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ABSTRACT: The copolymerization technique is an easy way to achieve better properties
in a polymer. Copolymers of benzidine with aniline and its substituted derivatives in
different comonomer proportions were synthesised using chemical and electrochemical
methods. The characterization of the copolymers included elemental, IR, FTIR, XPS,
TGA, thermal aging, and electrical conductivity studies. Specific conductivities of copoly-
mers were obtained at different temperatures. Activation energies were calculated from
the change in conductivity with temperature. The effect of steric influence on the electrical
conductivities of copolymers was observed. Conductivity is also found to be highly depen-
dent on factors like moisture and % doping. Thermal analysis shows a good thermal
stability of the copolymers. The thermal aging process also supports the results obtained
from TGA. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 64: 2421–2432, 1997

INTRODUCTION to copolymerize benzidine with aniline and substi-
tuted anilines and studied the effect of the propor-
tion of a comonomer on the thermal and electricalThe field of copolymers is currently of great re-

search interest. The obvious attraction is the high properties of the copolymers.
added value of the copolymers which may be ob-
tained. In the field of conducting polymers, the
research attraction is due mainly to its low cost

EXPERIMENTALof preparation and fabrication and their possible
use in commercial applications like rechargeable
batteries,1 electrochromic windows,2 and biosen- The chemicals used in the present study were ben-
sors.3 Polyanilines,4 polypyrrole,5 and polythio- zidine from National Chemicals, aniline from
phenes6 are very common examples, but like oth- BDH, o- and m-chloroaniline from Fluka, and hy-
ers, in this class, they are severely limited by their drochloric acid, ferrous sulfate, ammonium fer-
intractable and nonprocessable nature. To over- rous sulfate, and acetonitrile from Qualigens. The
come such limitations and to obtain simultane- monomers chosen were benzidine (B), aniline
ously both a conductive and processable nature, (A), o-chloroaniline (OCA), and m-chloroaniline
a copolymerization technique is used. Naguyen (MCA). Benzidine was purified from the water–
and Diaz7 recently prepared water-soluble copoly- alcohol mixture (70 : 30) and tested for its melting
mers from aniline and anthranilic acid. It led to point. Aniline and its derivatives were purified by
the decrease of conductivity of the copolymers distillation at a constant temperature and stored
compared to polyaniline but resulted into their under nitrogen. The copolymers were synthesized
solubility in water. In this article, we attempted chemically (C) as well as electrochemically (EC).

Different monomer compositions (w/w) were
used.Correspondence to: H. S. Rama.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/122421-12 The comonomer compositions used were
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Table I Elemental Analysis of the Copolymers

Empirical
Copolymers C H N O S Cl Formulas

B : OAC (C)
1 : 0 52.64 4.63 9.72 20.27 9.71 3.00 C49H52N8O11ClS3

0 : 1 52.51 3.00 9.60 7.23 — 27.60 C19H13N3O2Cl3

1 : 1 52.28 4.66 9.80 18.50 8.83 5.93 C26H28N4O7ClS2

1 : 5 50.81 4.63 9.53 18.03 7.50 9.50 C18H20N3O5ClS
B : OAC (EC)

0 : 1 55.25 3.64 8.53 10.06 — 22.52 C8H6NOCl
1 : 1 51.40 4.98 9.70 20.32 — 13.50 C12H26N4O7Cl2

B : MCA (EC)
1 : 1 53.58 3.69 8.57 9.40 — 24.76 C12H9N2O2Cl2

1 : 5 51.60 3.01 8.60 8.99 — 27.89 C15H11N2O2Cl3

B : A (C)
1 : 1 52.01 4.67 9.78 20.01 — 5.23 C29H31N5O9ClS2

Benzidine : anilinc (B : A Å 4 : 1, 2 : 1, 1 : 1, line and m-chloroaniline having different compo-
1 : 2, 1 : 4) sitions were prepared by the same procedure.

