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Abstract

The X-ray diffraction patterns (XRD) indicate that the powder of Titanium phthalocyanine chloride exhibits a
polycrystalline nature, characterized by a triclinic structure. The AC electrical conductivity and dielectric properties
of a bulk TiPcCl2 sample in pellet form were examined using evaporated ohmic Ag electrodes in a temperature
range (293- 363K) and frequency range (50 HZ- 5 MHz). The frequency dependence of 64c follows the Jonscher’s
universal dynamic law with the relation c,c = A®®, where s is the frequency exponent. The observed value of s is
less than a unit and decreases as the temperature rises, which was consistent with the correlated barrier hopping
(CBH) model. The barrier height Wy was determined. It is found also that Inc,c increases linearly with the
reciprocal of the absolute temperature. This indicated that the AC conductivity is thermally activated process. The
dielectric constant, £, and the dielectric loss, &,, for bulk TiPcCl, both dropped as frequency increases and rose as
temperature rises. The dielectric modulus serves as an indicator for the existence of non-Debye relaxation events
within the material. The relaxation periods, ascertained through analysis of the imaginary component of the modulus

(M™), were found to conform to the Arrhenius equation.
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Introduction

Organic electrical technologies are widely employed in our everyday lives. Phthalocyanines (Pcs) and
Metalphthalocyanines (MPcs) are a promising and well-known organic dye with several potential advantages such as
easy processing, high flexibility, high stability, etc. [1-4]. In general, MPcs play an important role in a wide range of
scientific and technical applications. PCs may be used instead of conventional semiconductors to make low-cost
devices such as optical filters, organic light emitting diodes, solar cell and gas sensors. [2—6].

The conduction mechanism, charge carrier transport mechanism, and polarisation types present in organic

materials can be effectively characterised using dielectric and alternating current (AC) conductivity tests [7,8]. The
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examination of dielectric characteristics plays a vital role in ascertaining the inherent qualities of barriers.
Furthermore, a comprehensive understanding of the dielectric constant, dielectric relaxation, and conductivity of the
materials involved might potentially enhance the investigation of the product's structure, quality, flaws, processing,
and control. The frequency-dependent AC conductivity, denoted as 6,c(®), in most semiconductors exhibits a
power-law relationship with frequency, as described by Jonscher's power-law equation @°, where s is the frequency
exponent. To elucidate the mechanisms underlying conductivity, the analysis of the temperature and frequency-
dependent relationship of the frequency exponent, denoted as s, relies on the assessment of the relaxation induced by
the tunnelling or hopping of charge carriers between equilibrium sites. This investigation aims to provide a
comprehensive understanding of the conductivity mechanisms. According to sources [9]-[11].

The frequency exponent, denoted as s, in the quantum mechanical tunnelling (QMT) model, is contingent upon
the frequency and remains unaffected by changes in temperature. The appropriateness of the overlapping big polaron
tunnelling model arises when the frequency exponent, denoted as s, has a dependence on both frequency and
temperature. Specifically, the exponent s decreases as temperature increases up to a specific threshold, beyond which
it starts to increase with further temperature increments. Moreover, it should be noted that the frequency exponent,
denoted as s, exhibits an increase when the temperature escalates in the context of tiny polaron tunnelling. In the
context of the correlated barrier hopping (CBH) model, the frequency exponent, denoted as s, has a value less than
unity, and it decreases with increasing temperature. Nevertheless, the conventional hopping model assumes a
constant value of unity for the frequency exponent, denoted as s. Many researchers have focused on the AC
conductivity and dielectric characteristics of Metalphthalocyanines (MPcs) compounds in order to explore the
electrical conduction process as a function of frequency and temperature such as PdPc [12], MgPc [13], Na,Pc [14]
ZnPc [15], CuPc [16], CoPc [17], FePc [18], and AIPcCl [19]. According to our best knowledge, neither the
electrical nor the dielectric characteristics of TiPcCl, have ever been investigated. As a result, the focus of this work
has been on the investigation of the AC conductivity of TiPcCl, pellets at temperatures ranging from 293 to 363 K
and throughout a frequency range of 50 Hz to 5 MHz. The electric modulus, dielectric constant, and dielectric loss

have been determined using a variety of theoretical models.

