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Abstract:  Polythiophene nanoparticles were synthesized using a cationic surfactant-assisted chemical oxida-
tive polymerization technique. Morphological, dielectric relaxation, and AC conductivity analyses were carried
out with systematically varying CTAB concentrations. HRTEM images show well-ordered nanoparticles. X-ray
diffraction patterns reveal a new diffraction peak at 260 = 26.6° at higher CTAB concentrations, indicating an
enhancement of the conjugation length. Dielectric permittivity studies show that at lower frequencies (< 10° Hz),
the relaxation is dominated by the electrode polarization effect. AC conductivity analysis suggests the presence of
a correlated barrier hopping mechanism. In the scaling approach, the AC conductivity data obtained at different
temperatures superimpose on one another, suggesting a temperature-invariant conduction process.
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1 Introduction

Polymers with heteroaromatic rings have received an enormous deal of interest among researchers in the last two
decades [} 12]. Electronic properties of conjugated conducting polymers can be manipulated through changing
doping level and modifying its structure from insulating to metal [3]. Conducting polymers are widely used in dif-
ferent technological applications such as electrodes, sensors, actuators, light emitting diodes, etc. [4}15]. Among
the diversity of intrinsically conducting polymers polythiophene (PTh) is widely studied because its promising
electronic and optical properties, natural constancy against oxygen and moisture, structural versatility, high con-
ductivity and wide commercial applications [6]. Polythiophene can be obtained from the polymerization of thio-
phene through chemically, photo-chemically, electrochemically [7, 8]. Some notable applications of typical PTh
derivatives are molecule-based devices, rechargeable battery electrodes, light-emitting diodes, chemical and op-
tical sensors etc. [9}[10]. Among the family of conjugated conducting polymers, Polythiophene and its deriva-
tives have received significant interest among scientist owing to their superior stability, ease of structural change,
flexible optical and electrochemical behaviors [11]. The dielectric and modulus formalism can be employed to
understand the charge transport process in disordered systems. The movement of charge carriers and orientations
of dipoles in polymer determines AC conductivity and dielectric relaxation. Interfacial polymerization in dis-
ordered polymeric materials or in polymeric composite materials arises because of dopant ions, fillers, or other
impurities present in the system. At low frequencies the interfacial polarization is covered by the conductivity and
high permittivity values [[12]]. The charge carriers relaxation process and different polarization mechanism present
in a system can be understood through modulus formalism and dielectric formalism, respectively. The presence
of charge carrier hopping mechanism in conducting polymers, results the conductivity relaxation which is differ-
ent from the dielectric relaxation in common polymers. The electrode polarization outcomes the high values of
permittivity at lower frequencies which get concealed in the modulus formalism [13]].

Dielectric and AC conductivity of Polyaniline, Polypyrrole and PEDOT nanostructures have been widely stud-
ied by many research groups in recent years [14-16] but synthesis and dielectric properties study of polythiophene
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nanostructured systems are limited. The present paper investigates the dielectric and charge transport properties
of PTh nanoparticles. Further, the effect of CTAB concentrations on structural, dielectric and transport properties
has also been studied.

2 Experimental

2.1 Materials

Sigma Aldrich company prepared thiophene monomer has been used for synthesis of polythiophene. The oxi-
dant ferric chloride (FeCls), chloroform, surfactant N, N, N-Trimethyl-1-hexadecanaminium bromide (CTAB),
methanol and acetone were purchased from Merck.

2.2 Preparation of polythiophene nanoparticles

Cationic surfactant-assisted chemical oxidative polymerization procedure has been employed to synthesis Poly-
thiophene (PTh) nanoparticles. In present synthesis procedure thiophene monomer (0.024 mol) and surfactant
CTAB (0.003 mol) were dissolved in CHCl3 (20 ml) and kept under stirring for 15 m. FeCls (0.0055 mol) was
added in CHCl3 (70 ml) and poured drop wise to the monomer-surfactant solution under stirred conditions [17].
The synthesis process was being carried out at room temperature and kept stirring for 24 h. The obtained dark-
brown precipitates were first subjected to centrifugation to separate the solid product from the reaction medium.
The supernatant containing unreacted species was carefully removed, and the collected final product was repeat-
edly washed with deionized water and ethanol to ensure effective removal of residual reactants and by-products.
Each washing step was followed by centrifugation. Finally, the purified nanoparticles were dried under vacuum
at 70°C for 6 h to remove physically adsorbed moisture and residual solvents, yielding the final purified product.
For CTAB concentrations 1 mmol, 2 mmol, 3 mmol, 4 mmol and 5 mmol the samples are named as C1, C2, C3,
C4 and C5, respectively. Block diagrams of the synthesis and purification steps are depicted in Fig. [[(a) and Fig.
[[b), respectively.
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Figure 1: Block diagram of (a) synthesis of polythiophene nanoparticles and (b) purification steps of obtained
dark-brown polythiophene nanoparticles precipitates.

