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Dielectric relaxation
and rheological
properties of
single-walled carbon
nanotubes reinforced
poly(3-octylthio-
phene-2,5-diyl)

M. Abu-Abdeen1,2, Ayman S. Ayesh1 and A. A. Aljaafari1

Abstract
Polymer nanocomposites consisting of single-walled carbon nanotubes (SWCNTs) and
poly(3-octylthiophene-2,5-diyl) (P3OT) were prepared at different SWCNT loadings to
investigate the influence of SWCNT content on the structure, dielectric and rheological
properties of P3OT host. The dielectric parameters and dielectric relaxation behavior
were investigated as a function of SWCNT loadings and frequency. Dielectric results
reveal that SWCNTs enhance the polar character of P3OT host, shift the peak maximum
of loss tangent toward higher frequency values and increase the alternating current
conductivity especially above the percolation threshold point. Besides, the rheological
properties of SWCNT-P3OT composites were also investigated to realize the effect
of SWCNT content on the complex viscosity, storage and loss moduli at different
frequency values. The obtained results reveal that nanocomposites become electrically
percolated at 0.44 wt% SWCNTs, while the rheological percolation threshold was found
at 0.5 wt%. Additionally, this study showed that the relaxation behavior in SWCNT-
P3OT composites is mainly due to the viscoelastic relaxation process. Moreover, at high
level of SWCNT loadings, the nanotubes became more interconnected to form network
like structures in the P3OT host. Finally, results obtained from structure–property
analysis reveal that the addition of SWCNTs to P3OT host reduced the vibrational
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freedom of the polymer chains as a consequence of the intercalation of the polymer
matrix into the nanotubes.

Keywords
conjugated polymers, dielectric properties, rheological properties

Introduction

Carbon nanotubes (CNTs) have attracted considerable attention on account of their

excellent mechanical, electrical and thermal properties. Therefore, they offer many

opportunities for the development of novel material systems.1,2 Many methods have

been reported for synthesizing CNTs.1,3 Currently, CNT growth processes, such as

chemical vapor deposition (CVD), are based on the use of transition metal catalysts.

CNT synthesis by CVD is a promising route for the bulk production of high-purity CNTs

suitable for commercialization.1,3

Conjugated polymers can become electrically conducting by doping or oxidation

process but are usually insoluble in common solvents. One method to convert them

into soluble is to add lateral groups to the backbone of the molecules, such as the

case of poly(3-octylthiophene-2,5-diyl) (P3OT). However, conducting polymers

generally exhibit an alternating single bond–double bond structure (conjugation)

based on sp2-hybridized carbon atoms. This leads to a highly delocalized p-electron

system with large electronic polarizability. This enables both absorption within the

visible light region, due to p-p transitions between the bonding and antibonding

pz orbitals, and electrical charge transport—two requirements that need to be met

by semiconductors for power generation in solar cells. Using conjugated polymers

to fabricate optoelectronic devices, such as organic light-emitting diodes (OLEDs),

organic field-effect transistors (OFETs) and organic solar cells (OSCs), is attractive

because of their unique processability from solution.3–5

Nanocomposite materials made out of polymers and CNTs offer the promise of

plastic composites with enhanced structural, electrical, mechanical and thermal prop-

erties.6,7 Accordingly, in the recent years, much attention has been paid to the use of

nanotubes in composite materials, to harness their exceptional electronic and mechanical

properties.

Polymer-CNT composites have shown a lot of potential for a vast range of applica-

tions, including solar cells, diodes and so on. Additionally, a wide range of host materials

has been used, including polymers.7 Most recently, research has focused on the compo-

sites of electronically active conjugated polymers and CNTs, which demonstrate a num-

ber of advantages. Incorporation of CNTs into the conjugated polymers shows potential

for electronic device applications, promising to greatly enhance transport properties in

these systems.1 This is thought to be a key issue for the realization of viable devices such

as OLEDs and solar cells.2,4–14 Besides, the physical properties such as electrical,

mechanical, optical and structural properties of CNT-P3OT composites were recently

studied by many researchers.7,14–19 However, this study will introduce an important
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addition in the dielectric relaxation behavior and rheological properties of CNT-P3OT

composites.

