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Abstract The realization of the outstanding properties of
CNTs (carbon nanotubes) is constrained by their inher-
ent tendency to agglomerate. Emulsion polymerization
was used for synthesizing poly(styrene)/CNT nanocom-
posites with functionalized CNTs. Chain transfer agents
(CTAs) were incorporated to control polymer molar
mass and end-use properties. Data from electrical imped-
ance spectroscopy (EIS) at variable frequencies were an-
alyzed to characterize and elucidate the electrical char-
acteristics of poly(styrene) (PS)/CNT nanocomposites.
The incorporation of CNT in the polymer matrix even
at modest concentrations enhanced the electrical proper-
ties of the non-conductive poly(styrene) significantly as
revealed by EIS spectra. The use of CTA enabled mod-
ulation of polymer molar mass and variation in the elec-
trical properties for PS/CNT relative to composites with
no CTA. The electrical behavior of PS/CNT dispersion
has been shown to depend both on the CNT concentra-
tion and molecular weight of the substrate. The equiva-
lent electrical circuit (EEC) analyses with the corre-
sponding system parameters enabled determination of
relative CNT arrangements for different types of PS/
CNT composites. TEM images confirmed the CNT po-
sitions within the composites and helped support inter-
pretation of EIS/EEC data.

Keywords Carbon nanotube . Chain transfer agent . Polymer
nanocomposite . Electrical impedance spectroscopy .
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Introduction

Carbon nanotubes (CNTs) have been receiving substantial
attention because of their extraordinary mechanical, thermal,
and electrical properties [1–3]. They have highly accessible
surface area, low electrical resistance, high mechanical and
chemical stability, and superior performance relative to other
types of carbon materials in terms of reaction rates [4]. These
extraordinary properties of CNTs can be harnessed efficiently
when they are integrated into polymer matrices in the form of
composite materials.

The enhancement of physical interaction between nano-
tubes and polymers namely improved dispersion of CNTs in
polymer matrix can be achieved by surface modification of
nanotubes. Covalent linkage between nanotubes and the poly-
mer can lead to improved interfacial interaction [5].
Functionalization of raw CNTs can lead to formation of addi-
tional dipole-dipole interactions between CNTs and the poly-
meric matrix, resulting in a strengthened interface and im-
proved dispersibility. Functionalization with even <1 wt%
CNT can improve the interaction between the nanotubes and
the polymer matrix [6]. Recent efforts have focused on im-
proving the dispersion of CNT in the aqueous phase based on
optimizing the physical [7] and chemical treatments [8].
Among physical methods, solution processing and melt
blending have been reported [3]. Among chemical methods,
in situ emulsion polymerization has been challenging because
of the difficulties associated with CNT dispersion in water.
Thus, the environmentally friendly, safe, and versatile tech-
nique of emulsion polymerization has received limited
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attention, focusing only on improving CNT aqueous disper-
sion through surface modifications as a preparatory step [9].
Our goal was to obtain composites with controlled molar mass
and structure via functionalization and use of chain transfer
agents (CTAs) and to investigate the corresponding effects on
product properties. CTAs are widely used with emulsion po-
lymerization [10, 11]; however, few report the effect of CTA
on polymer nanocomposites with the exception of Akat et al.
[12] where the effect of CTA on composite synthesis and
thermal property improvement with clay filler was reported.
Thus, the effect of functionalized CNT with in situ emulsion
polymerization and modulated molar mass on composite elec-
trical properties is yet to be elucidated.

Electrical impedance spectroscopy (EIS) measures the di-
electric properties of a medium as a function of frequency [13]
and is useful in characterizing electrochemical systems. This
technique measures the impedance of a systemwith frequency
scanning to obtain broad-range frequency response to deter-
mine energy storage and dissipation characteristics. EIS has
been applied to the dissolution of metals [14], corrosion inhi-
bition [15], evaluation of corrosion rates [16], corrosion pro-
tection by polymer coatings [17], polymer electrolyte fuel
cells [18], and similar applications. Vu et al. [19] reported
the redox processes of polythiophene-TiO2 nanocomposites
using EIS. CNT loading to epoxy resin and its impact on
EIS measurements was reported where the nanocomposites
were prepared by solution mixing and subsequent hardening
[4]; a rather high concentration of MWNT (20 wt%) was used
in this work.

