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ABSTRACT: Electrically conductive organic and metal-
loorganic polymers are of great interest and they have ap-
plications in electronic, optical, photonic, photoelectric, elec-
trochemical, and dielectric devices. Tetrameric cobalt phtha-
locyanine was prepared by conventional chemical method.
The dielectric permittivity of the tetrameric cobalt phthalo-
cyanine sample was evaluated from the observed capaci-
tance values in the frequency range 100 KHz to 5 MHz and
in the temperature range of 300 to 383°K. It is found that the
system obeys the Maxwell Wagner relaxation of space
charge phenomenon. Further, from the permittivity studies
AC conductivity was evaluated. The values of AC conduc-

tivity and DC conductivity were compared. Activation en-
ergy was calculated. To understand the conduction mecha-
nism Mott’s variable range hopping model was applied to
the system. The T~'/* behavior of the DC conductivity along
with the values of Mott’s Temperature (T,), density of states
at the Fermi energy N (Ez), and range of hopping R and
hopping energy W indicate that the transport of charge
carriers are by three-dimensional variable range hopping.
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INTRODUCTION

Phthalocyanines and their polymers are well known
for their unique photoconducting and semiconducting
properties."” Though the discovery of these materials
is accidental, the phthalocyanine ring is a good ligand
and every element in the periodic table, including
nonmetallic elements such as silicon and phospho-
rous, form a complex with phthalocyanine ring.'”®
Materials based on phthalocyanines have been of par-
ticular significance in many fields concerning energy
conversion (photovoltaic and solar cells), electropho-
tography, photosensitizers, gas sensors, rectifying de-
vices, electrochromism, optical data storage, LB films,
liquid crystals, and nonlinear optics.”'® The electrical
properties of polymeric phthalocyanine are of interest
because of their conjugated structure and stability
against light, heat, moisture, and air. Hence polymeric
phthalocyanines are suitable candidates for use as en-
vironmentally stable electrically conductive materi-
als."* Polymeric metallophthalocyanines of copper
(Cu), nickel (Ni), and cobalt (Co) possess large ex-
tended conjugated structures and exhibit high con-
ductivity.'>'*'® Among them, tetrameric cobalt phtha-
locyanine exhibits greater conductivity than the nickel
and copper phthalocyanine tetramers.'> Hopping or
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tunneling conduction mechanism is the usual trans-
port of charge carriers found in conducting polymers.

To understand the semiconducting and dielectric
properties of tetrameric cobalt phthalocyanine com-
pound, a systematic investigation on these properties
and their variation with temperature and frequency is
attempted in this paper. The mechanism of electrical
conduction is explained using Mott’s variable range
hopping model.

EXPERIMENT
Preparation of cobalt phthalocyanine tetramer

Tetramer of cobalt phthalocyanine was prepared, pu-
rified, and characterized by the methods reported ear-
lier.'””'® In this method, cobalt sulfate, pyromellitic
dianhydride, excess urea, ammonium chloride, and
ammonium molybdate were ground well and heated
at 180°C in nitrobenzene media for 12 h. The reaction
mixture was then cooled and washed with methanol
several times to remove nitrobenzene. The crude
product was further boiled with 2N sodium hydroxide
containing sodium chloride and filtered. The residue
was acidified with hydrochloric acid and washed sev-
eral times and dried to obtain phthalocyanine tet-
ramer. The structure of tetrameric cobalt phthalocya-
nine is shown in Figure 1.

Elemental analysis

Elemental analysis was carried out in a Perkin-Elmer
2400 elemental analyser, which uses a combustion
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Figure 1 Structure of metallophthalocyanine tetramer [M-Cobalt].

method to convert the measured elements (C, H, and
N) to simple gases. These gases were then measured
as a function of thermal conductivity. The metal con-
tent of the compound was estimated by decomposing
a known weight of the material with concentrated
sulfuric acid and the estimation of this solution was
carried out by atomic absorption spectroscopy.

The elemental analysis values of carboxyl-termi-
nated tetramer are shown in Table I. The values of
carboxyl-terminated tetramer in Table I were calcu-
lated based on the structure given in Figure 1. Since
the carboxyl-terminated tetramer contains bound wa-
ter molecules it does not give one-to-one agreement
with the calculated and observed elemental analysis
values. The purity of the compound was reconfirmed
by the following method.'?

The carboxyl-terminated tetramer (1.0 g) was thor-
oughly ground to a powder and refluxed in boiling

acetic anhydride (20 mL) for 36 h. The reaction mix-
ture was cooled and filtered. The residue obtained was
washed with chloroform and dried in a vacuum oven
(1 mmHg) at 373°K for 5 h. The presence of anhydride
was confirmed by characteristic infrared (IR) peaks at
1,830 and 1,720 cm ™ !. The elemental analysis of anhy-
dride terminated tetramer given in Table I agree fairly
well with the calculated values indicating the purity of
the product.

