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Conducting copolymer films from 5-aminoquinoline and aniline (abbreviated PAqQ-An) were pre-
pared by anodic polymerization of different molar ratios of the corresponding monomers in MeCN
using cyclic voltammetry and potential step methods. Ellipsometric measurements on the different
copolymers indicated that the thickness increases linearly with the anodic charge but with different
efficiencies. The electroactivity of the copolymers is attributed to polyaniline in the films and
increases as the ratio of aniline in the polymerization solution increases. The copolymer PAq-
An(1:5) shows even better electroactivity than polyaniline films prepared under the same conditions
due to the higher polymerization efficiency and stability of the former films. Analysis of the spec-
troelectrochemical measurements in acid solutions showed that the redox peaks of the copolymer
PAQ-An(1:5) are composed of two consecutive redox processes. Models for the redox processes are

proposed to analyse the spectroelectrochemical transient behaviour of the copolymer.

1. Introduction

Due to the electrochemical activity of polyaniline in
aqueous acid and nonaqueous solutions, numerous
applications, such as rechargeable batteries, electro-
chromic devices and pH-sensors have been proposed
and investigated [1-9]. Since the durability, life cycle
and chronoelectrochromic response in solutions are
limited, modification of the polymer (e.g., via
copolymerization) is advantageous. Anodic poly-
merization of 5-aminoquinoline was found to yield
thin, homogeneous, and stable polymeric films of
limited electroactivity [10]. Poly-5-aminoquinoline
(PAq) was found to support the attachment of solu-
ble redox species via electrostatic attraction at the
quaternary ammonium sites in the polymer. Copo-
lymerization of PAq with a conducting polymer like
polyaniline may result in a new attractive polymeric
structure which has mixed properties of both poly-
mers. In the present work, oxidative polymerization
of different ratios of aniline and 5-aminoquinoline in
MeCN and characterization of the resulting films in
aqueous acid and non-aqueous solutions are studied.
Since the electroactivity of the copolymer PAg-
An(1:5) was found to be even higher than that of
polyaniline films prepared under the same conditions,
the spectroelectrochemical and microgravimetric
studies are concentrated on that copolymer.

2. Experimental details

5-aminoquinoline (Aldrich, 97%), aniline and tetra-
butyl ammonium perchlorate, TBAP, (Fluka, Ger-
many, AR grade) were used without further
purification. MeCN (Janssen, Germany, AR grade)
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was doubly distilled. The aqueous solutions were
prepared from analytical grade chemicals and de-
ionized ‘millipore’ water. The working electrodes
were either gold wires with a diameter of 400 mm
or gold films evaporated on glass; 200 nm Au/10 nm
Ti/glass (area 0.90 cm?). The counter electrode was a
gold sheet (area 2.0 cm?). The reference electrodes
were Hg/Hg,Cl,/0.1 M tetrabutyl ammonium chlo-
ride (MeCN); U = —0.023 V, vs SHE, in MeCN, and
a Hg/Hg,(SO,),/0.5M H,SO4; U = 0.680V, in sul-
furic acid solutions. An integrated home-built po-
tentiostat with a fast autoranging amplifier and a
positive feed-back /R-compensation was used for
cyclic voltammetry and potential-step measurements.
Ellipsometric measurements were carried out on
polymer samples prepared on electrodes of
200 nm Au/10nm Ti/glass by cyclic voltammetry
using an automatic ellipsometer (AFE 401, Sentech.,
Germany) with He-Ne laser of 4= 632.8nm and
P=5mW. For the quartz crystal microbalance
measurements, SMHz AT-cut 13mm diameter
quartz crystals, with sputtered circular 150 nm thick
gold electrodes on both sides of the crystals (geo-
metric area of each electrode 0.283 cm?) were posi-
tioned in special holders to allow the contact of both
electrodes to the resonance circuit and the frequency
counter and only one electrode surface with the
electrolyte. The mass sensitivity was determined by
copper deposition and found to be 18 ng Hz ™' cm~2.
UV and vis. spectroscopy was carried out on samples
prepared on ITO glass electrodes (surface resis-
tance ~10Qcm~2) using a full computerized spec-
troscopic system (OMS-4, EP&S Karger Elektronik,
Lin/ Rhein) capable of recording up to 500 spectra
(range 180-1100 nm) in a minimum time of 16 ms per

1061



1062

H. A. ABD EL-RAHMAN

spectrum through 1024 pixels. All electrochemical
experiments were carried out at a temperature of
20 °C under nitrogen.