Conventional emulsion polymerization produces polymer
chains with high polydispersity index (PDI) and uncontrolled
molar mass [10]. Therefore, when synthesizing polymer/CNT
nanocomposites, some of the CNTs are entangled by relatively
long chains while others are surrounded by the short ones.
Such orientations of CNT in polymer nanocomposites are fa-
vorable for creating free CNTs around or outside the polymer
particle. However, when controlled chains are produced (e.g.,
with use of CTA), the polymer chains are expected to be
uniform with shorter average lengths. Thus, the CNTs in such
nanocomposites are expected to be uniformly surrounded by
polymer chains of similar lengths. As a consequence, free
CNTs outside the polymer particle will be restrained when
low CNT concentration is used. Hence for polymer/CNT
nanocomposites with CTA, CNTs are expected to be predom-
inantly within the particle rather than at the periphery.

Coster et al. [20] reported that electrical fields travel around
or outside the particle at lower frequencies but through particle
internal structure at higher frequencies particularly for parti-
cles with circular profiles. Thus, enhanced electrical response
is expected at lower frequencies for polymer/CNT nanocom-
posites with uncontrolled conventional polymerization and at
higher frequencies for ones with controlled process (e.g., com-
posites with CTA). It has been reported that mechanical

properties are expected to improve with homogeneous CNT
dispersion [21], while thermal degradation of composites will
mainly depend on heat dissipation characteristics of CNT
[22]. The absence of free CNT is likely to adversely affect
thermal degradation characteristics for poly(styrene) (PS)/
CNT composites when CTA is used. Jordan et al. [23] noted
that for amorphous polymers, glass transition temperature in-
creases with decreasing particle size which occurs when CTA
is used in emulsion polymerization [24]. Thus, the use of CTA
is expected to enable improved mechanical properties and
glass transition temperature for polymer/CNT composites
though the thermal degradation temperature is reduced. Elec-
trical responses are expected to improve mostly at higher fre-
quencies when the applied electrical field passes through the
particle.

In this work, we plan to investigate the effect of variable
molar mass on the electrical behavior of PS/CNT nanocom-
posites synthesized via in situ emulsion polymerization. These
will be compared to those for pure PS. CNTs will be function-
alized to establish polymerizable sites and improve aqueous
dispersion to facilitate the polymerization process. EIS will be
used to measure the impedance, conductance, and capacitance
of pure PS and PS/CNT nanocomposites. INPHAZE™ EIS
Analyzer software will be used to model the EIS measure-
ments and determine equivalent electrical circuits (EECs) to
interpret nanocomposite structures. The nanocomposites will
be synthesized using modest CNT concentrations (0.3–
0.7 wt%), and the effect of CTA to reduce the molecular mass
of polymer will be investigated. TEM images of composites
will enable investigation of CNT particle positions in synthe-
sized nanocomposites.

Experimental setup

Functionalization of CNT

The multi-wall CNT, obtained from the Laboratory for Sus-
tainable Technology at The University of Sydney, was pre-
pared by the CVD technique via catalytic deposition of ethyl-
ene over Fe impregnated non-porous alumina catalyst. The
CNTwas purified to over 92 % purity by acid reflux method.
Our dual-step approach with non-covalent and covalent
functionalization [9] was used to purify and functionalize the
CNT. The two-step method was designed to improve the effi-
ciency of the covalent step where the long-chain unsaturated
fatty acid (oleic acid) was used as a functionalizing agent.
Functionalization improves the CNT aqueous dispersion and
enables attachment of reactable functional groups on CNT
side-walls. The zeta potential and FTIR measurements were
used to confirm the improved aqueous phase dispersibility and
the presence of reactable weak C=O bonds in the CNT struc-
ture, which were described in details earlier [9].
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PS/CNT nanocomposite synthesis

In situ emulsion polymerization was conducted to synthesize
poly(styrene)/carbon nanotube, i.e., PS/CNT nanocomposites.
Two types of nanocomposites were prepared: PS/CNT and
PS/CNT with CTA (PS/CNT_CTA) with 0.3–0.7 wt% CNT
for both nanocomposites. Pure PS was synthesized from sty-
rene (Sigma-Aldrich) after removing butylcatechol inhibitor.
Functionalized CNTs were then ultrasonicated for 10 min in
water before introduction into the reactor. Subsequently, mea-
sured amount of functionalized CNT, surfactant SDS (as re-
ceived from Sigma-Aldrich), de-ionized water, and n-dodecyl
mercaptan (for PS/CNT_CTA composites) from Sigma-
Aldrich was poured into the 1-L reactor (PDC, USA)
equipped with magnetically driven agitator and thermal trans-
ducers. Nitrogen was bubbled through the reactor contents to
obtain an inert environment and prevent self-polymerization
of styrene.

