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Electrical conductivity of ferric chloride-doped
poly(acrylic acid-divinylbenzene)
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Polyacrylic acid divinylbenzene was doped with ferric chloride in non-agueous

medium and the effect of concentration of dopant salt on the electrical conductivity of
polyacrylic acid divinylbenzene was investigated. The electrical conductivity of pure and
doped polymer containing various percentages of iron was measured as a function of
temperature (298-383 K) and applied voltage. A linear relationship of current for the entire
range of applied voltage (50-500 V) at ambient temperatures suggest ohmic

conduction of charge carriers. The electrical conductivity of 1.04, 1.46 and 2.85%
ferric-polyacrylatedivinylbenzene at 333K is 1.2 x 10712, 4.7 x 1072 and 4.1 x 10~1° mho/cm,
respectively. The increase in conductivity is facilitated by complex formation between
carboxylic pendent groups of polymer matrix and ferric ions. Activation energies (—0.527 to
—0.436 eV) are lower in the temperature range 298 < T < 353K but in the higher
temperature region 353 < T < 383K the values tend to increase (0.842 to 1.585 eV). © 1998
Kluwer Academic Publishers

Introduction forms complex with carboxylic groups and exhibits
The polymers are traditionally accepted as electricasemi-conductor behaviour [18]. Similarly metal poly-
insulators. The discovery of conductive doped organi@acrylate complexes are also formed and are responsible
polymers has generated substantial research interefstr electrical conduction [19]. The presence of metal
among chemists and physicists. The conductive polyions as impurity in the polymer matrix change the poly-
mers being inexpensive and light weight materials findmer properties.
wide applications in the field of solid state such as elec- In view of the growing interest to produce conduct-
trochemical displays [1, 2], batteries [3, 4], transistorsing polymers having high stability, polyacrylic acid di-
[5, 6] and electrochemical sensors [7, 8]. vinylbenzene has been doped with ferric chloride. Iron
A number of investigations have been reported topolyacrylate samples containing 1.04, 1.46 and 2.85%
understand the conduction mechanisms in metallopolyiron (w/w) were prepared to study electrical conduction
mers with respect to temperature, dopant concentratiofehaviour of iron polyacrylate.
time and irridiation [9, 10]. Many attempts have been
made to produce and control conduction properties of
polymers by introducing radicals or metal ions in poly- Experimental
mer matrix [11, 12]. The properties of doped polymersSynthesis of Iron(lll)
are being investigated extensively, not only to studypolyacrylatedivinylbenzene (Fe-PADVB)
degradation [13—15], conductance, dielectric behaviouFerric chloride, anhydrous (E. Merck), methanol 99.5%
[16] and many other properties but also to understandE. Merck) and polyacrylic acid divinyl benzene
the interaction of metal ions with polymeric materials (Fluka) were used.
[17]. The introduction of metal ions in the polymer ma-  1.50 g of polyacrylic acid divinylbenzene (PADVB)
trix can make polymers stable, hard, insoluble in moswas soaked in 50 ml of methanol for half an hour and
of the solvents and influence the electrical properties.1.0g of Iron(lll) chloride dissolved in methanol was
In the recent years a number of metal doped conadded to PADVB and stirred f® h atroom tempera-
ducting polymers were synthesised and found to posture. The excess ferric chloride solution was removed
sess good long term stability. Khwaja and co-workersby filteration and iron doped polymer was washed sev-
analysed the conduction mechanism in transition metatral times with methanol. The orange-brown iron doped
polyacrylate and polymethacrylate by measuring theilPADVB was dried under vacuum. The amount of iron
electrical conductivity as a function of temperature, presentin PADVB was estimated by atomic absorption
concentration of dopant and the radiation dose. It haand was 2.85%. Fe-PADVB samples containing 1.04
been established that in nickel-polymethacrylaté;Ni and 1.46% (w/w) iron were also prepared. A number
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of efforts were made to prepare Fe-PADVB containinghas been made. The current-voltage relationship, con-
more than 2.85% iron but did not succeed. It seems thatentration and temperature dependence of conductivity,
PADVB retains only a limited amount of ferric chloride activation energies and possible mechanism of conduc-
and the excess of it is eliminated by repeated washington are discussed.

with methanol. Doped PADVB samples were dried un-

der vacuum and stored in a dessicator.

