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Abstract

The dielectric constant of polyaniline (PANI) derivatives, were investigated over the frequency range from 20 Hz
to 1 MHz. The dielectric constant for PANI-base and PANI-salt pellets was decreasing as the frequency
increasing. The PANI-salt dielectric constant recorded a huge value of > 10®at 20 Hz, and 10* at 1 MHz. The
PANI-base dielectric constant recorded ~11 at 20 Hz and ~3.5 at 1 MHz. Their dielectric loss, dielectric loss
tangent and ac conductivity were investigated as well. Optical absorption for PANI derivatives in a solution and
thin film states were studied. The effect of the PANI-salt’s dielectric property in solution and thin film states on
the absorption spectrum of modified copper phathlocyanine with sulfonic acid group (CuPc TS) has been
studied. We observed an enhancement of the absorption spectrum of the CuPc_TS to become more broadness
and reached the red region of the spectrum compared to the absorption spectrum of CuPc TS alone. We
attributed the more broadness of the CuPc TS spectrum to the improvement of the CuPc TS relative
permittivity.
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1. Introduction

Conducting polymers gets scholars attention during the last two decades, due to their electrical, electrochemical,
and good thermal and chemical stability. (Dong, 2004; Wei, 1996 & Roy, 1999) Polyaniline (PANI) is the most
interesting type of conducting polymers, they have been used in many applications such as anti-corrosion
protection material, (Wang Y., 2004) solar cells, (Wang, W., 2008), and sensors (Ambrosi, 2008). The two
famous derivatives types of polyaniline are the emeraldine base (half oxidation state) (PANI-base) and
emeraldine salt (full oxidation state) (PANI-salt). One of the most useful types of the polyaniline derivatives is
the polyaniline- emeraldine base due its stability at ambient environment (Mirmohseni, 2008). The polymer
backbone of the emeraldine base can be protonated with strong acid to produce emeraldine salt leading to an
increase in conductivity due to the effect of charge transfer in the polymer backbone (Khan, 2008). In general
polyaniline is insoluble in water; polyaniline salt is soluble in strong acids like sulphuric acid and hydrochloric
acid (Wang Y., 2004). During the last two decades, many scholars developed a water-soluble Polyaniline (Roy,
1999, Ambrosi, 2008). The conductivity of polyaniline is referred to the polaron and bi-polaron movement of
charge carriers along the polymer chain upon applying an electric field; the concentration and mobility of the
charge carriers determine the electrical conductivity (Khan, 2008).

Organic materials with high dielectric constant have a potential in many applications, such as electro-active
polymers for actuators (artificial muscles) and capacitors industry (X. Zhang et. al, 2005; Bar-Cohen, 2004; Q.
Zhang, et. al., 2002; Huang et. al., 2004; Saha, 2010). Dielectric constant (capacitance), dielectric loss and ac
conductivity of PANI thin films in frequency range of 100 Hz to IMHz were studied by (Mathai et.al., 2002)
which created using A. C. plasma polymerization technique, the dielectric constant values were small ~3 at 1
MHz. They found that dielectric constant and dielectric loss decreased with frequency and increased with
temperature.

The dielectric constant or the relative permittivity is one of the most important electrical properties of materials
especially for dielectrics, which is generally defined as e= C/C, where C is the capacity of the capacitor (like
parallel plates capacitor) when the dielectric material is filled between its plates and C, is the capacity when
there is no material between its plates.
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The general formula for dielectric constant is given by

e* () =e(f)—-1e"(f) M

where €', " are the real part of dielectric constant , the imaginary part of the dielectric constant (dielectric loss)
which is measure the loss of conductivity in the material at the different frequencies ( /) of the electric field.

The dielectric constant depends strongly on the frequency of the electric field (equation 1) or the rate of the
change of the time-varying field. So as the frequency increase the time needed for the diploe (assuming that each
atom or molecule produces one dipole) to reorient itself with the field direction decreases, so that in general, the
dielectric constant decreases as the frequency increases. There are many microscopic polarization mechanisms in
materials which depend on the time variation of the electric field such as space-charge (interfacial) which is due
the charge movement between materials and electrodes, orientaional polarization which occurs in molecules and
materials with permanent dipole moment, ionic polarization which is the distortion of the lattice vibration that’s
why it’s called vibrational polarization and electronic polarization (optical polarization) which is the deformation
of the electronic cloud around the positive center of the atom. The electric dipole moment can be induced by the
electric field in non-polar materials or be permanent as in polar molecules (Feynman, 1996; Kao, 2004).