3. Results and discussion
3.1. Formation of the copolymers

Different copolymers were prepared by cyclic volta-
mmetry and potential step methods on gold electrodes
in MeCN containing 0.1m TBAP and different molar
ratios of 5-aminoquinoline : aniline; namely, 10 mm
5-aminoquinoline+2 mm aniline; PAq-An(5:1),10 mm
S-aminoquinoline + 5 mM aniline; PAq-An(2:1),10mm
5-aminoquinoline + 10 mm aniline; PAg-An) 1:1, and
ImM 5-aminoquinoline + 5mM aniline or 4mm
5-aminoquinoline + 20 mm aniline;  PAq-An(1:5).
The ratios given between parentheses refer to the
monomer ratios in the polymerization solution and
the ratios in the copolymers may not be the same.
Cyclic voltammograms for the copolymerization of
one of these mixtures is shown in Fig 1. The main
oxidation peak at 1.24 V vs SHE is attributed to the
oxidation of the primary aromatic amines [11]. Gen-
erally, the main oxidation peak shifts to higher po-
tentials and the peak currents increase as the aniline
ratio increases. The next oxidation peak at ~ 2V is due
to the oxidation of the quinoline ring [12]. The redox
peaks at ~ 0.5V are due to the electroactivity of the
growing polymer films and increase as the number of
scan or aniline ratio increases. The polymerization
process is accompanied by intensive oligomer for-
mation, especially at the beginning. The film colour
and morphology depends on the copolymer type and
formation charge. Generally, the colours of copoly-
mers are intermediate between those of PAq (yellow—
brown) and PAn (faint green in reduced state-bluish
green in the oxidized state).

The response of the quartz crystal microbalance
(QCM) during the cyclovoltammetric deposition of
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Fig. 1. Cyclic voltammograms for the oxidative polymerization of
4mm S-aminoquinoline and 20 mm aniline in MeCN containing
0.1 TBAP. Numbers refer to the number of cycle. Electrode area
0.22 cm?.

PAqg-An (1:5), Fig. 2(a), shows that the resonating
frequency decreases (i.e. mass increase) with increas-
ing number of cycles due to the deposition of ad-
herent and compact (rigid) polymeric films. As can be
seen in Fig. 2(b), the mass gain does not change lin-
early with the formation charge but it increases sig-
nificantly as the number of cycles increases. This is
due to increasing the ratio of polymer/oligomer. Due
to the autocatalytic nature of the oxidative poly-
merization of aniline, the depositing polyaniline ratio
increases as the number of cycles increases.