Current-voltage characteristics

] o Variation of electric current with applied voltage (50—
Electrical conductivity measurements 500 V) in the temperature range 298-383 K for 2.85%
Circular shaped pallets of Fe-PADVB having massFe-PADVB is shown in Fig. 1. The figure shows that
0.17-0.21g, diameter 1.3 cm and thickness 0.14+there is a linear relationship between current and volt-
0.16 cm were prepared by Beckman dye RIIC modekge. A similar behaviour is also observed for 1.04 and
KB-0112 (1.3 cm diameter). The pressure used t0]1.46% Fe-PADVB samples, however, maximum cur-
prepare pallets was 45 KN. All samples were driedrent flow is recorded for 2.85% Fe-PADVB (Fig. 1). The
under vacuum for 24 h. before recording current datamaximum current flow is 8.0% 10~ Amp at 333K
Auto ranging picometer model 485 (Kiethley) was put further increase in temperature lowers the flow. A
used for current measurements. The circuit diagraminear relationship of current for the entire range of ap-
the technique to measure current (Ampere) in samplegjied voltage at ambient temperatures suggests ohmic
and the calculations of conductivity are already citedconduction mechanism [20]. The possibility of Pool
in literature [18]. Frenkel type conduction mechanism can safely be ex-

cluded as the current-voltage dependence does not fol-
low | oc exp(8V1/?) expression. Similarly the tunnel-

Results and discussion ing mechanism can also be ruled out because samples
PADVB has been doped with ferric chloride to inves- used were thick and field was relatively low. Another
tigate conducting behaviour of Fe-PADVB. A compar- evidence in favour of chmic conduction mechanism is
ison of the conductivity of pure and doped PADVB obtained from In() vs In(V) data (Fig. 2).
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Figure 1 Current-voltage relationship of 2.85% Fe-PADVB.
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Figure 2 In(l') and In{V) relationship of 2.85% Fe-PADVB.
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Figure 3 Current-voltage characteristics of 0.0, 1.04, 1.46 and 2.85% Fe-PADVB at 333 K.
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Figure 4 Effect of dopant concentration on log electrical conductivity of PADVB.

Concentration dependence of conductivity lationship is linear for all concentrations of iron

The effect of iron concentration on electrical conduc-and the current flow is influenced by the iron per-
tivity was investigated by measuring current flow in Fe-centage in the polymer matrix (Fig. 3). Fig. 4 shows
PADVB samples containing 1.04, 1.46 and 2.85% iron.concentration dependence of conductivity at 333 K. Ini-
It has been observed that electrical conduction in dopetially there is a small increase in conductivity when
polymer is strongly dependent on concentration of iron concentration of iron is changed from 1.04 to 1.46%

The current-voltage relationship of PADVB, doped but when the concentration is raised to 2.85%, a sharp

with varying amounts of iron indicates that this re- increase in conductivity is observed. The electrical

4925



41180
-10
3x10

2«10

Conductivity (mho/cm)

i 1 L 1 L ]
295 305 315 325 335 345 355 365 375 i8S

Temperature (K)

Figure 5 Electrical conductivity §) vs temperature for 2.85% Fe-PADVB.