In this paper, a dielectric response of polyaniline derivatives was studied for the PANI-base and PANI-salt as
pellets. Optical absorption behavior for PANI-salt in solution and thin film states were studied too. Mixing PANI
with organic semiconductor solution like copper phathlocyanine (CuPc) could improve the absorption band
width of CuPc. CuPc is the most famous organic semiconductor material which got the scholars attention due to
its chemical and thermal stability (Simon, 1985), and its potential in many electronic applications such as
organic photovoltaics and light emitting diodes.(Peumans, 2003; Hamann, 1984; Hor, 1983). CuPc is not soluble
in regular organic solvents, except in strong acids like sulphuric acid. Solutions of CuPc or PANI in sulfonic
acids are not a practical choice in electronic fabrication due to its corrosion effect. So a modified CuPc by a
sulphunated acid group such as copper phthalocyanine 3, 4°, 4", 4"-tetrasulfonic acid tetra sodium salt
(CuPc_TS), is getting attention in applications require solution process rather than regular physical vapor
deposition (thermal evaporation) due its water solubility. It has been used in organic photovoltaic OPV’s devices
as a donor material or as a replacement of the hole transport layer (HTL) PEDOT: PSS (Bechara, 2012;
Schumann, 2011; Ryan, 2012), as a dye (Wohrle, 1989; Thomas, 1990) and as an antiviral drug (against HIV)
(Vzorov, 2003).

We are trying to use the PANI-salt dielectric property for improving the CuPc TS absorption spectrum by
changing the semiconductor dielectric constant medium, or the backbone or the energy levels of the polymer.
Increasing the dielectric constant of the medium could decrease the columbic attraction between hole—electron
pairs (which known as excitons); or changing the energy levels (HOMO-LUMO) of the polymer, could improve
of OPV’s efficiency.

2. Experimental
PANI-salt and PANI-base powders were purchased from Alfa-Aesar and used as received. A grounded powder
was pressed by a hydraulic press at room temperature into pellets under ~50 MPa. Samples were sandwiched
between two copper electrodes; the pellets had the same radius as the electrodes which are 6 mm in a circular
disk shape and the thickness were between 0.75-0.80 mm. For the parallel plate capacitor, the formula to
calculate the real and imaginary parts of the dielectric constant of the sandwiched material are given by
_C,d

g A

(2)
e"=¢' Df

where C,, is the measured capacitance using Quadtech 1920 meter, A is the electrode’s area, d is the disks
thickness, €,= 8.85 x 10> F/m is the vacuum’s permittivity and Df is the dissipation factor which is equal to
tand (loss tangent; & is the loss angle); lower dissipation factor is desired for high performance of electronic
applications, if the dissipation factor is small the ability of material to keep charge is larger and the performance
of the dielectric material is considered to be better. The amplitude of the ac electric signal applied to the samples
was 1 v.

Absorption spectra for solution and thin film samples were carried out using Lambda35 UV/Vis
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Spectrophotometers from PerkinElmer. 0.2M solution of PANI-base in Dimethyl sulfoxide (DMSO) and 0.1M
solution of PANI-salt in ethanol and N-Methyl-2-pyrrolidone (NMP) were sonicated then stirred for three days.
0.2M CuPc_TS water solution was prepared and stirred for a week then filtered using 0.45um filter papers.
CHEMAT spin coater was used for thin film fabrication at low speed about 700 rpm.

3. Results and Discussion

The dielectric constant, dielectric loss, and dielectric loss tangent for compressed pellets of PANI-base were
recorded at room temperature as shown in figure 1 a, b and c respectively ; the dielectric constant values
recorded 11 at low frequencies and decrease as the frequency increase to record ~3.5 at 1 MHz. The peak of €’
and €” had a small plateau at low frequency until suddenly decreasing, which could be due to the effect of the
interfacial polarizability between the electrodes and the material, which could effective up to 10° Hz.

Figure 1d. Shows the conductivity of PANI-base as a function of frequency, the conductivity increase linearly as
the frequency increase without dc o(0) plateau at low frequencies, which usually associated with conductivity
according to the universal power law o(w)=0(0)+ 40" where © is the angular frequency and n is the
frequency exponent which used to understand the type of conduction mechanism in the materials and 4 is the ac
conductivity factor (Kao, 2004; Raju, 2003). n value from the slope of the curve was 0.6 (< 1) supports the
hopping conduction (tunneling of charges) as the type of charge transport mechanism inside the material as
suggested by Elliot which is a non-Debye relaxation (Elliot, 1987).
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Figure 1. a) Dielectric constant, b) dielectric loss, ¢) dielectric loss tangent and d) conductivity at room
temperature and 25% RH for PANI-base

Optical absorption spectrum of PANI-base in DMSO is shown in figure 2, the characteristic bands are Q band
(m-m* transition) in the visible region, the peak is located at the wavelength of 628 nm and B-band (Soret band)
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in the ultraviolet region at 311 nm, where the absorption is more than the Q-band (almost doubled). A small peak
is at 871 nm, which is close to the red region.
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Figure 2. PANI-base absorption spectrum in DMSO solution