The reactor contents were agitated at 350 rpm, and the
temperature was controlled using Julabo (Germany) heater/
circulator until 70 °C was reached. Subsequently, the initiator
(KPS) and buffer (NaHCO3) kept at 70 °Cwere added into the
reactor. Our typical recipe with in situ emulsion polymeriza-
tion for PS/CNT (0.3 %) with CTA was styrene (monomer)
75 g, sodium dodecyl sulfate (surfactant) 1.2 g, potassium
persulfate (initiator) 0.3 g, sodium bi-carbonate (buffer)
0.05 g, de-ionized water 400 g, functionalized CNT 0.225 g
(for 0.3 wt%), and n-dodecyl mercaptan (CTA) 1 g. The reac-
tion was allowed to continue for 3 h after which solid samples
were obtained by drying the emulsion product in an oven for
24 h.

Nanocomposite characterization

Viscometry was used to obtain the molecular weights of pure
PS and PS/CNT composites. The molecular weights of the
samples were measured using the viscometry method. Pow-
dered samples of PS and PS/CNT composites were dissolved
in tetrahydrofuran (THF) to prepare the solution concentration
of 0.5 g/dL. Thereafter, the 15-mL capillary viscometer was
rinsed with THF and placed in a water bath at 25 °C. A 10-mL
pipette was used to draw the THF in the capillary until it
passed the calibration mark. Subsequently, the pipette bulb
was released when the liquid level reached the first calibrated
line. As the liquid level reached the second calibration line, the
flow time was recorded. This process was repeated thrice for
accuracy. The same procedure was applied for three different
concentrations of each sample. The molecular weight of the
samples was determined using the Mark-Houwink-Sakurada
equation.

Electrochemical impedance spectroscopy (EIS) was
conducted for pure PS, PS/CNT, and PS/CNT_CTA com-
posites. In all cases, 0.5 g of the solid and dried samples

synthesized via in situ emulsion polymerization were dis-
persed in 20-mL dispersion media, 10 mM KCl solution.
The dispers ions were prepared wi th the a id of
ultrasonication. A high-resolution EIS (INPHAZE, Austra-
lia) was used with the dispersed samples at 1–106 Hz fre-
quencies using gold electrodes. Measurements were repeat-
ed thrice and the average values were reported. The EIS
Analyzer software was employed to model the EIS mea-
surements which suggested corresponding EECs for differ-
ent composites.

TEM images were obtained to investigate the particle loca-
tion within the composites. TEM (JEM 1400, JEOL, Japan)
images were acquired with an accelerating voltage till 120 kV.
Dried and powdered composite samples were prepared with
tenfold dilution in ethanol. The drop casting method was
employed to disperse the PS/CNTcomposites on a holey lacey
200-mesh carbon-coated grid.

Results and discussion

Effect of CTA on nanocomposite molar mass

Table 1 shows that the use of CTA reduced the molecular
weight substantially for the polymer in the nanocompos-
ites as reported for pure polymer [25], and the inclusion
of CNT itself reduced the molecular weight, since the
presence of nanofillers restrains the growth of polymer
chains. Thus, reductions in molar mass are observed with
increasing amounts of CNT for PS/CNT nanocomposites.
The molecular weight of PS/CNT (0.7 %) CTA was
found to be higher than that for PS/CNT (0.5 %) CTA.
This observation is in contrast with the nanocomposite
molecular weight for the same CNT concentrations when
CTA was not used and is possibly because of the in-
creased crowding effects due to CNT that results in de-
crease in CTA efficiency for a relatively more viscous
mixture.