conductivity of 1.04, 1.46 and 2.85% Fe-PADVB at TABLE | Concentration and temperature dependence of Conductivity
333K is 1.2x 10712, 4.7x 10712 and 4.1x 10710  (mho/cm)for Fe-PADVB

mho/cm, respectively. The increase in iron content iN~en, () 1.04% Fe 1.46% Fe 2 85% Fe
creases the effective free volume in the polymer ma-
trix and facilitates the mobility of ions or molecules. 313 5.9x 103 1.5x 10*12 2.0x 1012
The phenomena of conductivity in doped polymer may323 ;EX iﬁ?m jgx 18712 ‘31-61“ igm
be explained due to complex formation between car: 4'4i 1012 2'7i 1012 2'6i 10-10
boxylic groups of polymgr and metal .io_ns [21]. When 353 5.6x 10-12 1.6x 10-12 7 6x 10-11
concentration of metal is about 1% it involves lesserse3s 4.0x 10712 2.0x 10713 12x10°%
number of carboxylic groups in bonding and the gap373 2.1x 1071 9.8x 1071 23x10712
i i 83 8.9x 10713 5.5x 10714 3.2x 10713
between metal complex centers is more. This gap de? : : :

creases with increase in concentration of iron as more
and more carboxylic pendent groups become coordi-
nated to the metal. The chain of coordinated com-

plexes in polymer matrix thus facilitates electrical More and as a result higher temperature is required to
conduction. activate charge carriers.

Time relaxation phenomena in doped polymer was
also studied. When the doped polymer is kept at a con-
stant temperature, the electric current passing through

d the sample decreases with increase of heating time. Ini-
tially there is a linear but sharp decrease in current flow
but with increase of heating time, a gradual decrease is

Temperature dependence of conductivity

The electrical conductivity of Fe-PADVB is influence

by increase in temperature. The conductivity as a func

tion of temperature for 2.85% Fe-PADVB (Fig. 5) )

shows that conductivity initially increases in the tem-Obser.\’ed. (Fig. 6). .

perature range 298333 K with a positive slope. Maxi- Activation energies for Fe-PADVB were calc_ulated

mum conductivity is observed at 333 K and beyond thisfrom the plots of Ino vs 1KT. The observed linear

there is a decrease in conduction. dependenc_e of lm upon the IKT can be expressed by
This behaviour indicates development of discrete '€ Arrhenius equation.

phases and their conducting or insulating character in

polymer texture. The initial increase in conductivity o = opexp(—Ea/kT)

with increase in temperature may be due to the forma-

tion of local ordered regions in the otherwise disorderedvheres is conductivityog is a constant;; is activation

amorphous matrix of polymer [22]. These local orderedenergyk is Boatsman'’s constant afidis the absolute

regions degrade on further heating and hence condutemperature. The Arrhenius equation is obeyed with a

tivity is decreased. constant activation energy in the low temperature range
A comparison of temperature dependence of con298K < T < 353K for 1.04% Fe-PADVB (Fig. 7) but

ductivity of Fe-PADVB samples having different iron at higher temperature range Arrhenius equation is not

concentrations is shown in Table I. It is notable thatobeyed. Activation energies for Fe-PADVB are given

1.04% Fe-PADVB shows maximum conductivity at in Table II.

353 K while 1.46 and 2.85% Fe-PADVB at 333 K. This A deviation from Arrhenius behaviour and tempera-

phenomena is explained on the basis of lesser complexire dependence of conductivity above a critical tem-

formation in 1.04% Fe-PADVB because there is notperature ;) may be explained on the basis, that in-

sufficient concentration of iron avaible, to involve most crease in thermal energy may lead to (i) breaking of

of the carboxylic groups of the polymer in complex bonds between metal and pendent groups of polymer

formation. Thus the number of ligand metal complexmatrix (ii) structural changes by weakening of bonds

centers are less, scattered and the gap between thenmbistween the atoms (iii) increase in lattice vibrations.
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Figure 6 Current-time relationship of 1.04% Fe-PADVB at 333 K and at electrical potential of 230 V.
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Figure 7 Relationship between laj and 1kT for 1.04% Fe-PADVB.