The dielectric constant, dielectric loss, dielectric loss tangent and conductivity for compressed pellets of PANI-
salt were recorded at room temperature as shown in figure 3. a, b, ¢ and d respectively. The dielectric constant
values were very high >10, with a plateau at low-frequency. The dielectric constant decreased almost linearly as
the frequency increased to record 4000 at 1 MHz. The dielectric loss and loss tangent were high. The high
dielectric constant was expected because of the conductive property of the material. €’ and & had a plateau at
low frequency up to 10° Hz, then eventually decrease linearly until 1 MHz. The decrease in &’ and €” with
increasing frequency is attributed to the lags of time between the frequency increasing, and the ability of the
molecules to adjust themselves with the direction of the field. Comparing figures 1c and 1d and figure 3c and 3d
for tangent loss and conductivity shows almost similar behavior, were the tangent loss decreases, while the
conductivity increases with increasing frequency. This can be attributed to Maxwell-Wagner model (space
charge model), the model relates the grainy structure and impurities concentration in the material, increasing the
frequency indicates a decrease the series resistance, which explain the increase in the conductivity as the
frequency increase (Wagner, 1913; Maxwell, 1973).
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Figure 3. a) Dielectric constant, b) dielectric loss, ¢) dielectric loss tangent and d) conductivity at room
temperature and 25% RH for PANI-salt pellets

PANI-salt in ethanol forms a suspension solution. The absorption spectra in ethanol solution and thin film spin
coated on Fisher microscope glass were recorded; the suspension forms a nano-size shape with different sizes.
The absorption spectrum was broader compared to the PANI-base spectrum in the red and infrared regions “free
carrier region” as shown in figure 4a in ethanol solution and figure 4b as a thin film.
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Figure 4. PANI-salt absorption spectrum in ethanol as a) solution and b) thin film (spin coated)

Figure 5a shows the absorption spectrum of CuPc TS solution in water, where B (333 nm) and Q (611 nm)
bands are clearly observed. Adding drops of 0.2M of CuPc_TS over the PANI-salt and spin coated, improves the
intensity of absorption of the PANI-salt spectrum at ultraviolet and visible region as can be observed in figure 5b
compared to figure 4b. But the small drops didn’t affect the broadness of PANI-salt spectra in the IR region as
shown in figure 5b.
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Figure 5. Absorption spectrum of a) CuPc_TS Thin film and b) PANI-salt thin film with CuPc_TS

Solutions of CuPc-TS and PANI-salt due to their miscibility of water and NMP were prepared. The absorption
spectrum of spin coated thin films of these solutions is shown in Figure 6; where the effect of PANI-salt on the
absorption spectra of the CuPc_TS according to its ratio in the solution. The existence of PANI-salt (2%) in the
solution of CuP_TS as shown in Figure6a leads to create a new peak at 808 nm wavelength, increasing the
PANI-salt percentage to 15% in the solution increase the intensity at the 808 nm by 50% as in figure 6b. This
approach could help to improve the efficiency of organic solar cells based on small molecules such as copper
phathlocyanine, which is suffering from low efficiency. The efficiency of organic solar cells is limited due to
many factors; one of them is the limited spectral coverage of the solar spectrum, i.e. the absorption of organic
semiconductors is narrow and limited to visible region (Forrest, 2005). Further investigation using chemical
methods like NMR or basic elemental analysis measurements are required to know the actual reason behind the
improvement of the absorption spectrum of CuPc_TS by mixing it with the PANI-salt.
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Figure 6. Absorption spectrum of CuPc_TS and PANI salt Thin films in a different ratios a) 2% (wt.) and
b) 15% (wt.)

4. Conclusion

The dielectric constant, dielectric loss, dielectric loss tangent and conductivity over frequency range from 20 Hz
to 1 MHz for PANI derivatives were investigated. It was decreasing as the frequency increase. The dielectric
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constant, dielectric loss, dielectric loss tangent and conductivity for PANI-salt were high, which is relevant to the
physical property of PANI-salt as a conductive material. The recorded value for the dielectric constant was very
high >10% at 20 Hz and 4000 at 1 MHz. The dielectric constant, dielectric loss, dielectric loss tangent and
conductivity of PANI-base were very low compared to PANI-salt; the dielectric constant value was ~11 at 20 Hz
and ~3.5 at 1 MHz, which is expected for the PANI-Base which is considered as a semi-conducting material. The
expansion of the CuPc_TS absorption spectra when mixed with PANI-salt could be attributed physically to the
improvement of the dielectric constant of the CuPc TS’s medium. Improving the absorption spectrum of
CuPc_TS could have a strong influence on the absorption efficiency of organic solar cells based on small
molecule materials.
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