Toward the aim of the present work, this research focused on the effect of single-

walled carbon nanotubes (SWCNTs) on the structure, dielectric and rheological proper-

ties of the P3OT host at different SWCNT loadings. The dielectric relaxation, alternating

current (ac) conductivity, impedance and loss tangent for these composites are presented,

analyzed and discussed. The complex viscosity, storage modulus and loss modulus will

also be investigated. Correlations between structure, dielectric and rheological properties

are also discussed.

Experimental

CNT preparation

SWCNTs were grown via the alcohol catalytic chemical vapor deposition (ACCVD)

technique. Cobalt acetate–supported catalyst was placed in alumina combustion boat;

whereas a 10� inclined graphite stage was used to support the substrates and the group

was then placed at the center of a tube furnace. The tube was evacuated to 20 Pa, and the

samples were heated to the desired reaction temperature under 1.67 � 10�8 m3/s of

flowing argon. Once the growth temperature was reached (800�C), the samples were

held at that temperature for 5 min. The argon was then shut off and the tube was

evacuated before the introduction of alcohol vapor. The alcohol vapor (ethanol) was then

transferred into the tube furnace to achieve a pressure of 666–1333.2 Pa. The alcohol

flow rate in the growth chamber was controlled by controlling the alcohol bath tem-

perature. After growth, the alcohol vapor was evacuated, argon was introduced again and

the reaction tube was cooled to room temperature. CNTs growth time was kept constant

at 50 min. The blackened catalysts were then sonicated for 2 h in chloroform. Few

milligrams of SWCNTs were collected after the evaporation of chloroform for using in

applications. More details of such synthesis can be found elsewhere.20 X-ray diffraction

(XRD) and transmission electron microscope (TEM) results revealed that the synthe-

sized CNTs were bundles of SWCNTs as shown in Figure 1, with average diameter of

1.6 nm.21,22

Films preparation

P3OT was purchased from Aldrich (Ref. No. 445711). It has more than 98.5% head-to-

tail regiospecific conformation, molecular weight 34,000, melting point 90�C and fluor-

escence lexcitation 442 nm; lemission 562 nm in chloroform.

P3OT was dissolved in chloroform by ultrasonication for 30 min. At same time, the

required amount of CNTs was dispersed again in chloroform and sonicated for 30 min to

obtain dispersed nanotube suspension. Both solutions were mixed together and further

sonicated for 2 h to obtain a well-dispersed homogenous SWCNT-P3OT solution with-

out any detectable solid precipitations. The resulting solution was poured to a completely

horizontal glass petri dish and then dried at room temperature. Finally, the dried film was

heated up to 50�C to remove the remnant solvent. A series of composite films were

Abu-Abdeen et al. 3



prepared at different weight ratios (0–5 wt%) of SWCNT-P3OT under same preparation

conditions.

X-ray diffraction and transmission electron microscope

X-ray diffractions were measured at room temperature with the current and voltage oper-

ating at 40 mA and 45 kV, respectively. The X-ray beam was Cu Ka (l ¼ 0.15406 nm)

radiation from a sealed tube operating at a voltage of 45 kV and a current of 40 mA. The

samples were scanned in the 2y range of 5�–70�, with a step scan mode (or step size) of

0.001�.

Figure 1. (a) Typical X-ray diffraction (XRD) pattern for synthesized carbon nanotubes (CNTs).
(b) Transmission electron microscopic (TEM) image of synthesized CNTs on Si substrate at
800�C.
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TEM images were performed on a JEM Model 1011 at 100 kV held in KACST, Saudi

Arabia2 . Furthermore, nanotubes grown in the powder form were sonicated in methanol

and placed on holey/lacey carbon-coated copper grids.

Dielectric measurements

Dielectric measurements were carried out using precision 4294A impedance analyzer

(Agilent technologies) over a frequency range of 40 Hz–10 MHz at room temperature.

The loss tangent, tan d, relative permittivity, e0, dielectric loss, e00, real part of impedance,

Zr and imaginary part of impedance, Zi, were obtained directly from the bridge. Cali-

bration (short and open) of the impedance analyzer was done before the measurements.