Table 1 The effect of CTA onmolecular weight of PS/CNTcomposites

Sample name Molecular
weight
(g/mol)

Reduction in molecular
weight corresponding
to PS

PS 245,889 –

PS/CNT (0.3 %) 234,470 4.64 %

PS/CNT (0.5 %) 188,117 30.71 %

PS/CNT (0.7 %) 180,070 36.55 %

PS/CNT (0.3 %)_CTA 104,941 134.31 %

PS/CNT (0.5 %)_CTA 46,426 429.63 %

PS/CNT (0.7 %)_CTA 54,762 349.01 %
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EIS measurements for polymer nanocomposites

Impedance

EIS was used to measure changes in impedance (z) for PS and
PS/CNTcomposites as a function of frequency in the range of
1–106 Hz. For all samples, significant drop in impedance was
observed up to 103 Hz (Fig. 1a). Incorporation of CNT in
polymer matrix without CTA improved the electrical proper-
ties from pure PS via decreasing impedance for all CNT con-
centrations. Nevertheless, at higher frequencies, i.e., 103–
106 Hz, the impedance of PS and PS/CNT nanocomposites
gradually plateaus with increase in frequency (Fig. 1b).

For the entire frequency range, the impedance patterns for
PS/CNTandPS/CNT_CTAnanocompositeswere distinct as
shown in Fig. 1a and b. Figure 1b shows that substantial

improvement in electrical properties via reducing impedance
in the higher frequency zone, i.e., 103–106 Hz for PS/
CNT_CTAnanocomposites overpurePSwhich is in contrast
to PS/CNT nanocomposites without CTA. Impedance be-
havior was demonstrated to be consistent with CNTconcen-
tration in the higher frequency range (Fig. 1b) for PS/
CNT_CTA nanocomposites. However, at lower frequency
zone, i.e., 1–103 Hz, the PS/CNT_CTA nanocomposites im-
pedance behavior almost coincided with the base polymer
(Fig. 1a) indicating insignificant improvement of electrical
properties. This phenomenon can be explained by the ab-
sence of free CNT for PS/CNT_CTA nanocomposites out-
side the polymer particle; hence, at lower frequencies, when
the electrical fields travel around or outside the particle [20],
the electrical behavior was similar to a non-conductive
polymer.
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Fig. 1 Impedance of PS, PS/
CNT, and PS/CNT_CTA
nanocomposites for a frequency
range 1–106 Hz and b frequency
range 102.5 to 106 Hz
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Conductance (G)

Conductance spectra from EIS (Fig. 2a) show significant-
ly enhanced values for PS/CNT nanocomposites relative
to pure PS over the tested frequency range. Incorporation
of CNT in PS matrix improves conductance even at very
low frequencies (<102 Hz) for PS/CNT nanocomposites
without CTA (Fig. 2b). Notably, the improvement in con-
ductance was not consistent for CNT concentration of 0.3
and 0.5 % for lower frequency zone (<102 Hz). Though
at the frequency zone >102.5 Hz, the conductance behav-
ior was consistent with CNT concentration for PS/CNT
nanocomposites (Fig. 2a). The results suggest that the
PS/CNT nanocomposites without CTA may have free
CNT as shown by enhancement of electrical conductance
over pure PS particularly at the lower frequency
(<103 Hz).

Figure 2a and b was able to demonstrate some notable
changes in conductance for PS/CNT nanocomposites over
pure PS when CTA was used in the synthesis process. The
change in conductance behavior for the PS/CNT_CTA nano-
composites remained distinguishable from pure PS, and the
improvement is more predominant in the higher frequency
(>103 Hz) zone (Fig. 2a). At lower frequency, the conductance
response for the PS/CNT_CTA nanocomposites was almost
coincided with pure PS (Fig. 2b), which indicates the insig-
nificant presence of free CNT for PS/CNT_CTA nanocom-
posites in comparison to the PS/CNT nanocomposites when
CTAwas not used in the synthesis process.