2.3 Characterization

The shape and size of the PTh nanoparticles were observed with high-resolution transmission electron microscope
(HRTEM, JEM-2100, 200 kV, Jeol). Bruker D8 Advance X-ray diffractometer was employed for X-ray diffraction
analysis. Nicolet Impact I-410 FTIR spectrometer was being used to study FTIR spectra between 400 cm™! to
4000 cm~!. The thermal measurement was carried out by employing the Perkin Elmer thermal analyzer TGA
6000 in nitrogen environment from room temperature to ~ 900°C at heating rate of 10°C min—!. HIOKI-LCR
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meter (frequency range: 42 Hz - 5 MHz) was being used for Dielectric measurements within temperature of 303
K-363 K.

3 Results and Discussion

3.1 HRTEM study

HRTEM images of PTh samples C1 and C5 are depicted in Fig. 2Ja & b) The HRTEM micrographs show the
formation of fairly well-ordered spherical PTh nanoparticles. The diameter of the nanoparticles varies from 10
to 20 nm for sample C1 (Fig. (a)) and 2 to 6 nm for sample C5 (2[b)). From the HRTEM micrographs, it is
seen that there is a reduction of particle size with increasing CTAB concentration. At high concentrations, the
surfactant CTAB molecules surround the PTh nanoparticle which prevents the access of thiophene monomers
to nanoparticles inhibiting the secondary growth during polymerization resulting in a smaller diameter of PTh
nanoparticles [18].

Figure 2: HRTEM micrographs of PTh nanoparticles (a) C1 and (b) C5

3.2 XRD study

Fig. [Ba) depicts XRD patterns of synthesized PTh nanoparticles. Broad diffraction peak in the 26 range of
15° — 25° is observed for all the samples. The amorphous diffraction hump is attributed to the intermolecular
7 — 7 stacking energies [19]. From the figure, it is observed that at higher CTAB concentration (C5) a new peak
at around 20 = 26.6° appears, which can be ascribed to the enhancement of 7-conjugation length of the PTh
nanoparticles [20].

3.2.1 Estimation of crystallite size (D) and lattice strain (¢) by using single-line approximation method

Crystallite size and strain results peak broadening and XRD patterns can be used to determine these parameters
[21]]. Instrumental and sample-dependent effects results the width of diffraction peak. Well annealed Cu powder
was used to eliminate the instrumental broadening [22]. The single-line approximation method has been carried
out employing the Voigt function considering that the Cauchy component 55 is due to size effect, whereas ,85 is
solely due to micro-strain [23]]. According to the method, the crystallite size or domain size and the maximum
value of the strain can be expressed as [24]],

A
== (1)
B¢ cost
and ;
e
€= 4tan6 @)

In this report, although the peaks appear broad due to the amorphous nature of polythiophene, a discernible
hump within the 26 values of 15° to 30° becomes more defined upon doping, suggesting the onset of short-range
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Figure 3: (a) XRD patterns of PTh nanoparticles with varying CTAB concentration and (b) FTIR spectra of PTh
nanoparticles for different CTAB concentrations.

ordering of polymer chains Crystallite size and strain can be obtained from the single-line approximation method.
Crystallite size (D) and strain (¢) values obtained from X-ray diffraction analysis is presented in Table [I] With
increasing CTAB concentration, crystallite size decreases and it can be ascribed to a decrease in nanoparticles
size as confirmed by the HRTEM micrograph. Dislocations and point defects may results in strain in the PTh
nanoparticles [25]], which are found to increase with increasing CTAB concentration. The increase of strain with
increasing CTAB concentration results due to a decrease of particle size as confirmed by HRTEM.