Disk-shaped specimens were cut from the SWCNT-P3OT composite sheets and placed

between two copper plates (10 mm diameter) of a test sample holder placed in a shielded

cell designed for this purpose. The two leads of the holder were connected to the term-

inals of the impedance analyzer. The measurements were carried out three times to

ensure reproducibility of the results. The ac conductivity, sAC, was calculated using the

following equation23:

sAC ¼ o"00"o ¼ 2pf "00"o ð1Þ

where eo is the permittivity of free space (8.85 � 10�12 Fm�1) and f is the frequency

(Hz).

Rheological properties

Rheological tests were carried out on a DMA Q800 machine TA instruments (USA),

using the tension film clamping arrangement at a force of 0.5 N and strain amplitude of

oscillation 15 mm at an isothermal process of 25�C. Specimens in the form of films with

dimensions 15 mm length, 4 mm width and 0.1 mm thick were used.

Results and discussion

X-ray diffraction

Figure 2 illustrates the XRD patterns of SWCNT-P3OT composites. The reflection peak

(1 0 0) represents the a axis and it corresponds to in-plane interchain distance. Besides,

an amorphous halo wide-angle peak with lesser intensity appears at 2y ¼ 23.6 with a d

spacing of 4.18 Å, which represents the stacking distance of the thiophene rings or inter-

planar distance.4 There is no significant change in the scattering peaks’ positions with the

addition of SWNT with respect to interplane and intrachain distances. Furthermore, it is

clear that the peak height of the (1 0 0) and (2 0 0) planes decreases with SWCNTs. The

lower peak heights for the P3OT loaded with SWCNTs especially at high loading level

could be attributed to the entropy-driven disorder due to a higher mobility of the polymer

backbone within the side-chain matrix.24 Additionally, the average crystallite size of

SWCNT-P3OT composites was calculated at peak positions, 2y ¼ 8.73 and 13.10 using

the Debye–Scherrer formula25
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D ¼ Kl
bCos ðyÞ ð2Þ

where D is the crystallite size, l is the wavelength of the X-ray radiation, K is usually

taken as 0.89, 2y is the Bragg angle of the reflected peak, and b is the peak width at

half-maximum height. The obtained results together with d-spacing results are listed

in Table 1. It is clear that the addition of SWCNTs to P3OT host increases the values

of crystallite size.

From the above results, one can say that SWCNTs narrow the crystalline regions and

at the same time increases their ordered length.4,24 This, however, also supports the idea

that as the SWCNT content increases, the interconnections between nanotubes increase

and consequently will lead to the formation of a network-like structure especially at high

level of SWCNT content. Other factor may also contribute to the above changes, that is

the physical wrapping of the polymer on the walls of the nanotubes.4,26

Dielectric properties and dielectric relaxation behavior

Relative permittivity e0, dielectric loss e00, loss tangent tan d, real part of impedance Zr

and imaginary part of impedance Zi data were collected directly from the impedance

meter at room temperature at the frequency range of 40 Hz–10 MHz for SWCNT/P3OT

composites. The ac conductivity sAC was calculated from the well-known collected data

in accordance to Eq. (1). The obtained results are presented graphically in Figures 3–7. It

is clear that relative permittivity and ac conductivity are increased with increase in the

Figure 2. X-ray diffraction (XRD) patterns of single-walled carbon nanotube–poly(3-octylthio-
phene-2,5-diyl) (SWCNT-P3OT) composites.
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loadings of SWCNTs in the P3OT host while impedance is decreased. Besides, the

decrease in relative permittivity with frequency could be attributed to the insufficient

time for dipoles to align before the field changes direction.23,27,28 The variations in rela-

tive permittivity, ac conductivity and impedance with SWCNTs loadings could be attrib-

uted to the ion charge diffusions and orientational polarizations in addition to the

contribution of Maxwell–Wagner polarization.26–29 However, it is clear that SWCNTs

increase the polar character of the P3OT host.

The ac conductivity versus SWCNTs loading is shown in Figure 8 at low- and high-

frequency value. It is very clear that the percolation threshold is around 0.44%, and this

behavior appears to be independent of the frequency values.