Evolution of HCl from the copolymers was de-Benzidine : o-chloroaniline (B : OCA Å 1 : 1,
termined by the thermal aging process. A weighed1 : 5)
amount of the copolymer was taken in a three-Benzidine : m-chloroaniline (B : MCA Å 1 : 1,
necked flask with an inlet for N2 gas and an outlet.1 : 5)
The polymer sample was heated for 4 h at 1007CSynthesis : Benzidine–Aniline Copolymer (1 : 1)
and 4 h at 2007C. The HCl liberated from the
polymer sample was swept by a continuous flow
of N2 gas and passed into the NaOH solution for

Chemical Synthesis pH change measurements. The pH change was
noted at an interval of 1 h.A homogeneous solution of benzidine (0.1M ) and

The thermogravimetric analysis of polymersaniline (0.1M ) in HCl (1M ) was prepared and
was carried out with a Shimadzu TG analyzer incooled to approximately 7–87C. A precooled solu-
a nitrogen atmosphere at a run rate of 107C/min.tion of (NH4)2S2O8 (0.02M ) was added to the com-
IR and FTIR spectra of copolymers in KBr wereonomer solution with continuous stirring. A small
taken on a Shimadzu IR-408 spectrophotometeramount of a dilute FeSO4 solution was added to
and a JASCO FT/IR-8000.facilitate the reaction rate. The reaction mixture

XPS measurements were made on a VG Esca-was washed with 1M HCl until the filtrate be-
lab MKII spectrometer with a MgKa X-ray sourcecame colorless and additional water washings
(1253.6 eV photons) at a constant retard ratio ofwere given to remove unbound HCl. The copoly-
40. All core-level spectra were referenced to themer obtained was dried in air at room tempera-
Cls neutral carbon peak at 284.6 eV. Pressure inture.
the analysis compartment was kept at or below
1008 mbar during the measurements. Electrical

Electrochemical Synthesis conductivity of copolymers was measured by a
two-probe technique at different temperatures,Benzidine (0.1M ) and aniline (0.1M ) were dis-
ranging from room temperature to 3607C (in air) .solved in 100 mL of aqueous HCl (1M ) solution
Polymer pellets of equal weight (100 mg) wereand subjected to electrolysis for 6 h under a N2

prepared by a KBr pellet press under approxi-atmosphere using platinum electrodes. Precipi-
mately the same pressure of 4.5 kgf cm02 for con-tates deposited on the anode indicated the poly-
ductivity measurements. A change in conductivitymer formation. Collected precipitates were
was recorded for heating and cooling tempera-washed with 1M aqueous HCl and water several
tures. Each pellet was subjected twice to conduc-times and finally dried in air at room tempera-

ture. Copolymers of benzidine with o-chloroani- tivity measurements.
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Figure 1 (a) IR spectra of PB (C) and PA (C). (b) FTIR spectra of PB (EC) and PA
(EC). (c) FTIR spectra of OCA (C) and (EC). (d) FTIR spectra of B : A (C) (4 : 1, 1 :
1, and 1 : 4). (e) FTIR spectra of B : OCA (1 : 5 (C), 1 : 1 (EC), and 1 : 5 (EC).

RESULTS AND DISCUSSION is a shift in color from brown to green. A change
of color from green to deep green was observed for
B : OCA and B : MCA for different compositions.The synthetic methods used by us are similar to

those employed generally for polyanilines. The co- Polyanilines in salt form are generally green in
color and polybenzidine is brown in color,8 so it ispolymers obtained chemically from benzidine and

aniline vary in color from brown to green de- assumed that the predominance of one monomer
over the other in the composition varies the physi-pending upon the comonomer composition. With

increase in aniline content in the copolymer, there cal properties like color. Electrochemically syn-
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thesized copolymers are basically dark brown in
color. With increase in aniline content in the com-
onomer composition, the color shifts to black but
there is a decrease in product yield. These copoly-
mers are amorphous in nature. The copolymers
obtained by the electrochemical method are com-
paratively more soluble in dimethyl sulfoxide, N-
methyl pyrolidone, and dimethylformamide than
are those synthesised by the chemical method.
This difference in solubility of the copolymers
could be due to a lower molecular weight of the
electrochemically prepared polymers.

