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A monomer and polymer of a copper(II) phthalo-
cyanine have been synthesized in order to develop
structure—property relationships. Various electro-
active properties such as dielectric constant,
resistivity and thermally stimulated depolarization
effects were investigated in order to examine the
influence of extended conjugation.
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INTRODUCTION

Metallophthalocyanines have been a subject of great
interest due to their unique electrophysical proper-
ties.'™* Since the phthalocyanine macromolecule
represents one of the most versatile organic systems
from an architectural viewpoint, tremendous oppor-
tunities therefore exist to develop structure— property
relationships. Various chemical modifications can be
made either by introducing a central metal atom into
the macrocycle or by substituting reactive func-
tionalities at peripheral sites of the macrocycle."™"’
Incorporation of the metal atom alters the electro-
physical properties because of extended overlapping
between m-orbitals; hence significant effects due to the
nature of the central metal atom, particularly on the
electrical properties of phthalocyanine macromolecules,
have been observed.'®'” Besides these inter- and intra-
macrocyclic modifications, the phthalocyanine
molecule can be polymerized to extend further its
w-electron system. It has been realized recently that
electrophysical properties are greatly influenced by the
extended w-electron delocalization.™™?' The presence
of highly conjugated w-electron systems in phthalo-
cyanine macromolecules not only imparts unique elec-
trical properties but also introduces exceptional thermal

and chemical stability. The extended electronic
conjugation can be achieved through polymerization
process. It was of interest to examine how the electro-
activity of copper(Il) phthalocyanine macromolecules
is influenced when the w-electron system is extended
from a monomer to a polymer. In this paper, the
electroactive properties of copper phthalocyanine
macromolecules are reported.

EXPERIMENTAL

Synthesis of monomer and sheet polymer forms of
copper(Il) phthalocyanines was achieved by previously
established methods already reported in literature.*
The materials were purified and characterized by
various analytical techniques. The polymers were
tested in the form of pressed pellets (obtained at 9
tonnes under vacuum). The electrical measurements
such as resistivity and dielectric constant were per-
formed by procedures described earlier.**? In order
to study the thermally stimulated depolarization current
effect, thermoelectrets were obtained by polarizing the
samples at 90 °C under an electrical field of
2.50 kV cm™' for 120 min and the depolarization
current was recorded at a uniform heating rate of
6 °C min~'. Similar polarization and depolarization
conditions were employed for monomer and polymer
samples. The pellets were coated with silver paste to
achieve reliable electrical contacts. In the case of
resistivity and dielectric constant measurements, all the
samples were kept at the desired temperature for at
least 30 min. Electrical measurements over the
temperature range room temperature to 240 °C were
made with samples sandwiched between two aluminum
electrodes.
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RESULTS AND DISCUSSION

The various electrical parameters such as electret data
and dielectric constant measured at room temperature
are listed in Table 1. The dielectric constant shows fre-
quency dependence; it ranges from 5.3 to 6.8 D for
the monomer, whilst a wide range from 10.3 to
271.7 D was observed for the polymer. The tempera-
ture versus dielectric constant plots are shown in Fig.
1 (A and B) and a dielectric maximum was recorded
at 120 °C for the monomer and at 150 °C in the case
of the polymer. The dielectric constants of the polymer
at elevated temperatures are several orders of magni-
tude higher than those observed in the monomer of
copper(l) phthalocyanine (CuPc) sample. Despite very
significant differences in the dielectric constant at tran-
sition temperatures, it falls between 2 and 10 D just
after the dielectric peak probably due to a change in
the high polarizability state. Such anomalous dielec-
tric behavior observed for the polymer seems to appear
as a result of dipolar polarization since acid (—COOH)
reactive functionalities are attached at the peripheral
sites of phthalocyanine macrocycles, as evidenced by
infrared (IR) spectroscopy.” Furthermore, when
unpolarized samples of monomer as well as polymer
were heated, evolution of a pyroelectric current was

noticed, indicating that ferroelectric polarization may
be another possibility. The polymer cxhibited a
remarkably high dielectric constant in comparison with
the monomer, showing that the extended w-electron
conjugation also plays a quite important role in deter-
mining the electrical parameters. The dielectric con-
stant of the polymer is much larger than that of other
conventional polymers,”’ but some other highly
conjugated organic polymers show similar dielectric
characteristics.?® Voet and Suriani® reported a value
of 4.85 D for commercial monomeric CuPc, similar
to that observed in the present study.