In Figure 4, loss tangent curves show a single relaxation peak (a-relaxation). It is

also clear that the peak maximum shifts isothermally toward higher frequency values

and the value of loss tangent at the peak maximum decreases with SWCNTs espe-

cially above the peculation threshold. The same variations can also be seen in the case

impedance. This, however, could be attributed to the reduction in the vibrational

freedom of the polymer chains as a consequence of the intercalation of the polymer

matrix with the nanotubes.7,14 There is good agreement between the results obtained

from the dielectric and those obtained from XRD such that both of them lead to one

conclusion that is increase in SWCNT content in P3OT will lead to increased physical

wrapping of the polymer on the walls of the nanotubes and reduced vibrational

freedom of the polymer chains. On the other hand, in the present work we will also

introduce an important addition in the dielectric relaxation behavior of SWCNT/P3OT

composites in the next paragraph.

Table 1. XRD parameters for SWCNT-P3OT composites

System Peak position (2y) d-spacing (Å) Crystallite size (Å)

P3OT 8.73 11.2434 1.18
13.10 7.5001 1.18
18.00 5.4670
23.60 4.1797

SWCNT (0.44%) 8.73 11.2434 1.32
13.10 7.5001 1.25
18.00 5.4670
23.60 4.1797

SWCNT (1.5%) 8.73 11.2434 1.51
13.10 7.5001 1.31
18.00 5.4670
23.60 4.1797

SWCNT (5%) 8.73 11.2434 2.04
13.10 7.5001 1.40
18.00 5.4670
23.60 4.1797

P3OT: poly(3-octylthiophene-2,5-diyl), SWCNTs: single-walled carbon nanotubes, XRD: X-ray diffraction.
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It was reported previously23,26,27 that if the Argand plot between imaginary part (M00)
versus real part (M0) of electric modulus has semicircular behavior then the relaxation is

due to conductivity relaxation process; if not, then it is due to viscoelastic relaxation (or

Figure 3. Relative dielectric permittivity versus log(frequency) for single-walled carbon nano-
tube–poly(3-octylthiophene-2,5-diyl) (SWCNT-P3OT) composites.

Figure 4. Loss tangent versus log(frequency) for single-walled carbon nanotube–poly(3-
octylthiophene-2,5-diyl) (SWCNT-P3OT) composites.
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polymer molecular relaxation). In the present work, the values of M0 and M00 were

determined from

M� ¼ 1

"� ¼
1

"0 � i"00
¼ "0 þ i"00

ð"0 � i"00Þð"0 þ i"00Þ

M� ¼ "0

ð"0 � i"00Þð"0 þ i"00Þ þ i
"00

ð"0 � i"00Þð"0 þ i"00Þ

M� ¼ "0

ð"02 þ "002Þ
þ i

"00

ð"02 þ "002Þ
¼ M 0 þ iM 00 ð3Þ

Where e0 is the permittivity, e00 is the dielectric loss, M0 is the electric modulus and M00

is the electric loss modulus. Large differences between the properties of viscoelastic

relaxations and the properties of conductivity relaxations are observed in the polymers3 .

The obtained results are presented graphically in Figure 9. It is clear that all plots do not

follow the semicircular behavior. This indicates that, at the domain frequency range, the

relaxation process is due to viscoelastic relaxation process.23,26,27

Rheological properties

The rheological properties of SWCNT-P3OT composites were also investigated at room

temperature and the domain frequency range. The complex viscosity as a function of the

angular frequency is shown in Figure 10. Apparently, SWCNTs have a crucial effect on

the rheological behavior of the composites, even at low loadings. The complex viscosity

Figure 5. The alternating current (ac) conductivity versus log(frequency) for single-walled carbon
nanotube (SWCNT-P3OT) composites.
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increases with increasing CNT content in the entire frequency range but is more pro-

nounced at low frequencies. At high frequencies, the impact of the CNTs on the rheolo-

gical properties is definitely weaker, which suggests that the nanotubes do not

significantly influence the short-range dynamics of the polymer chains. Generally, CNTs

Figure 7. Imaginary part impedance versus log(frequency) for single-walled carbon nanotube–
poly(3-octylthiophene-2,5-diyl) (SWCNT-P3OT) composites.