Figure 2a characterizes completely different conductance
patterns for PS/CNT nanocomposites depending on the pres-
ence of CTA during the synthesis process over the large fre-
quency range (up to 106 Hz). PS/CNT nanocomposites with-
out CTAwere able to demonstrate highly conductive behavior
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Fig. 2 Conductance of PS, PS/
CNT, and PS/CNT_CTA
nanocomposites for frequency
range a 1–106 Hz and b 10–
102 Hz
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at lower frequencies; whereas, incorporation of CTA in the
nanocomposites refrained them to behave such at those fre-
quencies (Fig. 2b). Another notable observation was the shift
of conductance pattern for the nanocomposites. In the fre-
quency range 103–103.5 Hz, the conductance values for PS/
CNT nanocomposites were found to get stable; whereas, the
conductance values for the PS/CNT_CTA nanocomposites
took over and demonstrated an enhance (Fig. 2a).

Capacitance (C)

Capacitance through a wide range of frequencies for pure PS
and PS/CNT nanocomposites was measured by EIS which are
shown in Fig. 3a and b.

The increased capacitance for PS/CNT nanocomposites
without CTA till about 102.5 Hz (Fig. 3a) over pure PS and
PS/CNT_CTA composites suggests that the effect of CNT
concentration is consistent with the substantially increased
values even at low frequency (up to 10 Hz). The increment

in capacitance was evident even with modest CNT (0.3 %) for
PS/CNT nanocomposites without CTA. However, the change
in capacitance for the PS/CNT nanocomposites without CTA
over pure PS at higher frequency zone (>102.5 Hz) was not
significant irrespective of CNT concentrations (Fig. 3a).

Figure 3a shows changes in PS/CNT_CTA nanocomposite
electrical behavior in terms of capacitance over pure PS. The
increase in capacitance in such cases was not noteworthy in
comparison to the pure PS at lower frequencies (up to around
102.5 Hz) due to the absence of free CNTaround the particle as
a result of CNT entanglement with short polymer chains.
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Fig. 3 Capacitance of PS, PS/
CNT, and PS/CNT_CTA
nanocomposites for frequency
range a 1–106 Hz and b 102–
104 Hz
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Fig. 4 Equivalent electrical circuit for PS, PS/CNT, and PS/CNT_CTA
nanocomposites
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However, at higher frequencies (>102.5 Hz), PS/CNT_CTA
composites show improved capacitive behavior over pure poly-
mer (Fig. 3b). PS/CNT and PS/CNT_CTA nanocomposites
show distinct capacitance profiles, though the capacitance
values decrease significantly with increased frequency through-
out the measurement range for pure PS and both types of nano-
composites. This indicates that capacitance is a less dominant
electrical property at higher frequencies. The capacitance values
for the PS/CNT_CTA nanocomposites were almost constant up
to 103Hz, and thereafter, they decrease significantly (Fig. 3a) for
all samples, a behavior suitable for use as sensors.

Overall, enhanced electrical behavior was obtained at lower
frequencies (<103 Hz) for PS/CNT compared to PS/CNT_CTA
nanocomposites, which were relatively insulating at those fre-
quencies and suggest the lack of free CNT in the matrix.
Mamunya et al. reported increased dielectric constant for
polymer/CNT nanocomposites at low frequencies (<103 Hz),
while at higher frequencies, the corresponding values were clos-
er to those of the pure polymer [26]. In our work, the electrical
properties showed improvement for PS/CNT_CTA nanocom-
posites over pure PS and PS/CNT nanocomposites without
CTA at higher frequencies (>103 Hz). These observations

indicate entanglement of CNT by similar-sized polymer
chains which restrain free CNT. As a result, PS/CNT_CTA
nanocomposites present superior electrical response at higher
frequencies (>103 Hz), when the electrical field passes
through the CNT inside the particle [20].

Modeling equivalent electrical circuit

The formulation of equivalent electrical circuit (EEC) is a key
technique to analyze EIS data [27]. However, choosing the most
appropriate equivalent circuit can be difficult because more than
one set of circuits may be used to represent a particular imped-
ance data [28]. In this study, no specific circuit was selected in
advance; an electrical circuit was fitted to the EIS data for each
sample and optimized using the INPHAZE™ EIS Analyzer soft-
ware based on a nonlinear least-square-error method [29]. Re-
sults for pure PS, PS/CNT, and PS/CNT_CTA nanocomposites
were analyzed to cover all samples we synthesized. The EEC
model comprises four elements in series: elements 1, 2, and 3 are
Maxwell-Wagner elements with a capacitance (C) and a resis-
tance (R) in parallel, while element 4 is a resistance. Time
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Fig. 5 Phase shift for PS, PS/
CNT, and PS/CNT_CTA
nanocomposites from the
experimental data