Figure 2 represents the log resistivity versus 1/7 plot
for the monomer of CuPc. The sample has a resistivity
of ~1.55 x 10" ohm cm and this decreases as a
function of temperature up to 150 °C but increases as
the temperature is further raised. The Activation
Energy (£,) calculated from the plot was found to be
1.12 eV (108.0 kJ mol ") in the temperature range
20—150 °C and 1.38 eV (133.1 kJ mol™") between
150 and 240 °C. The electrical resistivity reported by
a number of groups for CuPc ranges between 10"
and 10" ohm cm depending upon the nature of
material and the measurement techniques
employed.’* The present results are in good agree-
ment. Interestingly enough, polymeric CuPc has a

Table 1 Dielectric constant measured at room temperature and thermally stimulated depolarization current parameters of monomeric and

polymeric copper phthalocyanines

(A) Dielectric constant

Dielectric constant (D)

Frequency
(kHz) Monomer Polymer
0.5 6.8 271.7
1 6.4 89.9
5 6.2 39.3
10 5.9 25.7
50 53 10.3
(B) Depolarization kinetics parameters’
T LI, £, 7o T300 TT ax
Sample (°0) (A) eV) (s) (s) (s)
CuPc 180 ~107" 0.36" 4.8124x1077 5.4355x 10* 4.9078 X 10°
PolyCuPc 170 ~1077 0.50° 6.8510x107* 1.7479 x 10° 3.3793 x 10°

“ T e I8 the TSD peak temperature, I, is electric current at T

7y is the relaxation time at T,
max

max max?

7, is the relaxation time constant, 7., is the relaxation time at 27 °C,
aw E, 18 activation energy. ® 34.7 kJ mol ™', € 48.2 kI mol '
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(A) 10° - higher resistivity, of the order of 1.34 x 10" ohm cm,
than the monomer. The resistivity decreases as the
temperature increases, unlike the monomer. The E,
value determined from the Arrhenius equation was
approximately 1.00 eV (96.4 kJ mol~'). Inoue er
L al.* reported a value of 1.60 x 10® ohm cm with an
E. of 1.00 eV (96.4 kI mol'). However, a lower
resistivity of 10" ohm cm has been reported by
Terentiev.” A wide variation in the resistivity of the
polymers has been noticed depending upon the starting
materials and the synthetic conditions. CuPc polymers
107 F prepared from pyromellitonitrile have been found to
exhibit lower resistivity than those synthesized from
acid or acid anhydrides.* In the present investigation,
pyromellitic dianhydride was used for polymer syn-
thesis resulting in the incorporation of acid (—COOH)
102 groups at the peripheries of the phthalocyanine
macrocycles. The residual groups of the —COOH type
act as carrier-traps leading to higher electrical resis-
tivity than monomer CuPc. However, it is likely that
extended m-electron delocalization in polymers must
lower resistivity due to increased conjugation by

polymerization.
The thermally stimulated depolarization (TSD) cur-

rent spectra of the monomer and polymer were ob-
tained under identical conditions (Fig. 3). The
monomer showed a TSD peak at 180 °C whilst the
1 1 ] 1 polymer peak was at 170 °C. The details for the TSD
20 70 120 170 220 270 parameters are listed in Table 1. The E, calculated
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Figure 1 Dieclectric constant versus temperature plots ot (A) copper(Il) phthalocyanine polymer and (B) copper(Il) phthalocyanine monomer,
recorded at 1 kHz () and 10 kHz (A).
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from the semilogarithmic plot of depolarization cur-
rent versus 1/7 by the initial rise method*” are found
o be 0.50 (48.2) and 0.36 eV (34.7 kJ mol™") for
10.5 | polymer and monomer respectively. The electrical cur-
rent recorded at the TSD peak temperatures shows a
significant variation from 107° to 1077 A resulting
from the dipolarizability of the polymer, since in the
10.0 1 monomer only space charge effects can be operative
due to the absence of dipoles. It seems two different
polarization mechanisms are active in monomer and
polymer. It is difficult to tell from these results the ex-
act polarization phenomena taking place during ther-
moelectret formation. A clearer picture of the polari-
zation mechanism can be obtained by studying the
influence of various polarization and depolarization
conditions such as the electrical field, temperature,
time, electrode material, sample thickness, heating
rate, storage time, etc.”® As stated earlier, the
8.5 : L ! L monomer and polymer exhibit a pyroelectric current
upon heating without polarization, evidencing the
presence of spontaneous polarization. These materials

Figure 2 Log resistivity versus 1/7 plot of copper(Il) phthalocyanine are pseudopyroelectric in nature since no reversible
monomer.
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Figure 3 Thermally stimllxlated depolarization current spectra of copper(Il) phthalocyanine monomer and polymer recorded at a uniform
heating rate of 6 °C min™ . Identical polarization conditions were employed for thermoelectret formation. In both cases, samples were
polarized at 90 °C under an electric field of 2.50 kV cm ™' for 120 min.
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change in polarity was observed while cooling the sam-
ple, a characteristic of pyroelectric material.” The
significant differences between the electrical proper-
ties of the monomer and polymer of CuPc result from
the extended w-electron conjugation enhanced by

polymerization.