Figure 6. Real part impedance versus log(frequency) for single-walled carbon nanotube–poly(3-
octylthiophene-2,5-diyl) (SWCNT-P3OT) composites.
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do affect polymer chain relaxation but with little effect on the local motion at short

ranges.30 The decrease in the complex viscosity with increasing frequency indicates a

non-Newtonian behavior over the frequency range investigated. The shear thinning

behavior observed in the SWCNT-P3OT nanocomposites may be attributed to the orien-

tation of the rigid molecular chains in the nanocomposites during the applied force. The

effect of SWCNTs on |Z*|4 of the studied nanocomposites is more significant at low fre-

quency compared with high frequency, and this effect was reduced with increasing fre-

quency because of the strong shear thinning behavior induced by incorporating CNT.

The variation in |Z*| of the SWCNT-P3OT nanocomposites with the SWCNT content

at different frequencies is shown in Figure 11. It can be seen that the |Z*| of the

Figure 8. (a) Alternating current (ac) conductivity versus single-walled carbon nanotube (SWCNT)
concentration (wt%) at 40 Hz. (b) ac conductivity versus SWCNT concentration (wt%) at 1 MHz.
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nanocomposites increased with increasing CNT content over the frequency ranges inves-

tigated. In addition, the extent of increase in the |Z*| with increasing SWCNT content

was more pronounced at low frequency compared with that at high frequency. This

increase in |Z*| with increasing SWCNT content may be attributed to the increase in

Figure 9. Argand plots of single-walled carbon nanotube–poly(3-octylthiophene-2,5-diyl)
(SWCNT-P3OT) composites.

Figure 10. Complex viscosity of single-walled carbon nanotubes–poly(3-octylthiophene-2,5-diyl)
(SWCNT-P3OT) composites as a function of the angular frequency.
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physical interactions between the P3OT matrix and the SWCNTs with high aspect ratio

and large surface area. The increase in |Z*| of the SWCNT-P3OT nanocomposites with

the SWCNTs was closely related to the increase in the storage modulus, which will be

described in the following section. Now there are strong evidences from XRD, dielectric

and rheological results that the increase in SWCNT content of P3OT host will lead to the

increase in the physical wrapping of polymer chains around the nanotubes and decrease

the degree of vibrational freedom of polymer chains.

The complex viscosity can be expressed by a power law |Z*|ao�b. The values of b are

presented in Figure 12a as a function of the SWCNT content.

The storage modulus G0 and loss modulus G00 of the SWCNT-P3OT nanocomposites

as a function of frequency are shown in Figure 13. The values of G0 and G00 of the

SWCNT-P3OT nanocomposites increase with increasing frequency and SWCNT con-

tent, this increment being more significant at low frequency. This rheological response

is similar to the relaxation behavior of the typical filled-polymer composite systems.31 It

is known that the polymer chains are fully relaxed and exhibit characteristic

homopolymer-like terminal flow behavior, resulting in the flow curves of polymers

being expressed by the power law G0ao2 and G00ao.31–33 Krishnamoorti and Giannelis,34

reported that the slopes of G0(o) and G00(o) for polymer/layered silicate nanocomposite

were much smaller than 2 and 1, respectively, which are the values expected for linear

homodispersed polymer melts. They suggested that large deviations in the presence of a

small quantity of layered silicate might be due to the formation of a network structure in

the molten state.

Figure 11. Variation in the complex viscosity of single-walled carbon nanotube–poly(3-
octylthiophene-2,5-diyl) (SWCNT-P3OT) nanocomposites with SWCNT content at different
frequencies.
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The complex viscosity can be expressed by a power law |Z*|ao�b. The dependence of

the values of b on the concentration of SWCNT content is presented in Figure 12a as a

function of the SWCNT content. Besides, the dependence of G0(o) and G00(o) for

SWCNT-P3OT nanocomposites can be expressed by power laws of the forms G0(o)aoa

Figure 12. (a) Slopes b of |Z*| for single-walled carbon nanotube–poly(3-octylthiophene-2,5-diyl)
(SWCNT-P3OT) nanocomposites. (b) Slopes a and g of G0(o) and G00(o) for single-walled carbon
nanotube–poly(3-octylthiophene-2,5-diyl) (SWCNT-P3OT) nanocomposites.
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and G00(o)aog, with the values of a and g presented in Figure 12b. These values indicate

the nonterminal behavior with the power-law dependence for G0 and G00 of the SWCNT-

P3OT nanocomposites.