Dielectric permittivity measurements

The tetrameric cobalt phthalocyanine powder samples
were pressed in the form of pellets of 10-mm diam and
thickness ranging from 1 to 3 mm. The permittivity
studies were carried out on these pellet samples using
a homemade dielectric cell and an HP 4285A LCR
meter in the frequency range 100 KHz to 5 MHz from

TABLE I
Elemental Analysis of Carboxyl-Terminated Cobalt Phthalocyanine Tetramer
and Anhydride-Terminated Cobalt Phthalocyanine Tetramer

Elemental analysis (wt%)

Molecular formula of repeat unit C H N Co
Carboxyl terminated tetramer Calculated 51.0 2.0 15.88 8.35
[Cy20H40N3,05,Co, - 8H,0] Observed 44.0 1.96 14.90 8.20
Anhydride terminated tetramer Calculated 56.89 0.95 17.69 9.30
[C120H4N35,0,,Co,] Observed 54.86 1.52 17.63 9.20
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Figure 2 Dielectric permittivity of CoPc tetramer at different temperatures.

room temperature (300°K) to 383°K under dynamic
vacuum (102 Torr). The cell was standardized using
standard Teflon samples and the leed and fringe ca-
pacitances were estimated. The LCR meter was inter-
faced via a PC and the dielectric measurements were
carried out by using a package based on virtual in-
strumentation (VI) commonly known as LabVIEW.
From the measured values of dielectric permittivity
and the dielectric loss factor the AC conductivity was
calculated.

DC conductivity measurements

Electrical conductivity measurement was carried out
on the pellets of tetrameric cobalt phthalocyanine us-
ing a Keithley 487 Picoammeter and a conductivity
cell under high vacuum (10~° Torr) in the temperature
range 90-300°K by employing a two-probe technique.

RESULTS AND DISCUSSION

The dielectric studies of the cobalt phthalocyanine
tetramer samples were calculated using the relation

go8,A

C= d (1)

where C is the capacitance of the sample, A is the
surface area of the sample, g, is the permittivity of air,
and &, is the dielectric permittivity of the sample

The characteristic dependence of dielectric permit-
tivity & with frequency for different temperatures was
plotted and is shown in Figure 2. The dielectric per-
mittivity shows a constant increase with temperature
but a decrease with frequency.

Normally, metallophthalocyanine tetramers are
highly conjugated and have a large planar structure.
The 7 electrons are completely delocalized over the
entire molecule. If the applied field is increased the
probability of tunneling of electrons between mole-
cules is also increased causing high dielectric permit-
tivity and dielectric loss.'"* The decrease of dielectric
permittivity with increase in frequency can be ex-
plained using Koop’s phenomenological theory." Ac-
cording to this theory the dielectric structure is con-
sidered as an inhomogeneous medium of two layers
of Maxwell Wagner type.'*

The variation of tané with frequency for different
temperatures is shown in Figure 3, in which tané
shows a loss peak characterized by a relaxation fre-
quency for all temperatures. After the loss factor
reaches maximum it decreases almost linearly at lower
temperatures and there is not much variation at higher
temperatures. Also from the figure it is observed that,
when temperature increases, the value of maximum
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Figure 3 Dielectric loss versus frequency of CoPc tetramer at different temperatures.

dielectric loss shifts toward higher frequency. Here
tand depends on both frequency and temperature.

The frequency versus AC conductivity graph was
plotted for different temperatures and is depicted in
Figure 4. From the figure, it is seen that the value of
AC conductivity does not show much variation at
lower frequencies both at room temperature and at
higher temperatures. That is, there is no appreciable
variation of AC conductivity with temperature at
lower frequencies (=100 KHz); above 100 KHz it
shows a rapid increase with frequency. This is in
accordance with the theory of AC conduction in amor-
phous materials, which predicts that, for polaron
transport or other hopping modes, the AC conductiv-
ity will increase monotonically with increased fre-
quency of the applied field.*® The AC conductivity,
dielectric permittivity, and dielectric loss can be re-
lated by the following equation

Oac = 27ege f tand (2)

where g, is the permittivity of air, &, is the dielectric
permittivity of the sample, f is the frequency, and tand
is the dielectric loss.

The variation pattern of AC conductivity with fre-
quency for different temperatures is shown in Figure 4
and indicates that the AC conductivity increases with
temperature as the frequency increases. This is be-
cause, as the temperature increases, the mobility of

charge carriers also increases. When frequency in-
creases the dielectric permittivity decreases (Fig. 2),
tand is also found to increase with increase of fre-
quency. However, the rate of decrease of dielectric
permittivity with frequency is lower than the rate of
increase of loss factor with frequency and hence there
is a net increase of AC conductivity with increase of
both frequency as well as temperature.

