.00 g) in a mixture of N,N-dimethylformamide
(DMF) (500 mL) and water (300 mL). The dispersion was sonicated and
heated gradually until 50 °C for 11 h. After the reaction, triethylamine
was added to convert the aromatic amine HCl salt into a free aromatic
amine. The amine-modified CNT was purified by three cycles of filtration
and redispersion in DMF. The purified amine-modified amine was dried
at 80 °C for 3 h under vacuum. The yield was 5.77 g.

ATRP initiator-modified CNT (CNT-Br): p-(Bromomethyl)benzyl
2-bromoisobutylate (3.5 g, 10 mmol) and proton-sponge (0.86 g,
4.0 mmol) were added to a dispersion of CNT-NH, (5.64 g) in N,N-
dimethylacetamide (DMAc) (340 mL). The mixture was sonicated and
kept at 40 °C for 24 h. The initiator-modified CNT was purified by three
cycles of filtration and redispersion in DMAc. The yield was 5.89 g.

PCHMA-grafted CNT (CNT-PCHMA and a series of PCHMA-CNT
composites): For the synthesis of CNT-PCHMA, the surface-initiated
polymerization was carried on in the presence of an unfixed initiator,
benzyl 2-bromoisobutylate (BnBiB). A solution of BnBiB (0.45 uL,
2.5 umol) in DMAc (20 mL) was added to CNT-Br (0.188 g) and
CuBr (7.2 mg, 50 pmol) in a vacuum. After sonication of the mixture,
2,2"-bipyridyl (bpy) (15.6 mg, 100 umol) in cyclohexyl methacrylate
(10 mL, CHMA) was added, and the solution was kept at 60 °C for 6 h.
The resultant polymer mixture was precipitated in methanol, and the free
polymer grown from the unfixed initiator was separated by two cycles
of dissolving in benzene and centrifugation. A series of PCHMA-CNT
composites were synthesized as mentioned above except that the
polymerization was scaled up and carried on in the absence of BnBiB.

Measurements: The modified CNTs were observed using a
transmission electron microscope (JEOL, JEM-2100F) operated at an
accelerating voltage of 200 kV. Molecular weight characterization was
carried out using a size exclusion chromatograph system (Tosoh, HLC-
8120GPC) equipped with a set of two separation columns of 300 mm X
7.8 mm inner diameter (Tosoh, TSKgel GMHz-H), a refractive detector,
and a MALLS photometer (DAWN HELEOS, Wyatt Technology),
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where tetrahydrofuran (THF) was used as the eluent at a flow rate of
1.0 mL min~". The absolute molecular weights of PCHMA are calculated
using the refractive index increment (dn/dc) of PCHMA (dn/dc =
0.101 mL g7). Visible absorption spectra were recorded using a UV-vis
spectrophotometer (SHIMADZU, UV-2100). High DC resistance
(>1 MQ) was measured using a megohmmeter (SM-8220, Hioki) and low
DC resistance (<1 MQ) was done using a multimeter. Nanocomposites
were molded into 15 mm square specimens with a thickness of =1 mm
by compression of 10 MPa at 130 °C. Two gold electrodes 11 mm square
were deposited on the top and bottom of the specimen at a distance
of 2 mm from the edge of the specimen. Impedance was measured
using an impedance analyzer (Agilent, 4194A) in the frequency range of
102 Hz to 107 Hz. Dynamic viscoelastic behaviors of samples molded
into specimens of 20 mm x 5 mm and about 0.5 mm in thickness were
investigated using a dynamic mechanical analyzer (IT Keisokuseigyo,
DVA-220) at a frequency of 1 Hz and a strain amplitude of 0.02% with a

heating rate of 4 °C min™".

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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