The present data suggest that

structure— property relationships can be developed by
appropriate modifications in the molecular structure.

REFERENCES

1. Lever, A B P Adv. Inorg. Radiochem., 1965, 7: 28

2. Meier, H Organic Semiconductors, Verlag Chemie, Weinheim,
1974

3. Moser, F H and Thomas, A H The Phthalocyanines, Vals 1
and II, CRC Press, Boca Raton, FL, 1983

4. Berezin, B D Coordination Compounds of Porphyrins and
Phthalocyanines, Nauk, Moscow, 1978

5. Kasuga, K and Tsutsui, M Coord. Chem. Rev., 1980, 32: 67

6. Skotheim, T A Handbook of Conducting Polymers, Marcel
Dekker, New York, 1986

7. Hanack, M Israel J. Chem., 1985, 25: 205

8. Dirk, CW, Inabe, T, Lyding, J W, Schoch, K F, Jr,
Kannewurf, C R and Marks, T 1 J. Polym. Sci., Polym. Symp.,
1983, 70: 1

9. Zhukhovitskii, V B, Khidekel, M L and Dyumacv, K L Russ.
Chem. Rev., 1985, 54: 144

10. Inabe, T, Nakamura, S, Liang, W B and Marks, T J J. Am.
Chem. Soc., 1985, 107: 7224

11. Marks, T J Science, 1985, 227: 881

12. Grigoryan, L S and Sharoyan, E G J. Chem. Soc., Chem.
Commun., 1985, 1302

13. Metz, J, Schneider, O and Hanack, M Inorg. Chem., 1984,
23: 1065

I4. Snow, A W and Jarvis, N L J. Am. Chem. Soc., 1984, 106:

4706

15.

16.
17.

i8.
19.

20.

21
22.
23.

24.
25.
26.
27.

28.

29.
30.

31.

32

33.

34.

35.
36.

37.

38.

39.

Snow, A W, Barger, W R, Klusty, M, Wohltjen, H and Jarvis,
N L Langmuir, 1986, 2: 513

Hanack, M and Fischer, K Synth. Merth., 1985, 10: 347
Shelnutt, I A and Ginley, D S, J. Polym. Sci., Polym. Chem.
Ed., 1986, 24: 1717

Nalwa, H S, J. Electr. Mar., 1988, 17: 291

Schramm, C J, Stojakovic, D R, Hoffman, B M and Marks,
T I Science, 1978, 200: 47

Dalton, L R, Thomson, J and Natwa, H S Polymer, 1987, 28:
543

Nalwa, H S J. Polym. Sci., Polym. Lent. Ed., 1988, 26: 351
Boston, D R and Balier, J C, Jr Inorg. Chem., 1972, 11: 1578
Moser, FH and Thomas, A 1. Phthalocyanines, ACS
Monograph 157, Reinhold Publishing Corp., New York, 1963
Nalwa, H S and Vasudevan, P Eur. Polym. J., 1981, 17: 145
Nalwa, H S and Vasudevan, P Mar. Res. Bull., 1983, 18: 897
Nalwa, H S and Vasudevan, P J. Mat. Sci. Lett., 1983, 2: 77
Von Hippel, A R Dielectric Materials and Applications, Wiley,
New York, 1954

Pohl, H A Dielectrophoresis, Cambridge University Press,
London, 1978

Voet, A and Suriani, L R J. Colloid Sci., 1952, 7: 1

Day, P, Seregg, G and Williams, R J P Nature (London), 1963,
197: 589

Curry, J and Cassidy, EJ J. Chem. Phys., 1961, 37: 2154
Danzig, M I, Liang, C Y and Passaglia, EJ. Am. Chem. Soc.,
1963, 85: 668

Many, A, Harnick, E and Gerlich, D J. Chem. Phys., 1955,
23: 1733

Inoue, H, Kida, Y and Imoto, E Bull. Chem. Soc. Japan, 1967,
40: 184

Terentiev, A P Dokl. Akad. Nauk USSR, 1961, 140: 1093
Balabnov, E I, Frankevich, Y L. and Cherkashina, L G
Vysokomol. Soedin, 1962, 5: 1684

Garlick, C J F and Gibson, A F Proc. Phys. Soc., 1948, 61:
574

Vanderschueren, J and Gasiot, J Thermally Stimulated Relaxa-
tions in Solids, Topics in Applied Physics, Vol. 37, Springer
Verlag, Berlin, 1980, pp 135223

Wada, Y IEEE Trans. Electr. Insulat., 1987, E1-22:. 255