TABLE Il Activation energies ;) of Fe-PADVB at low and high
temperatures

5. Activation energies are lower in the temperature
range 298-353 K but beyond 353 K the values are high.

% Iron in Eqy (eV) Eq (eV)

Fe-PADVB in low temp range in high temp range

1.04 ~0.527 0.842 Rle]:\/lerehr/l]::(sa?RAGOSTlNo A. M. MARINANGELI, A
298-353K 353-383K o ’ i ' ! .

1.46 (—0462 ) £321 ) CORRANDINIands. GIACOBBE, Synth. Met28(1989) C501.
(298-353 K) (353-383K) 2. 2.tPé;IE:I-IéIé§,12.77HAGEN andR. ODEGARD, Electrochim.

2.85 ~0.436 1.585 3 TCE:/.IAT(SUN,Z\GA .H DAIFUKU, T. NAKAJIMA andT
(298-333 K) (333-383K) T r He ' 1 andr.

4.

5.

The higher activation energies in high temperature re-
gions support the above findings.

7.
8.

Conclusions
1. Ferric chloride doped PADVB is many folds more
conductor than pure PADVB. This may be due to donoryq
acceptor type complex formation.

2. Fe-PADVB exhibits ohmic conduction.

3. The electrical conductivity has strong concentra—
tion and temperature dependence.

4. The conductivity varies non-monotonically with
rise in temperature.

9

11.

14.

KAWAGOE, Polym. Adv. Techrl (1990) 33.

T. NAKAJIMA andT. KAWAGOE, Synth. Met.28 (1989)
C629.

A. TSUMURA, H. FUCHIGAMI andH. KOEZUKA, ibid.
41/43(1991) 1181.

6. K. F. VOSS, D. BRAUN andA. J. HEEGER, ibid. 41/43

(1991) 1185.

A. IVASKA , Electroanalysis3 (1991) 247.

T. TATSUMA, M. GONDAIRA andT. WATANABE, Anal.
Chem64(1992) 1183.

.F. A. KHWAJA, M. M. PASHA andM. ASGHAR. Polym.

Degrad. Stab41 (1993) 17.

. M. HANACK, in “Handbook of Conducting Polymers,” edited by

T. Skotheim (Marcel Dekker, New York, 1985).
A. MOHAMMADI, I. UNDSTROM, O. INGANAS and
W. R. SALANECK, Polymer31(1990) 395.

2.Y. S. GAL ands. K. CHOI,J. Appl. Polym. Scb0(1993) 601.
3.W. MANZOOR, S. M. YOUSAF andz. AHMAD, Polym.

Degrad. Stab51 (1996) 295.
W. KHAN andz. AHMAD , ibid 53(1996) 243.

4927



15.z. AHMAD andW. MANZOOR, J. Therm. Anal38 (1992)
2349.

16. K. MIYAIRI, Y. OHTA andM. IEDA,J. Phys. D: Appl. Phys
21(1988) 1519.

17. R. DUNNAND andG. F. SANSOM, J. Appl. Polym. Scil3
(1969) 1657.

18. F. A. KHWAJA, M. DIN andM. ZULFIQAR, Polym. De-
grad. Stab40(1993) 65.

19.F. A. KHWAJA, M. IQBAL, M. S. K. RAzMI and
M. H. CHOHAN, Modern Phys. LettB13(1989) 1025.

4928

20. T. AHMAD, F. A. KHWAJA, S. M. YOUSAF andz.
AHMAD , in Proc. 4th Int. Sym. Adv. Mater. (1995) pp. 295-299.

21.S. U. REHMAN, M. SIDDIQUE, F. A. KHWAJA and
M. S. ZAFAR, Macromolecular Report# 32 (1995) 579.

22.S. U. REHMAN, F. A. KHWAJA, A. UL-HAQ and
M. S. ZAFAR, Polym. Degrad. and Stad5(1994) 267.

Received 15 January 1998
and accepted 20 August 1998