Sample name  D(A) € LIoym/Iasym
Cl 8.32 0.00813 0.96
C2 8.12 0.00934 0.89
C3 6.75 0.01101 0.68
C4 461 0.01223 0.65
C5 2.12  0.01342 0.62

Table 1: Structural parameters for the samples C1, C2, C3, C4 and C5

3.3 FTIR analysis

Fig. 3(b) represents the FTIR spectra of PTh nanoparticles for different CTAB concentrations. The O-H stretching
absorption band arises at 3420 cm ™! and 2926 ~! result from of water in KBr [26] and aliphatic C-H stretching
vibration [27]. The C=C asymmetric and symmetric stretching vibration modes of the thiophene ring are observed
at 1631 and 1428 cm !, respectively. The bands at 1016, 787, 694 and 552 cm~! are attributed to the C-H in-plane
deformation, C-H out-of-plane deformation, C-S bending and C-S-C ring deformation, respectively [17,27]. The
area intensity ratio, Isym/Iasym of the bands at 1428 ~! and 1631 cm ™! give information about the chain length of
the polymer. The lower value of the intensity ratio indicates the longer chain length [28]]. From the calculated in-
tensity ratio (Zsym /Ilasym) of PTh nanoparticles, it has been observed that the intensity ratio (Lsym /Iasym) shows
a decreasing trend at higher CTAB concentration, suggesting an increase in conjugation length. The obtained val-
ues are listed in Tablem The sharp asymmetric band at 1631 cm™! signifies that PTh nanoparticles are composed
of long coplanar conjugated segments [28]. The increasing sharpness of the asymmetric band with increasing
CTAB concentration indicates the increase of coplanar conjugated segments.
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3.4 Thermal analysis

The degradation behavior of the PTh nanopartices were studied using thermogravimetric analysis (TGA). The
thermogravimetric plots of PTh nanoparticles is presented in Fig. [d] The TGA studies indicate three steps of
degradation. Evaporation of physically adsorbed water molecules in the polymer chains results the first step weight
losses in the temperature range 30 — 150°C. The weight loss observed in the temperature range of 330 — 495°C
is ascribed to the elimination of surfactant from the polymer shackle. The third step of weight loss begins at
495°C due to the degradation of polymer backbone [29]. From the thermogram spectra, an enhancement of
thermal stability with increasing CTAB concentration is observed. For sample C1 the weight loss is 17% up to
the temperature of 495°C whereas for sample CS5 it is decreased to 11%. As confirmed by XRD analysis, the
enhancement of thermal stability for higher CTAB concentration may be due to the increased crystallinity and
crystallite size of the PTh nanoparticles.
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Figure 4: TGA plots of PTh nanoparticles for different CTAB concentration.

3.5 Dielectric properties analysis

The alternating electric field can polarize an electrical medium and which can be understood through the study of
dielectric properties. Under the application of alternating electric field to a dielectric the polarization occurs be-
cause of displacement of electrical charges from their equilibrium. Eq. (3) describes how the dielectric parameter
changes with frequency [22],

€ (w) = € (w) — i€ (w). 3)

here ¢ (w) and €'’ (w) represents the real and imaginary components of the complex dielectric permittivity ¢*(w),
respectively. Here ¢’(w) measured the energy stored and the amount of energy dissipated can be obtained from
€”(w). The values of € (w) and €”(w) can be obtained from the expressions,

_ Cd
A

“)

€ (w)

and the imaginary part €’ (w) as,
€' (w) = €' (w) tan § (w) 3)
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where d and A represents thickness and area of the pellet, respectively. €, and tan d(w) are the permittivity in free
space and loss tangent, respectively. Fig. a) shows the plot of ¢’ as a function of frequency for PTh nanoparticles
synthesized with varying CTAB concentrations at ambient temperature. The enhanced €’(w) at low frequencies
(< 10° Hz) due to the space-charge polarization resulting from interfacial charge buildup at the sample—electrode
interfaces [30]].

o, 10°
E (a E o 303K
L PPk (b)
% [u] C1 r < > o 313K
E o o c2 FLAY 9 b A 323K
J Voo A c3 F ol Y0 4% v 333K
107 v Yo 0 A% h o 343K
F v v C4 4| o o A %
~m VQ% o C5 10 9o a7 4 353K
A o 4
- N vﬁ% qu D>, > 363K

Oy, o O q oy

102 E q%ﬁ %%7 vo%% E . 0% i}qq% > D%DD[X)

q:thqa A % o . B m g <«

Sy F | S o darsen

L % topgg ol © ; = é%% a o7y

3 Ooomm 065 b a “U:m:nA%
100 -2. ARy .......|4. AP I .......|s. PP T . é_z. AARA .......14. seiend o .......16. RPUPTY I .
10 10 10 10 10 10 10 10

o (rad/s) o (rad/s)

Figure 5: (a) Frequency dependence real permittivity (¢') of PTh nanoparticles for different CTAB concentrations
at ambient temperature and (b) €’ vs. w for C5 in the temperature range 303 K-363 K.