Table 2 Frequency constants of
EEC elements for PS, PS/CNT,
and PS/CNT_CTA
nanocomposites

Sample Frequency
constant:
element 1 (Hz)

Frequency
constant:
element 2 (Hz)

Frequency constant:
element 3 (Hz)

(×102)

Frequency constant:
element 4 (Hz)

(×105)

PS 0.23 4.03 1.06 7.16

PS/CNT (0.3 %) 0.62 24.18 5.95 9.44

PS/CNT (0.5 %) 0.65 34.42 10.95 13.26

PS/CNT (0.7 %) 0.68 25.97 9.39 12.54

PS/CNT (0.3 %)_CTA 0.15 2.19 0.55 5.41

PS/CNT (0.5 %)_CTA 0.09 2.25 0.49 7.42

PS/CNT (0.7 %)_CTA 0.19 2.27 0.42 7.25
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constants and frequency constants were estimated from the de-
veloped models for the EEC components shown in Fig. 4.

When a phase shift value is close to −90° and is typically at
its minimum, a capacitive behavior is dominant, and when the
value is almost 0°, a resistive behavior is dominant [30, 31].
Figure 5 shows phase shifts at the corresponding frequency
constants (Table 2) derived from the model. The phase shifts
for elements 1, 2, and 3 for PS and PS/CNT_CTA nanocom-
posites (close to −90°) are notably distinct from those for PS/
CNT nanocomposites without CTA. Thus, for pure PS and
PS/CNT_CTA nanocomposites, a dominant capacitive and
less significant resistive behavior is expected for elements 1,
2, and 3.

Phase shifts for the corresponding frequency constants of
elements 1, 2, and 3 for PS/CNT nanocomposites without CTA
are not in the vicinity of −90° (Fig. 5), indicating the domi-
nance of resistive (R) components in this case. However, phase
shifts at the corresponding frequency constants of element 4
for all samples showed a value of almost 0°. Thus, the capac-
itive components (C) of the corresponding EEC can be ignored
for element 4, for which the resistive (R) component suffices.

Correlating EEC with nanocomposite internal structure

Time constants (τ) of the different elements in the EEC were
analyzed to elucidate the internal structure of the nanocom-
posites, particularly with respect to the conductive element,

CNT. The time constant of an element in the EEC is τ=RC,
where R is resistance and C is capacitance, and f=1/2πτ,
where f is the frequency constant for the corresponding time
constant.

From Tables 2 and 3, we note that the EIS model indicates
decrease in time constant (τ) for EEC elements with increasing
frequencies as evident from the corresponding parameters of
the EEC elements. For particles of circular shape, these obser-
vations relate to the direction of electrical field applied. Higher
time constants result from the electrical field traveling outside
the particle which occurs at lower frequencies for all samples.
In contrast, higher frequencies result in lower time constants
which indicate that the applied electrical fields are responsive
to the internal structure of the sample as reported by others
[20].

The modeled conductance and capacitance values for the
EEC elements of all samples are given in Tables 4 and 5.
These enable interpreting the electrical behavior of the nano-
composites which incorporate contributions from the conduc-
tive CNTand non-conductive base polymer PS. The less dom-
inant resistive behavior of elements 1, 2, and 3 for PS and PS/
CNT_CTA nanocomposites which show negligible conduc-
tance values (Table 4) for these elements compared to PS/
CNT nanocomposites without CTA is in agreement with our
experimental data. On the contrary, the capacitance values for
PS and PS/CNT_CTA nanocomposites for elements 1, 2, and
3 are significant compared to PS/CNT nanocomposites

Table 3 Time constants (τ) of
EEC elements for PS, PS/CNT,
and PS/CNT_CTA
nanocomposites

Sample Time constant (τ)
for element 1 (s)

Time constant (τ)
for element 2 (s)

(×10−2)

Time constant (τ)
for element 3 (s)

(×10−3)

Time constant (τ)
for element 4 (s)

(×10−7)