Elemental, IR, FTIR, and XPS Analysis

Elemental analysis of different copolymers are
tabulated in Table I and possible empirical formu-
las are derived for the copolymers. A high amount
of oxygen may be due to the presence of sulfate
or water.

IR and FTIR for homopolymers and copolymers
are presented in Figure 1(a) – (e). The FTIR
analysis of B : OCA (1 : 1, 1 : 5) (C) and (EC)
show absorption bands at 1502 and 1589 cm01

corresponding to quinoid and benzenoid struc-
tures, respectively. The absorption peak at 1300
cm01 is associated with C{N stretching modes.
Stretching modes at 754 and 800 cm01 correspondFigure 2 (a) XPS spectra for N 1s core level for B :
to C{Cl and C{H modes. Absorption bands forA (1 : 1) (C). (b) XPS spectra for Cl 2p core level for
1100–1010 cm01 indicated the presence of sulfateB : A (1 : 1) (C).
for chemically synthesized copolymers and poly-

Table II Specific Conductivity of Copolymers of B : A for Two Consecutive Runs

First Run Second Run

Conductivity Conductivity
at Room Maximum at Room Maximum

Copolymer Temp 1 108 Conductivity Temp Temp 1 108 Conductivity Temp
Composition (S/cm) 1 105 (S/cm) (7C) (S/cm) 1 108 (S/cm) (7C)

B : A (C)
1 : 0 1.58 0.015 110 0.017 0.17 110
4 : 1 3.76 2.06 150 — — —
2 : 1 9.41 19.80 150 — — —
1 : 1 74.30 45.40 150 — — —
1 : 2 134.00 — — — — —
1 : 4 305.00 135.00 150 4.13 17100.00 160
0 : 1 2380.00 — — — — —

B : A (EC)
4 : 1 1.24 6.20 85 3.38 9.22 115
2 : 1 3.72 34.10 120 1.73 32.10 80
1 : 1 4.96 70.90 130 — — —
1 : 2 224.00 1180.00 90 87.50 — —
1 : 4 7410.00 26700.00 80 8520.00 — —
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Figure 3 (a) Conductivities of B : OCA (C) (1 : 1 and 1 : 5) for two consecutive runs.
(b) Conductivities of B : MCA (C) (1 : 1 and 1 : 5) for two consecutive runs.

benzidine. These peaks of sulfate were absent for identified. The peak intensity can be directly re-
lated to the atomic concentration in the sample.electrochemically synthesized copolymers and po-

lyaniline, poly(o-chloroanliline) and poly(m-chlo- The shift of BE of core electrons is accompanied
by changes in the chemical environment. Figureroaniline) synthesized by the chemical method.

The intensity of the C{Cl band is less in the 2(a) and (b) presents the XPS N1s and Cl 2p
core-level spectra for B : A Å 1 : 1 (C). Nitrogencopolymers of either composition (1 : 1 or 1 : 5)

compared to their parent polymers. It indicates a is obtained in three structural forms, correspond-
ing to BEs of 398.2 eV ({N| ) , 399.4 ({NH{) ,random copolymerization with a predominance of

benzidine moieties. Similar results were obtained and ú 400 eV ({N/
{ ) . Qualitative analysis

shows a {NH{ structure in the maximum andfor copolymers of B : A (C) [Fig. 1(d)] . From IR,
it is difficult to determine the predominance of {N{ in the minimum proportions. The Cl 2p

components are well resolved as ionic (Cl0 ) andeither monomer in the copolymers.
From XPS core-level spectra, characteristic covalent ({Cl) species corresponding to BEs of

197.2 and 200.3 eV. A qualitative amount of cova-binding energies (BEs) of the photoelectrons can
be obtained and thus elements involved can be lent chlorine is more than that of ionic chlorine
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Table III Specific Conductivity of Copolymers of B : OCA and B : MCA for Two Consecutive Runs