Experimental techniques

The TiPcCl, (see Scheme 1) powder was acquired from the Sigma-Aldrich Company. The substance was
thoroughly pulverised using a mortar, resulting in the formation of highly minute particles. These particles were
subsequently subjected to a compression force of 1.96x10° N/m’, resulting in the formation of a pellet with a
diameter of 3mm and a thickness of Imm. In order to establish an ohmic contact with the sample, a pellet of TiPcCl,
was inserted between two electrodes consisting of evaporated Ag film (see Scheme 1). The AC dielectric data in the
frequency range of 50 Hz to 5 MHz was measured using the (Hioki 3536 Hitester) an automatic RLC Bridge model.
The specimen was positioned within a specialized holder featuring a distinct design, aimed at minimizing the
occurrence of stray capacitance. The temperature of the TiPcCl, sample was measured throughout a range extending

from ambient temperature to 363 K.
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Scheme 1: Experimental setup for single-pellet compression from TiPcCl,

Results and Discussions

Structural studies

The poly crystalline nature of the obtained powder of TiPcCl, is determined through structural analyses utilizing
the X-ray diffraction (XRD) technique, as depicted in Fig. 1. The X-ray diffraction (XRD) pattern of the powdered
sample exhibited many diffraction peaks. The determination of Miller indices for all observed peaks and the
calculation of lattice constants for TiPcCl, are achieved using the CRYSFIRE and CHECKCELL software programs.
The diffraction pattern analysis reveals that TiPcCl, possesses a triclinic structure with the space group p; and lattice

constants ofa=11.02 A,b=12.52 A, c=10.45 A, a.=96.05°, B= 117.38° and y = 108.45°.
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Fig. 1. X-ray diffraction patterns of TiPcCLin powder form.
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AC conductivity studies

The use of AC conductivity measurements is widely recognised as an essential tool in the investigation and
acquisition of precise insights into the underlying process of charge transport in semiconductor materials. The total
conductivity, o, (o,T), of semiconducting materials is described by the transition between the dispersive high-
frequency regions to the low-frequency DC plateau [20]. The total conductivity e(w,T) was determined using the
following formula: e(®,T) = d/ZA, where d is the sample's thickness and A is its cross-sectional area. Fig.2
represents the reliance of lne,, of TiPcCl, on a wide range of frequencies at various temperatures. The figure shown
in this analysis reveals a positive correlation between conductivity and both temperature and frequency. Furthermore,
the conductivity curves are divided into two distinct zones, namely the I and II regions. In area I, there is a positive
correlation between temperatures, frequency, and conductivity, with the latter exhibiting a little increase as
temperatures and frequency increase. The conductivity in area II experiences a quick increase as the frequency
increases, owing to the much shorter duration of the electric field in this region. This behaviour is consistent with

other semiconductors [12],[21],[22].

The AC conductivity .(0,T) was computed with  the use of the relation:

Otot(w, T) = 0pc(T) + 04¢ (0, T) (D

Where 64 is the direct current (dc) conductivity, which is independent of frequency. Its values can be obtained by
extrapolating the experimental data of o at low frequency down to zero value as shown in Fig 3 while . in equ (1)
is the alternating current (ac) conductivity, which varies with frequency. The values of o,(w) at different

temperatures can be determined as are shown in Fig 4.
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Fig .2. Frequency dependence of 6, for TiPcCl, at different temperatures.
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Fig. 3. Temperature dependence of DC conductivity of TiPcCl, .
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Fig. 4. Frequency dependence of 6,¢ for TiPcCl, at different temperatures.

This can be described using the following equation:
@

04c(w) = Aw®
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where o is the angular frequency, 4 is the temperature constant, and s is the frequency exponent. According to Eq (2)
o, grows with increasing frequency and temperature as shown in Fig .4 The slope of the linear In(o,.) vs. In(w) plot

is used to calculate the values of s which was drown at various temperatures as shown in Fig .5.