Since the polymerization solutions are coloured
and intensive soluble oxidation products change the
solution composition, in situ ellipsometry was not
feasible. Thus, ex situ ellipsometric study on thin
copolymer films was carried out to estimate the op-
tical parameters, namely the refractive index of the
polymer film, n;, and its extinction coefficient, k;, and
thickness. The films were prepared by different
numbers of cycles from 0 to 1.6V at 50mVs~! and
removed from solution after holding the potential at
0.8V for 2min (i.e., the films were in the oxidized
state). At first, two films of different thicknesses were
independently used to determine n; and k; by using
the procedure of the angle of incidence variation at
five angles (44°-75°) [10, 13]. The refractive index and
extinction coefficient of the Au substrate, n, and &,
were found to be 3.10 and 0.20, respectively. A special
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Fig. 2. Decrease in frequency, dF, with potential (a) and charge
(b) during the oxidative polymerization of 4 mm 5-aminoquinoline
and 20mm aniline in  MeCN containing 0.1m TBAP. Electrode
area 0.283 cm?.
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home-written fitting program was used to fit the au-
tomatically measured ellipsometric angles; A and ‘P,
into a one layer model [13, 14]. Generally, the optical
parameters of the two samples were the same. Con-
sequently, the thicknesses of the rest of each co-
polymer were determined by direct measurement
using the ellipsometer software. The optical para-
meters of the different copolymers are given in
Table 1. The dependence of the film thickness on the
formation charge, g, for different copolymers and
PAq is shown in Fig. 3(a). The thickness increases
practically linearly with the amount of charge passed.
The results indicate substantial differences in the
copolymer characteristics, for example, the polymer-
ization efficiency, density etc. Extrapolation of d—g
curves to d =0 give the charge, gy, which is con-
sumed in soluble oxidation products at the beginning
of the polymerization process and deposition of the
polymer film. Figure 3(b) shows that the growth of
the copolymer PAg-An(l:5) is more efficient at
lower concentrations, although it requires more for-
mation cycles.

3.2. Electroactivities of the copolymers

The electroactivities of the copolymer films on gold
electrodes were tested in MeCN and aqueous H,SO4
acid solutions. Since the electroactivity of PAq has
previously been found to be negligible [10], the
electroactivities of the copolymers are expected to be
due to polyaniline in films or a new structure for the
copolymer. The fact that the electroactivities (redox
peaks) of the copolymers are similar to those of
polyaniline excludes the latter assumption. Figure 4
shows the electroactivities of some copolymers in
comparison with PAn films formed by the same
procedure (five cyclovoltammetric scans) in MeCN.
The charge involved in the formation of PAn and the
copolymers PAqg-An(1:5), PAq-An(l:1) and PAq-
An(2:1) were 0.62, 0.47, 0.32 and 0.11 Ccm™2, re-
spectively. The redox charge depends strongly on the

Table 1. The optical parameters, ny, ki, used to estimate the ex situ
thickness for films of different copolymers

Copolymer Polymerization solution n; ky

PAq 10 mM S-aminoquinoline 1.26 0.040
+ 0.1 TBAP (MeCN)

PAg-An(2:1)  10mm 5-aminoquinoline 1.32 0.098
+ 5mwm aniline + 0.1 M TBAP
(MeCN)

PAg-An(1:1) 10 mm S5-aminoquinoline 1.50 0.130
+ 10 mm aniline
+ 0.1 TBAP (MeCN)

PAg-An(1:5) 1 mm S-aminoquinoline 1.25 0.037
+ 5mwm aniline
+ 0.1 TBAP (MeCN)

PAg-An(1:5) 4mm S-aminoquinoline 1.11 0.083

+ 20 mM aniline
+ 0.1 TBAP (MeCN)
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Fig. 3. (a) Film thickness, d against charge of formation, g, for
different copolymers and poly-5-aminoquinoline; ((J) PAq, (@)
PAg-An(2:1), (A) PAg-An(l:1) and (O) PAg-An(1:5). The opti-
cal parameters used are given in Table 1. (b) Film thickness of
PAqg-An(1:5) formed by two different monomer concentrations;
(®) 1 mMm S-aminoquinoline : SmM aniline and (A) 4mmM 5-ami-
noquinoline : 20 mm aniline.

aniline amount in the copolymer. The copolymer
PAg-An(1:5) has a higher redox charge than poly-
aniline, although its formation charge is less. This
behaviour is not surprising, since the actual amount
of the deposited polymeric material is higher for
PAqg-An(1:5) due to the stabilizing effect of PAq (i.e.,
less oligomer formation).