Fig. b) depicts the frequency-dependent variation of €’(w) for sample C5 at different temperatures. An
increase in € (w) with rising temperature is observed, which is ascribed to enhanced dipolar orientation induced
by greater thermal energy at elevated temperatures [31]]. At higher temperatures, a pronounced increase in the
dielectric constant is evident, resulting from enhanced total polarization within the system. This enhancement
is attributed to the activation of both induced dipoles and thermally stimulated trapped charge carriers. With
increasing temperature, the thermal energy imparted to the system facilitates polymer chain mobility, thereby
reducing pinning effects that otherwise restrict charge carrier transport. The enhanced mobility promotes greater
charge carrier participation in relaxation processes at a given frequency. Accordingly, the combined effects of
improved dipolar orientation and increased charge carrier contribution lead to an overall rise in the dielectric
constant with temperature. Conversely, at lower temperatures, restricted thermal energy suppresses both charge
carrier mobility and polarization, yielding a reduced dielectric constant (¢") [32} [33].

3.6 Charge carriers’ relaxation analysis

The dielectric permittivity only cannot explain the charge carriers’ relaxation process for dielectric materials
having considerable DC conductivity contribution. Charge carriers’ relaxation and conduction mechanisms can
be studied through the framework of Modulus formalism [34]. The complex modulus (M *) can be articulated as,

M*(w) = L = M'(w) + M"(w) ©)

=

€

Real (M’) and imaginary (M"") parts of modulus can be written as follows,

()
M (w) 2(w) + €2 (w) (72)
M () = € (w) (7b)

€2 (w) + €2 (w)

Fig. |§| shows the M’ vs. w plot for different CTAB concentrations at ambient temperatures. From the figure, it has
been observed a very low value of M’ towards lower frequency region and almost approaches zero values. For all
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Figure 6: Frequency dependence real modulus (M) for different CTAB concentrations at ambient temperature.

the different CTAB concentrations M’ shows a increasing trend with frequency and reach a maximum constant
value of M, for frequencies > 107 rad/s. The presence of such behavior indicates that the charge transport
is taking place through long-range motion of charge carriers. The frequency dependent imaginary moduli M”
for different CTAB concentrations and for different temperatrures for sample C5 are depicted in Figs. [7(a) and
[7(b). From figures[7(a & b) it is observed a distinct charge carriers’ relaxation peak has been observed for all the
CTAB concentrations and at different temperatures for sample C5 and the relaxation peak shifts towards higher
frequency for both the cases. The increase of dc conductivity may be the reason of shifting the relaxation peak
towards higher frequency and it can be explained according to the relation [35]],

€olWc
MV

®)

where w, is the relaxation frequency. In modulus formalism, the relaxation peaks corresponding to the switching
of DC to AC conductivity under an alternating electric field [36]. The transition from long-range to short-range
motion of the charge carriers is represented by the relaxation frequency (w.) according to relation w.7, = 1, where
T, 1s the conductivity relaxation time [37]. The relaxation peak shift toward high frequency side with increasing
temperature or dopant concentration suggests a decrease in relaxation time. This indicates the faster response to
the external electric field, resulting the enhanced mobility or rapid polarization processes. With increasing tem-
perature, thermal energy facilitates charge-carrier hopping between localized states by reducing potential barriers,
thereby improving charge transport. Similarly, increasing CTAB concentration may lead to improved particle dis-
persion, reduced interfacial polarization, and creation of additional conducting pathways, all of which contribute
to higher conductivity and faster relaxation dynamics.

The scaling analysis was carried out for the sample C5 in the measured temperature range of 303-363 K from
the plot (M"/M] ...) vs. log(w/w.) as shown in Fig. Formation of single master curve suggests that the
conductivity relaxation mechanism is temperature independent [38]].
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Figure 7: Frequency dependence (a) Imaginary modulus (M) at ambient temperature for different CTAB con-
centration and (b) Imaginary modulus (M) at different temperature for the sample C5.
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Figure 8: Scaling behavior of imaginary modulus (M) at different temperature for the sample C5.

3.7 AC conductivity analysis

The ac conductivity can be calculated from the following expression [39],

o(w) = G(w)

A

€))
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Figure 9: Plot of AC conductivity (a) for different CTAB concentration at ambient temperature and (b) for sample
CS at different temperatures (303 K - 363 K).