The DC conductivity (opc) in the region 90 to 300°K
was calculated and plotted and is shown in Figure 5.
Activation energy of the sample was calculated using
the relation

opc = 0y exp(E,/KT) (3)

The DC conductivity of tetrameric cobalt phthalocya-
nine at room temperature is of the order of 107> S/cm
and the activation energy is 0.12 eV. In general, in
phthalocyanine the electrical conductivity is associ-
ated with mobile 7 electrons of the phthalocyanine
ring and the conductivity is due to thermal excitation
of 7 electrons from the highest filled to lowest empty
7 orbitals. This energy difference between these two
levels for monomeric phthalocyanine is 1.5 to 1.7 eV.*!
The presence of extended structure in a polymer re-
duces the bandgap, which governs the intrinsic elec-
trical properties.'” In polymeric phthalocyanine be-
cause of the extended conjugated structure the energy
values are much lower as seen by our measurements.
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Figure 4 AC conductivity of CoPc tetramer with frequency at different temperatures.

The DC conductivity values obtained for the tetramer
are ~107? S/cm, which is much higher than that of
monomeric phthalocyanine (107'° S/cm). It is found
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Figure 5 Temperature dependence of DC conductivity of CoPc tetramer.
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that the AC conductivity is higher than that of DC
conductivity. If the charge transport is due to hopping,
the AC conductivity will be higher than the DC con-
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Figure 6 Plot of log oy as a function of T~'/%. (Inset) Log opc as a function of T~

ductivity.** This proves that hopping type of charge
transport occurs in the tetrameric cobalt phthalocya-
nine. In the case of DC conduction, charge carriers
have to cross the entire sample and, if the hopping
sites are randomly distributed, the current path will
inevitably include some long distance hops, which
have a very small hopping probability. At high fre-
quencies, hopping mainly occurs between close neigh-
bors, because the field is reversed before the long
distance hop.

To understand the conduction mechanism in these
conjugated systems a Mott’s variable range hopping
model is used.?® According to this model, in a disor-
dered material when the charge carriers are localized
due to random electric fields, instead of band conduc-
tion, charge transport takes place via phonon-assisted
hopping between localized states. Since the localized

1/2

states have quantized energies extending over a cer-
tain range, activation energy is required for each hop.

The mechanism is based upon the idea that carriers
tend to hop larger distances to sites, which lie ener-
getically closer than to their neighbors.

According to the Mott’s variable range hopping
model, the DC conductivity in three dimensions can
be expressed as

T, &
Opc = Oy exp[—<T) ] (4)

where T is the temperature and T, is the Mott’s Char-
acteristic temperature and is given by

Ao

TABLE 1I
Mott Temperature, Density of States at the Fermi Energy, Range of Hopping
and Energy for Hopping of Tetrameric Cobalt Phthalocyanine

Mott temperature T, N(Ep) Rpop () Wiop (€V)
Sample (°K) (cm3 eVl (100°K) (100°K)
Tetrameric cobalt phthalocyanine 9.68 x 10° 2.17 X 10% 3.20 0.15
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Where A ~ 18.1 is a dimensionless constant,?* « is the
inverse rate of fall of the wave function,?® K is the
Boltzmann constant and N(Eg) is the density of states
at the Fermi energy.

The range of hopping R** and the energy for hop-
ping W in three-dimensional variable range hopping
are expressed as

R= z 7o KTN(Ep) i 6)
and
W = K(T0T3)i (7)

Log o versus T~ '/* gives best fit as seen in Figure 6.

Figure 6, inset, indicates that Log o versus T2 does
not result in a perfect fit. The value of Mott’s Charac-
teristic temperature T, has been calculated from the
graph log o versus T~ '/* (Figure 6) and is found to be
9.68 X 10°°K. From Equations (5-7) the value of N(Eg),
R, and W were calculated at 100°K and the values cited
(Table II) are estimated after assuming a reasonable
value for @ = 1 A. Table II depicts the Mott tempera-
ture and its parameters for tetrameric cobalt phthalo-
cyanine. Low values obtained for the mobility indi-
cates that the electronic states are localized, in accor-
dance with the hopping mechanism.

The temperature dependence of DC conductivity
has been studied and is found to follow the three-
dimensional variable range hopping. From the above
discussions it is seen that the best fit to the DC con-
ductivity can be achieved with a T~'/* behavior and
the values of T, N(Eg), R, and W can be found by
assuming that the conduction is three dimensional
and follows the variable range hopping model. To
enhance the conductivity of phthalocyanine, they can
be modified either by thermal or chemical treat-
ment.”*®

CONCLUSION

The variation of dielectric permittivity of tetrameric
cobalt phthalocyanine with temperature and fre-
quency has been studied and it is found that the
dielectric permittivity values increase from 43 to 81 at
100 KHz in the temperature range of 300 to 383°K. But
the dielectric permittivity decreases when frequency
increases from 100 KHz to 5 MHz and the values
remain constant at very high frequencies. The activa-
tion energy for electrical conductivity is found to be
0.12 eV and the conduction behavior is found to fit the
three-dimensional variable range hopping model with
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the values of 9.687 X 10° K, 2.168 X 10> em™> eV,
3.20 A, and 0.15 eV for Mott temperature T, density of
states at the Fermi energy N(Eg), range of hopping R,
and hopping energy W at 100°K, respectively.
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