PS 0.69 3.95 1.50 2.2

PS/CNT (0.3 %) 0.26 0.65 0.26 1.7

PS/CNT (0.5 %) 0.25 0.46 0.15 1.2

PS/CNT (0.7 %) 0.24 0.61 0.17 1.3

PS/CNT (0.3 %)_CTA 1.04 7.28 2.87 2.9

PS/CNT (0.5 %)_CTA 1.82 7.06 3.23 2.1

PS/CNT (0.7 %)_CTA 0.82 7.01 3.72 2.2

Table 4 Conductance of EEC
elements for PS, PS/CNT, and PS/
CNT_CTA nanocomposites

Sample Conductance for
element 1 (S)

(×10−7)

Conductance for
element 2 (S)

(×10−6)

Conductance for
element 3 (S)

(×10−5)

Conductance for
element 4 (S)

(×10−5)

PS 0.4 1.33 3.13 7.74

PS/CNT (0.3 %) 8.9 11.7 5.5 8.90

PS/CNT (0.5 %) 17.4 22.0 7.99 10.17

PS/CNT (0.7 %) 17.1 26.6 8.54 10.63

PS/CNT (0.3 %)_CTA 0.1 1.60 2.10 10.20

PS/CNT (0.5 %)_CTA 0.2 1.25 1.64 12.77

PS/CNT (0.7 %)_CTA 0.5 0.97 1.28 14.58
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(Table 5). These observations confirm that elements 1, 2, and
3 have comparatively dominant capacitive behavior for PS
and PS/CNT_CTA nanocomposites. Negligible capacitance
values for element 4 along with significant conductance for
the same element for all nanocomposites justify accepting a
solely resistive component for element 4 (Fig. 4).

Higher time constants at lower frequencies for elements 1,
2, and 3 suggest that the electrical fields travel outside the
particle [20]. At the same time, the lower conductance of
PS/CNT_CTA nanocomposites for these elements indicates
the absence of free CNT around the polymer particle. This
observation from the modeled data supports the phenomena
of adequate coverage of CNT by PS due to the uniformly sized
polymer chains when CTA is used for nanocomposite synthe-
sis. This coverage by polymer molecules renders the PS/
CNT_CTA nanocomposites predominantly polymer-like in
terms of electrical behavior at low frequencies. This is in
agreement with our EIS measurements for electrical proper-
ties. The significant conductance of PS/CNT nanocomposites
without CTA for elements 1, 2, and 3 at low frequencies sig-
nifies the presence of free CNTaround the particles due to the

random arrangement of CNT and non-uniform polymer chain
length.

Element 4 for all nanocomposites at higher frequencies is
represented by a resistive component only (Fig. 4). The low
time constant (τ) of this element for all nanocomposites
(Table 3) indicates that the directional vector of the applied
electrical field is through the particle. Figure 6 shows that the
conductance of EEC element 4 for PS/CNT and PS/
CNT_CTA increases with CNT content with a steeper slope
for PS/CNT_CTA, suggesting that the conductive component
(CNT) is inside the particle for the latter.

PS/CNT_CTA nanocomposites showed higher conduc-
tance at higher frequency, suggesting that the CNT particles
are predominantly coated by polymer chains. On the other
hand, the lower conductance of PS/CNT nanocomposites
without CTA for element 4 suggests the presence of free
CNT primarily outside the polymer particle. The EEC results
suggest that a fraction of the CNT remain free, and the rest are
entangled by polymer chains for PS/CNT nanocomposites
without CTA, while for PS/CNT_CTA nanocomposites,
CNTs are primarily entangled by polymer chains.

Table 5 Capacitance of EEC
elements for PS, PS/CNT, and PS/
CNT_CTA nanocomposites

Sample Capacitance for
element 1 (F)

(×10−8)

Capacitance for
element 2 (F)

(×10−8)

Capacitance for
element 3 (F)

(×10−8)

Capacitance for
element 4 (F)

(×10−11)

PS 2.92 5.24 4.68 2.0

PS/CNT (0.3 %) 22.90 7.70 4.60 1.0

PS/CNT (0.5 %) 42.93 10.17 4.55 1.0

PS/CNT (0.7 %) 39.97 16.30 4.56 1.0

PS/CNT (0.3 %)_CTA 1.04 11.65 6.03 3.0

PS/CNT (0.5 %)_CTA 2.73 8.82 5.28 3.0

PS/CNT (0.7 %)_CTA 3.94 6.80 4.74 3.0
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Comparison of conductance behavior for EEC elements

The frequency dependent conductance properties of the EEC
elements for the different samples are shown in Fig. 7.