Similar nonterminal rheological behavior has been observed in ordered block copo-

lymers and smectic liquid–crystalline small molecules.35–37 The decrease in the slope of

G0 (and the increase in the slope of G00) for the SWCNT-P3OT nanocomposites with

Figure 13. (a) Variation in the storage modulus of single-walled carbon nanotube–poly(3-
octylthiophene-2,5-diyl) (SWCNT-P3OT) nanocomposites with different SWCNT content, as a
function of frequency. (b) Variation in the loss modulus of SWCNT-P3OT nanocomposites with
different SWCNT content, as a function of frequency.
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increasing SWCNT content may be explained by the fact that the nanotube–nanotube

interactions increased with increasing CNT content and led to the formation of the inter-

connected or network-like structures of SWCNTs in the polymer nanocomposites, result-

ing in the pseudo–solid-like behavior.

The variation in the storage modulus and loss modulus of the SWCNT-P3OT nano-

composites with the SWCNT content at different frequencies is shown in Figure 14. It

can be seen that the incorporation of small quantity of SWCNTs (0.75 wt%) into the

P3OT matrix unchanged the values of G00 for the SWCNT-P3OT nanocomposites over

the frequency range investigated, except for the results measured at a frequency of

0.1 Hz. This phenomenon may be attributed to the formation of the viscous surface layers

around the dispersed nanotubes leading to an increase in the free volume in this nano-

composite system, making it easier for flow to occur.38 As SWCNT content increased,

the physical interactions between the nanotubes may lead to the formation of intercon-

nected or network-like structure of the nanotubes in the polymer matrix.39 Besides, the

extent of the increase in G0 of the SWCNT-P3OT nanocomposites is higher than that of

G00 over the frequency range investigated. In addition, the storage modulus and loss mod-

ulus of the SWCNT-P3OT nanocomposites were significantly improved relative to the

P3OT matrix.

Rheological percolation threshold of CNT/polymer composites

Transition from viscoelastic properties exhibiting liquid-like characteristics to pseudo–

solid-like behavior can be expressed by the rheological percolation threshold. To deter-

mine the rheological percolation threshold of CNTs-polymer composites, the relations

between rheological quantities and the concentration of the filler in a medium are drawn

into two modified power law equations30,37,40,41:

Z�aðm� mcÞa ð4Þ

G0aðm� mcÞt ð5Þ

where, m is the loading of CNTs, mc the rheological percolation threshold, a and t are the

critical exponents that are dependent on the oscillatory frequency. The percolation

theory predicts that a ¼ t * 2 in three dimensions30; however, as it is explained in the

next paragraph, the rheological percolation threshold does not relate to the geometrical

percolation threshold (where the physical contact between particles is assumed). Thus,

this fitting parameter may significantly vary from the expected theoretical value.

In percolated systems, one can observe a drastic change in the storage modulus and

viscosity at a fixed frequency for a given concentration of the filler. This indicates that

the CNT-polymer composite reaches a rheological percolation threshold at which the

nanotubes block the motion of the polymer molecules. Such a conclusion can be also

clearly observed if one refers to Figure 4, where it can be observed that the peak max-

imum of loss tangent in case of 0.44% SWCNT shifts slightly toward lower frequency.

This indicates that CNT at the percolation threshold restricts the chain mobility.

16 Journal of Thermoplastic Composite Materials 00(0)



The rheological percolation threshold has also been shown to be temperature

dependent, which is in contrast to the assumption that the liquid–solid transition origi-

nates only from the network formation of the filler.42 This reveals that rheology reflects a

combined network of the polymer chains and nanotubes, not only the interconnection

Figure 14. (a) Storage modulus of single-walled carbon nanotube–poly(3-octylthiophene-2,5-diyl)
(SWCNT-P3OT) nanocomposites at different frequencies, as a function of SWCNT content. (b) Loss
modulus of SWCNT-P3OT nanocomposites at different frequencies, as a function of SWCNT content.
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between CNTs. The entangled nanotube–polymer network dominates the rheological

properties of the composites.41

In this study, the power law Eqs. (4) and (5) were used to determine the value of the

rheological percolation threshold. The functions were fitted to the experimental data

points of |Z*| and G0 at 0.1 Hz for m > mc (concentrations above percolation threshold).