Here, G(w) represents conductance. Thickness and cross-sectional area of the sample represented by d and A,
respectively. Fig[fa) depict the room temperature frequency-dependent total conductivity for different CTAB
concentrations. The AC conductivity shows increasing trend frequency as well as with increasing CTAB concen-
trations. The total conductivity shows a increasing trend with CTAB concentrations which can be attributed to the
enhanced structural ordering in the nanoparticles. Fig[9(b) shows the temperature dependent AC conductivity for
sample CS. The frequency independent plateau observed in the lower frequency region arises because of DC con-
ductivity. The shifting of plateau region towards higher frequency suggests the enhancement of DC conductivity
[40].
For a particular temperature the o,¢(w), can be presented as follows,

Otot(W) = 0, + o(w) (10)

here o, denotes the frequency independent conductivity. o(w) increases with frequency for amorphous semicon-
ductor and disordered system, and follows a power law

o(w) = Aw’ (11)
_dlno(w)
- dhw (12)

where the constant A depends on temperature. The value of frequency exponent s lies within the limit of 0
to 1. The slope logo(w) versus logw plot gives the value of s [40]. For the sample C5 the values of s lie
between 0.62 — 0.37. The conduction mechanisms in disordered systems can be explained with the help of
different proposed theoretical models. The behavior of frequency exponent with temperature established the type
of conduction mechanism present. The decrease of s with temperature (Fig. [T0fa)) implies that the charge transport
is taking place through CBH mechanism. This indicates that higher temperatures facilitate carrier hopping between
localized states, reducing the effective barrier height. The similar decreasing trends with temperature have been
observed for the other samples as well. According to CBH model variation s with temperature is expressed as
(41} 142],
6kT

Was — kT In (ﬁ) 1

s=1-—

Here W, and 7. represents polaron binding energy and characteristic relaxation time, respectively. In the first
approximation, Eq. (13) leads to the form,
6kT

1og= ——
S War

(14)
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Figure 10: (a) Frequency exponent (s) vs. temperature (7") for the samples C1, C2, C3, C4 and CS5 and (b) Scaling
behavior of (0/04.) vs. (w/w,) at various temperature for the sample C5.

The calculated values of polaron binding energy (W) are tabulated in Table [2] From the obtained values of
binding energy it can be ascribed that polarons are the major charge carriers [42]. With increasing temperature,
thermally activated carriers hop more easily between localized states due to the reduction of the effective barrier
height. The structural modifications caused during synthesis greatly influenced on binding energy. Nanoparticles
having higher structural order exhibit lower W, values. This reduction in Wy, suggest the improved of connec-
tivity between the polymer chain networks, which results smaller separation between localized states and reduces
the Coulombic interaction barriers. As a result, charge carriers require less activation energy to hop between
energetically correlated sites.

Sample name Wj,(eV)

Cl1 0.41
C2 0.39
C3 0.37
C4 0.35
C5 0.33

Table 2: Values of W), calculated from the ac conductivity data at 303 K for 100 Hz.

The AC conductivity is a powerful tool for understanding the dynamic processes occurring in solids, partic-
ularly in disordered materials. The time-temperature superposition principle (TTSP) plays a key role in under-
standing these dynamics. The single master curve obtained at different temperature leads to a scaling law known
as the time temperature superposition principle [43]]. The principle is based on the idea that the system behaves
similarly at different temperatures but at different characteristic timescales.

The ac conductivity o(w) follows a scaling relation which can be described by the relation [37]],

a(w):1+<w>s (15)

Odc We

where, exponent s is a constant and w, is the characteristic frequency. This equation predicts that o(w) starts to
increase as the applied frequency crosses the characteristic frequency w,. The values of o4., w. and s have been
obtained from the best fitted curves at different temperatures.

Fig. [I0[b) depicts the conductivity master plot of the sample C5 for different temperatures. Here conductivity
axis is scaled with respect to o4, and the frequency axis with respect to the characteristic frequency w.. The for-
mation of single master curve (Fig. [I0[b)) at different temperatures suggests that conduction mechanism of charge
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carriers in the material is independent of temperature, and that the material is governed by universal relaxation
processes [44]].

4 Conclusions

In summary, we have synthesized PTh nanoparticles by the chemical oxidative polymerization method and di-
electric properties are studied with varying frequency and temperature. HRTEM images confirm the formation
of well-ordered nanoparticles. The new diffraction peak at 20 = 26.6° in the XRD pattern at higher CTAB
concentration suggest the enhancement of polymer chains ordering. In FTIR spectra the decrease of intensity
ratio (Lsym /Iosym) of the band 1428 and 1631 cm~? for higher CTAB concentration results due to enhancement
of conjugation length. The plateau region shift towards higher frequency in the ac conductivity with increasing
CTAB concentration and temperature suggest the enhancement of DC conductivity contribution. Imaginary mod-
ulus peak shifts towards higher frequency suggest the increase of conductivity. The obtained values of binding
energy suggest that polarons are the major charge carriers in this system. The temperature dependent behav-
ior of frequency exponent suggests that the charge transport is taking place through a correlated barrier hopping
mechanism
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