First Run
Second Run

Conductivity
at Room Maximum Initial Maximum

Copolymer Temp 1 108 Conductivity Temp Conductivity Temp Conductivity Temp
Composition (S/cm) 1 107 (S/cm) (7C) 1 108 (S/cm) (7C) 1 106 (S/cm) (7C)

B : OCA (C)
0 : 1 690.00 2186.00 200 7.60 40 — —
1 : 1 3.81 9.59 120 191.00 30 253.00 120
1 : 5 38.30 218.00 90 3.83 50 — —

B : OCA (EC)
1 : 1 0.09 0.55 100 0.03 40 — —
1 : 5 1.33 62.90 110 0.63 40 0.51 120

B : MCA (C)
0 : 1 375.00 1184.00 150 300.0 100 — —
1 : 1 0.22 37.0 150 208.00 50 8.00 140
1 : 5 9.1 2500.00 130 0.16 100 76.3 140

B : MCA (EC)
1 : 1 6.78 11.30 170 0.01 100 — —
1 : 5 15.40 17.60 90 0.07 40 — —

and a small amount of ({N/
{ ) can therefore temperature. When compared, the electrical con-

be due to covalent chlorine. ductivity of copolymers of B : A are found to be
Thus, we observed that IR and FTIR studies higher than that of polybenzidine and, as ex-

gave absorption peaks for sulfate, chlorine, etc., pected, the conductivity increases with the pro-
but the peaks for covalent chlorine are not very portion of aniline in the copolymers. The electro-
sharp. The XPS analysis gave supportive evidence chemically synthesized copolymers of B : A Å 4 : 1,
for chlorine in ionic and covalent forms. It also 2 : 1, and 1 : 1 have electrical conductivities lower
indicated the presence of variable oxidation states than those of chemically synthesized polymers
of nitrogen. This supports the possibility of the (Table II) . The possible reason could be the low
presence of sulfate as detected by IR and elemen- molecular weight of the polymers. But for B : A
tal analysis, as the sulfate ion may be held by (EC) 1 : 2 and 1 : 4, the electrical conductivity is
ionic nitrogen. higher than that for B : A (C) 1 : 2 and 1 : 4. This

discrepancy may be due to a higher dopant level
of water or Cl0 . The presence of the sulfate ion

Electrical Conductivity can be one of the factors which could lead to the
discrepancy in the observations. Similar resultsTable II gives the specific conductivity for B : A
were obtained for copolymers of benzidine with o-(C) and (EC) at room temperature as well as at
chloroaniline and m-chloroaniline [Fig. 3(a) andhigher temperature. The polymers synthesized at
(b) and Table III) . Polyaniline has a much higherlow pH by either method are obtained in a doped
conductivity (2.38 1 1005 s/cm) compared to itsstate. In protonic acid doping, there is no electron
substituted derivatives, i.e., poly(o-chloroaniline)transfer between the polymer chain and the dop-
(3.91 1006 s/cm) and poly(m-chloroaniline) (3.75ants; instead, the protons are added directly to the
1 1006 s/cm). Poly(o-chloroaniline) has a higherpolymer chain and may form bonds at available
conductivity than that of poly(m-chloroaniline),nitrogen sites and, subsequently, combine with
indicating the steric influence of the substitution.p electrons of the polymer. This doping process
It is proposed that steric effects of the substitu-results into a significant local modification of
ents indicate some ring twisting with the conse-chain geometry leading to an introduction of the
quent reaction in p-conjugation in the polymerlocalized state in the gap like solitons, polarons, or
chain and, ultimately, reduction in the specificbipolarons. But there are few other factors which

affect the conductivity of polymers and vary with conductivity. Similar results were obtained for B : A,
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Figure 4 (a)Effect of temperature on conductivities of B : A (C) for first run. (b)Effect
of temperature on conductivities of B : A (EC) for first run.