Figure 7 represents the conductance behavior for the EEC
elements derived from the model. At low frequencies
(<103 Hz; Fig. 7a–c), the PS/CNT nanocomposites without
CTA showed distinctively superior conductive behavior over
pure PS and PS/CNT_CTA nanocomposites. This observation
is in agreement with EIS measurements presented in Fig. 2a
and b, which show that the conductance for PS/CNT_CTA
nanocomposites is insignificant in comparison with PS/CNT
nanocomposites for EEC elements 1 and 2. However, for EEC
element 3, the conductance of PS/CNT_CTA starts to show

significance and indicates a prelude to shifts at higher frequen-
cies and is consistent with the EIS measurements shown in
Fig. 2a. At higher frequency (106 Hz, Fig. 2a), EIS data are
consistent with the EEC parameters on conductance for ele-
ment 4 (Fig. 7d). In both cases, at a frequency of around
106 Hz, the PS/CNT_CTA nanocomposites show enhanced
conductance over that of the PS/CNT nanocomposites without
CTA for similar CNTconcentrations.Moreover, the consistent
increment in conductance with increased CNT concentration
at higher frequencies for both types of nanocomposites shown
via EIS measurements (Fig. 2a) is reflected in the conductance
for EEC element 4 (Fig. 7d). These observations suggest that
the modeled EEC elements reasonably represent the electrical
behavior of the samples tested.
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TEM images of polymer nanocomposites

To compare particle position and investigate the presence of
free CNTs which affect the electrical property at low frequen-
cies, we analyzed the TEM images of PS/CNT nanocompos-
ites without CTA (Fig. 8a) and with CTA (Fig. 8b).

Figure 8a shows the presence of free CNT for PS/CNT
nanocomposites without CTA; however, these were not ob-
served for PS/CNT_CTA nanocomposites (Fig. 7b). Howev-
er, with CTA, the CNT was found to be covered reasonably
uniformly by polymer particles having circular profiles for PS/
CNT_CTA nanocomposites (Fig. 8b). Thus, the TEM obser-
vations are in agreement with the electrical measurements for
the nanocomposites in terms of their frequency-dependent
electrical characteristics. The TEM images show that the poly-
mer particles for both nanocomposites mostly have circular
profiles as expected for spherical shaped particles; this sat-
isfies our explanations for time constants (τ) with reference
to composite structure and transit direction for the applied
electrical field.

Conclusions

PS/CNT nanocomposites having variable CNT contents and
molecular weights were synthesized and investigated for their
electrical properties using the EIS. Both the CNT and CTA
contents were found to have profound influence on the nano-
composites; in particular, the electrical behavior was charac-
terized using the EIS and equivalent electrical circuits and the
CNT locations via TEM images. The nanocomposites were
synthesized via in situ emulsion polymerization with function-
alized CNT to improve the aqueous dispersibility and to im-
part polymerizable sites. The electrical properties of PS/CNT
nanocomposites were enhanced significantly at modest levels
of CNT concentrations. CTA incorporation was found to af-
fect not only the molecular weight but also the electrical prop-
erties of the nanocomposites remarkably at low frequencies
compared with PS/CNT nanocomposites without CTA. The
electrical behavior was due to the traversing direction of the
applied electrical field at low frequencies being outside the
polymer particles. In contrast, EIS was able to detect a shift
in electrical behavior towards PS/CNT_CTA nanocomposites
at higher frequencies when the applied electrical field is ex-
pected to travel through the particle. The shifts in behavior
were mostly in the frequency range of 103 Hz. EECs derived
from EIS modeling in conjunction with time constant data
were used to explain the observed electrical behavior and re-
late them to CNT position in the nanocomposites. The capac-
itive responses of PS/CNT_CTA nanocomposites suggest
their potential for application in sensors. EIS modeling for
the nanocomposites was used to derive the equivalent electri-
cal circuits (EECs) and their corresponding parameters, which

were found to be distinct based on whether CTAwas used in
the synthesis process. The acquired TEM images support the
effect of CNT arrangement within the nanocomposites as
shown from EEC analyses.
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