Figure 15 shows the complex viscosity and storage modulus as a function of SWCNT

content at 0.1 Hz.

The scaling parameters were found by incrementally varying mc until the best linear

fit to the data points was obtained (with the best achieved, optimal value of correlation

coefficient R). The rheological percolation threshold (mc) was found to be at the SWCNT

concentrations of 0.5 wt%. Scaling exponents, a ¼ 0.283 and t ¼ 0.356, differ from the

theoretical value of the percolating systems in three dimensions (a ¼ t * 2.0). The

rheological percolation threshold does not refer to the geometrical percolation, where the

filler forms interconnected paths along the entire composite, which is considered in

theoretical studies. The low rheological percolation threshold obtained in this study is

attributed not only to the high aspect ratio of the CNT filler but also to the good and

homogenous dispersion of SWCNTs within the P3OT matrix.

There are many factors that may affect the viscoelastic response of the samples,

including the molecular weight of polymers, their morphology, degree of dispersion of

nanotubes in the matrix, aspect ratio of the filler, alignment of CNTs (which diminishes

the formation of percolated network) and temperature.30,42 On this basis, it is difficult to

compare the percolation threshold found in this study (0.5 wt%) to earlier reported values

of diverse materials ranging from 0.1 to 5 wt%.30,40–42 Nevertheless, a percolation

threshold at 0.5 wt% is fairly low and opens up possibilities for the formation of a new

class of polymeric composites with advanced mechanical properties at a low-weight

fraction of nanotubes. Further improvement in the composite fabrication techniques,

together with high aspect ratio of nanotubes, can permit the formation of percolated

structures even at a lower load of the filler. This is a simple guideline for the modifica-

tion of the polymeric structures with a modest amount of CNTs but resulting in signif-

icant changes in the properties.

Conclusions

CNTs are synthesized using ACCVD techniques. The XRD results and TEM images

reveal that CNTs synthesized at 800�C are mainly SWCNTs. SWCNT-P3OT composites

were prepared at different loadings to investigate the effect of SWCNT loadings on the

structure, dielectric properties, dielectric relaxation behavior and rheological properties

of the P3OT host. The structural analysis of SWCNT-P3OT composites is also consid-

ered using XRD. XRD results reveal that the addition of SWCNTs to P3OT host narrows

the crystalline regions and increases their ordered length. On the other hand, dielectric

spectroscopy results indicate that SWCNTs enhance the polar character of P3OT host

and also increase the ac conductivity. The ac conductivity results show that the network

of SWCNT-P3OT system are percolated at 0.44 wt% SWCNTs which appear to be inde-

pendent of the frequency. Furthermore, a single relaxation peak (a-relaxation) is
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observed in loss tangent and impedance results. This peak shifts isothermally toward

higher frequency and the loss tangent value at the peak maximum decreases with increas-

ing SWCNT loadings. Additionally, this study shows that the dielectric relaxation in

SWCNT-P3OT composites is mainly due to the viscoelastic relaxation process. Rheolo-

gical studies show that the complex viscosity |Z*| decreases with increasing frequency,

while both the storage modulus (G0) and loss modulus (G00) of the SWCNT-P3OT

Figure 15. (a) Complex viscosity as a function of single-walled carbon nanotube (SWCNT)
contents at 0.1 Hz. (b) Storage modulus as a function of SWCNT contents at 0.1 Hz.
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nanocomposites increase with increasing frequency, and this increment being more

significant at low frequency. Rheological percolation threshold of SWCNTs in P3OT for

both |Z*| and G0 was found at 0.5 wt%. Finally, there are strong evidences from the

structure–property analysis that the addition of SWCNTs to P3OT host reduces

the vibrational freedom of the polymer chains as a consequence of the intercalation of

the polymer matrix into the nanotubes. Besides, at high level of SWCNTs loadings, the

nanotubes form network-like structures in the P3OT host.
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