The provided figure presents two noteworthy observations: firstly, a negative correlation between the variable s
and temperature, indicating a reduction in s as temperature rises; and secondly, the maximum value of s being
constrained to a value below one. The aforementioned results suggest that the transport mechanism of charges may
be understood by using the correlated barrier hopping model, CBH. [19, 23]. The same mechanism was observed in

many MPcs such as MgPc [13], Na,Pc [14] ZnPc [15], CuPc [16], CoPc [17], and AlPcCl1 [19].

It is anticipated that the carrier will traverse the potential obstacle that exists between two adjacent places.
According to this model, there is an inverse relationship between the temperature and the value of s, so that an
increase in temperature leads to a drop in the value of s . The assigned value (referred to as "s") in the CBH model is
constrained to the range of 0 to 1. In order to determine the potential barrier height (Wm) of the Coulomb potential
barrier, one can employ the universal formula.

6kpgT
Wu

s=1 3

This equation calculates Wy, by graphing (1-s ) versus T, as shown in Fig. 6 and using the slope to calculate the

binding energy, which was 0.11105 eV.

Fig. 7 depicts AC conductivity a,. (@) as a function of reciprocal temperature at various frequencies. According to
the figure, when temperature rises, @, (@) rises linearly. This demonstrates that the AC conductivity is a thermally
activated operation that comes from distinct localized states in the gap [24]. The dependence of o, (w) on
temperature is represented by.

04 (W) = 0, exp (— %) 4)

where ©0,is a constant and A E . is conduction activation energy. The activation energy values found at various

frequencies range from approximately 1.448 eV at about 600 Hz to 0.66 eV at 600 kHz.
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Fig.5. Temperature dependence of power exponent (s).
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Fig. 7. Variation of AC conductivity, 6,.(®), with temperature at different frequencies for TiPcCl,

Dielectric studies

The dielectric characteristics demonstrate a relationship with many types of polarisation, including electronic,
ionic, relaxation, and space charge (25, 26). The study of dielectric properties of materials is of utmost importance in
advancing our understanding of the electrical characteristics in relation to frequency and temperature. The expression

for the complex permittivity €* in this particular circumstance is provided in reference [27]:

*

& =g —ig, (®)]

where &, is the dielectric constant and &, is the dielectric loss, the relation that combines each of them can be

obtained by:

£,= £,tand (6)
where tand (6=90-¢) represents the dissipation factor.
The dielectric constant is computed using the following formula [27]:

&4 =
1 AS()

where C is the capacitance expressed in farad, d is the disc thickness and & is the permittivity of free space. Lastly,
A denotes the cross-sectional area of the disc. The dielectric measurements were performed at temperatures ranging
from (293K to 363K), and at frequencies from (50 HZ to 5 MHz). Fig. 8 illustrates the frequency dependence of &; .

The figure demonstrates a clear that as the frequency increases, £; decreases. At comparatively high temperatures
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with low frequencies, the dielectric constant exhibits a significant dependency on frequency, whereas the variation is
minimal at high frequencies and low temperatures, as explained that at lower frequencies. The determination of €4in
polar materials may be attributed to the combined impact of many elements that contribute to polarizability. These
factors include relaxation polarisation (both interfacial and orientational) as well as deformational polarisation (both
ionic and electronic). The increase in frequency leads to a decrease in the ability of dipoles to rotate quickly, This
further increase in frequency causes the dipoles to lose their ability to orient themselves and they become unable to
respond to the applied field. Consequently, the decrease in €, at higher frequencies approaches a constant value,

which is a result of interfacial polarization [25].
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Fig. 8. Variation of the dielectric constant &; with frequencies at different temperatures for TiPcCl,