B : OCA, and B : MCA. Copolymerization of benzi- be due to the removal of moisture or ionic chlorine
present in the polymer. The effect of moisture ordine with aniline derivatives has led to an in-

crease in the specific conductivity. With increase air on the conductivity of copolymer B : A (1 : 4)
was tested by exposing the polymer overnight toin aniline and its derivative content, a consider-

able increase of Ç 103 times was obtained. the air after first run. The copolymer B : A (1 : 4)
at room temperature shows a decrease in conduc-Figure 4(a) and (b) shows the electrical con-

ductivity (s ) for B : A (C) and (EC) as a function tivity by 102 times in second run, but still the peak
conductivity value is quite high. The hygroscopicof temperature (T ) . In first run, the specific con-

ductivity increases and then decreases with in- nature and reaction with atmospheric oxygen can
be one of the factors for this type of behavior.crease in temperature. A similar trend was ob-

served for all the copolymers. During electrical Table II gives the temperature at which maxi-
mum conductivity is obtained. The temperatureconductivity measurements, a ‘‘conductivity peak’’

is obtained, which varies in peak height from one ranges from 140 to 150 ( 7C) for B : A (C) and 80
to 120 ( 7C) for B : A (EC). This observation canpolymer to another. Figure 5(a) and (b) give a

conductivity plot for second-run measurements. be correlated assuming that electrochemically ob-
tained polymers are more hygroscopic in natureAn absence or considerable decrease in peak

height is observed. This observation is assumed to (both runs). From Figure 5(a) and (b), it is obvi-
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Figure 5 (a) Effect of temperature on conductivities of B : A (C) for second run. (b)
Effect of temperature on conductivities of B : A (EC) for second run.

ous that the second increase in conductivity val- used, moisture, and % doping play a role in electri-
cal conduction and, hence, it is difficult to optimizeues occurs in the same temperature range irre-

spective of the number of runs. This could be due conditions to obtain reproducible values as sup-
ported by other authors also.9–12to the basic structure of polymers, which is princi-

pally responsible for electrical conduction. Many
factors such as pressure, pH of the electrolyte

Table IV Activation Energies for Conductivity
in First and Second Rise in the Curve
of First Run

First Rise Second Rise
Copolymers Eg 1 104 Eg 1 104

B : A (C) (eV) (eV)

4 : 1 6.17 9.59
2 : 1 5.75 6.25
1 : 1 6.16 —
1 : 4 5.89 7.84

Figure 6 Plot of log s vs. 1/T .
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the second rise of curve, it is found that Eg values
decrease with increasing aniline content. This
supports the earlier observation that the copoly-
mer composition may play a major role in modi-
fying the properties.

Different people have suggested different equa-
tions for various modes of conduction. The hop-
ping conduction mechanism as suggested by
Greeves13 is given by the equation

sT2 Å exp(0B /T1/4 )

where B is a constant and the equation

s Å AT1/2exp(0Ea /KT )

Figure 7 Plot of log s T1/2 vs. T01/4 .
by Matare14 indicates a grain boundary barrier
type of conduction mechanism where A is a con-
stant and Ea is a potential barrier. The tunneling
equation by Zeller15 is expressed as

Activation energies for conduction were calcu-
s Å s0exp(0A /T1/2 )lated for the temperature range investigated (Ta-

ble III) . All the measured points are approxi-
mated to a straight line through the equation Various plots for all the modes were prepared

for the copolymer of B : A (C) . Plots of log
(sT 1/2 ) vs. T01 /4 (Fig. 7 ) were found to bes(T ) Å s0exp(0Eg /KT )
straight lines, whereas the plots log(sT01 /2 ) vs.
1 /T and log s vs. T01 /2 were not linear, sug-showing temperature dependence. The activation

energies (Table IV) from the slope of first rise in gesting a hopping mechanism for the electrical
conduction. The presence of defects like waterthe curve (Fig. 6) for electrical conductivities are

more or less same for all B : A copolymers, but in or ionic chlorine create polaron sites which be-