The frequency-dependent behavior of the dielectric loss &, , is seen in Fig. 9. From the figure &, it can be
observed that the values exhibit similar behavior as €. The primary sources of dielectric losses are often recognized
as dipole losses, dielectric losses, and conduction losses [19]. The rise in temperature is leads to a corresponding

increase in electrical conduction losses, hence causing a rise in the magnitude of dielectric loss.
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Fig. 9. Variation of the dielectric loss &, with frequencies at different temperatures for TiPcCl,
Electric modulus study

The electric modulus, represented by M*, may serve as an alternate approach to defining the dielectric qualities,
offering a valuable viewpoint on these features. By comparing the electric modulus, M*, with the complex dielectric
permittivity, €*, it becomes possible to distinguish between long-range electrical conductivity and local dielectric
relaxation phenomena, such as dipole reorientation (as shown by reference) [28]. By using the modulus
representation, unwanted effects caused by extrinsic relaxations can be reduced to a minimum. The complex electric
modulus is obtained by the derivation of the equation for complex permittivity [29]. According to Macedo et al [19],

the real and imaginary parts of the electric modulus M and M can be determined from £; and &, as follows:

M'===M +jM" ®)
where:

M = e )
M = e a0

Figure 19 illustrates the relationship between M’ and frequency at different temperatures. The values of M’ in the

low-frequency domain are typically zero, which provides confirmation of the occurrence of electrode polarisation
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phenomena [30]. The dispersion of M’ exhibits a positive correlation with frequency, and at elevated frequencies, it
demonstrates a tendency to remain consistent across various temperature conditions. The observed phenomenon
could potentially be attributed to the short-range mobility of charge carriers. Fig. 11 displays the frequency function
of M" at different temperatures. The observed variation in the third derivative of the magnetization, M"" with respect
to frequency suggests that an increase in temperature leads to a displacement of the relaxation peaks towards higher
frequencies. The existence of relaxation processes with varying time constants, as shown by the asymmetric
widening of the M' 'peaks’, supports the occurrence of non-Debye relaxation in our experimental sample [31]. Also,

the same relaxation processes was observed in bulk AIPcCl [19].

The frequency range preceding the peak maximum exhibits a change from long-range to short-range mobility as
frequency increases. In order to quantify the typical relaxation time, it is possible to adopt the reciprocal of the
frequency at the maximum position as a practical metric, denoted ast,, = wy,!. Hence, the relationship between
temperature and the characteristic relaxation time may be ascertained, as seen in Fig.12, which exhibits the

Arrhenius relation [32]:
w,, = wgexp(—AE, /| KgT) (11)

where o, is the pre-exponent factor, AE,, is the activation energy for dielectric relaxation, which is about 4.456 eV.
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Fig. 10. Frequency dependence of M of TiPcCl, different temperatures.
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Fig. 12. Temperature dependence of the Debye peak position of Z ¢ for TiPcCl,.
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Conclusion

The current investigation focused on examining the impact of frequency and temperature on the electrical
conductivity and dielectric relaxation of sandwich structures composed of Ag/TiPcCl,/Ag. Throughout the frequency
range of 50 Hz to 5 MHz, it was observed that the AC conductivity c,.(®) varies with respect to @®. For high-
frequency ranges, the frequency exponent exhibits a value s < 1. Furthermore, it is observed that when temperature
increases, the frequency exponent decreases. These observations provide evidence that conduction is attributed to the
correlated barrier hopping (CBH) process. The calculation yielded a maximum barrier height for hopping or the
binding energy WM of 0.11105 eV. Both the real part € and the imaginary part £ of the dielectric constant were
shown to rise with temperature and fall with frequency. This behavior also demonstrated that the TiPcCl, sample
consists of molecular dipoles. The utilisation of the electric modulus, denoted as M*, has been proposed as an
alternate approach for quantifying the dielectric characteristics of a substance. The observed relationship between the
frequency variation of M" and temperature revealed a notable trend: as the temperature increased, the relaxation
peaks exhibited a shift towards higher frequencies. The activation energy for dielectric relaxation, AE,,, was found to
be about 4.456 eV. Based on the obtained data, it can be concluded that TiPcCl, has promising characteristics for use

in storage applications.
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