Figure 8 (a) Thermal analysis for B : A (C). (b) Thermal analysis for B : A (EC).
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Figure 9 (a) Thermal analysis for B : MCA (C) and (EC). (b) Thermal analysis for
B : OCA (C) and (EC).

have as charge carriers and give rise to a metal- 9(b)] . All the polymers show a small weight loss
near 1007C, indicating a loss of water which couldlike band structure. However, the extent of con-

duction depends upon the concentration of de- be bonded weakly to the polymer. The B : A (EC)
copolymer is found to be more thermally stablefects in the polymer, morphology of polymer, etc.

Polaron hops from one state to another and than is polyaniline prepared under the same con-
ditions.leads to the conductivity of the copolymers.

A major weight loss around 250–3007C could
be due to decomposition of very low molecularThermal Analysis
weight polymers as indicated by JaCroix andThermal analysis was done for B : A [Fig. 8(a)
Diaz16 and Wei and Hsueh17 or by chlorination ofand (b)] , B : MCA [Fig. 9(a)] and B : OCA [Fig.
the benzene ring as suggested by Hagiwara et
al.18 To support this fact, the thermal aging pro-
cess was carried out. The lowering of the pH of

Table V Amount of HCl Liberated During
Thermal Aging

% Cl0 Liberated

Copolymers 1007C 2007C

B : A (C)
4 : 1 0.17 1.35
2 : 1 2.94 2.93
1 : 1 3.94 2.61
1 : 2 4.30 4.53
1 : 4 5.30 5.80

B : A (EC)
4 : 1 — —
2 : 1 — —
1 : 1 1.91 0.27
1 : 2 2.27 6.61
1 : 4 4.50 8.36

Figure 10 Plot of pH vs. time.
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Table VI Activation Energies forNaOH solution could be due to volatiles liberated
Decomposition of Copolymers ofwhich we believe to be hydrogen chloride. The
B : A, B : OCA, and B : MCAamount of HCl liberated during the aging process

increases with heating time and temperature as
Copolymers E (kJ)shown in Figure 10 and Table V. It is observed

that with an increase in the amount of aniline in B : A (C)
the copolymer B : A the percent of Cl0 liberated 4 : 1 45.11
increases and it is also observed that the conduc- 2 : 1 —
tivity is higher in copolymers with a higher pro- 1 : 1 35.64
portion of aniline. This shows that the extent of 1 : 2 48.25

1 : 4 47.14doping or the presence of ions has a great influ-
B : OCA (C)ence on the electrical conductivity of polymers.

1 : 1 12.68Activation energies for the major degradation
1 : 5 23.70of copolymers were calculated by the Broido19

B : MCA (C)method. Figure 11 is a plot of ln(ln 1/Y ) vs. 1/T ,
1 : 1 31.32where Y is the weight fraction of the original
1 : 5 —weight of the polymer. The values of the activation B : A (EC)

energies are given in Table VI. All the copolymers 4 : 1 16.3
were found to be thermally stable at least up to 2 : 1 23.2
3007C. 1 : 1 14.31

1 : 2 16.04
1 : 4 20.73

B : OCA (EC)CONCLUSION
1 : 1 —
1 : 5 46.32The copolymers of benzidine with aniline and its

B : MCA (EC)derivatives show an increase in electrical conduc-
1 : 1 48.19tivity with an increased aniline feed ratio. There
1 : 5 35.15is a steric influence of chlorine in the o- or m-

position on the electrical conductivity of the co-
polymers. The thermal stabilities of these co-

polymers were found to be quite high. No specific
conclusion could be drawn for the effect of copoly-
merization on the thermal behavior of these poly-
mers.

We acknowledge with gratitude the help of Dr. Madhav
Rao of the M. S. University of Baroda, Baroda, for mi-
croanalysis of all the polymers. We also thank Dr. E. T.
Kang of the National University of Singapore for the
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