In the rest of the measurements films of PAg-
An(1:5) deposited from 4mm S-aminoquino-
line + 20 mMm aniline were employed due to their su-
perior properties. QCM response for the electroac-
tivity of PAg-An(1:5) in MeCN shows a continuous
decrease in the resonating frequency (i.e., mass loss
from the rigid polymeric layer on the balance surface)
during the anodic scan and the reverse trend in the
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Fig. 4. Electrochemical activity of different copolymers of PAq-
An and PAn in MeCN containing 0.1m TBAP. Scan rate
50mVs~!. The ratios given refer to the ratios of monomers
(5-aminoquinoline:aniline) in the polymerization solution.

cathodic scan with a pronounced hysteresis, Fig. 5.
The behaviour indicates the insertion of species on
oxidation of the copolymer and removal of species
on reduction [15, 16]. Since the oxidation involves
charging of the film positively, anions are expected to
move into the film to neutralize the excess charge and
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Fig. 5. (a) Cyclic voltammetry and change in frequency, dF, for
PAq-An(1:5) in 0.1 TBAP ( MeCN), Scan rate 20mVs~!. The
films were formed by three cycles from 0 to 1.6V at 50 mVs™';
g =126 mCcm~2. (b) Change in frequency, dF, as a function of
the redox charge. Electrode area 0.283 cm?.

to exit on reduction. The hysteresis indicates that the
insertion/removal process is not reversible (fast). This
is because either the rate of insertion of species is
higher than their removal or both are slow within the
used scan rate of 20mV s~!. The mass change is ap-
proximately a linear function of the redox charge,
Fig. 5, with a slope proportional to the molecular mass
of the inserted/removed species (~98 4 1 gmol™").
This value corresponds to the insertion/removal of
one ClO; (99.5gm01_1). The copolymers are also
electroactive in aqueous H,SOy acid solutions due to
an electron + proton elimination/addition process at
the imino groups like PAn [3, 5] as can be seen in
Fig. 6. The role of PAq in films manifests itself on
the redox peaks in two ways. First, the anodic and
cathodic peaks are symmetrical, in contrast to the
known asymmetric peaks for PAn. Second, the peak
potential (and peak separation) was found to increase
linearly with the square root of scan rate, as usually
observed for processes controlled by film resistance
[24]. As can be seen in Fig. 7, the peak currents vary
according to the expected behaviour for strongly at-
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Fig. 6. Effect of scan rate on cyclic voltammograms for PAgq-
An(1:5) in 0.5Mm sulfuric acid. (a) 150, (b) 100, (c) 50 and (d)
20mVs~!. The films were formed by 10 cycles from 0 to 1.8V;
g =452 mCcem™2.
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Fig. 7. The peak current against scan rate for PAq-An(1:5). Key:
(A) anodic and (OJ) cathodic.
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tached electroactive species (peak current vs. scan
rate is linear up to ~100 mV s~!) followed by a semi-
infinite linear diffusion at higher scan rates (peak
current vs. square root of scan rate > 100mVs~! is
linear) [11].

3.3. Spectroelectrochemistry of the copolymer(1:5)

3.3.1. Nernstian behaviour. Ultraviolet and visible
spectra for films of PAg-An(1:5) on ITO electrodes in
0.5M H,SO4 were monitored as a function of poten-
tial in the potential range from the fully reduced form
to the fully oxidized form. It should be mentioned that
the anodic charge passed (and consequently the
amount of the deposited copolymer) during the oxi-
dative polymerization by using ITO electrodes are
substantially lower than that passed when gold elec-
trodes were used under the same conditions of the
final potential and number of cycles. The absorption
spectra of PAg-An(1:5) are similar to those of PAn,
though the bands are broader, Fig. 8 [17, 18]. Al-
though the highest absorption occurs at a wavelength
of ~ 330nm, the highest difference in the absorb-
itivity between the redox forms of PAq-An(1:5) oc-
curs in the red region at ~ 570 nm. The absorption at
a higher wavelength > 500 nm is mainly due to the
oxidized form while that at ~ 330 nm includes con-
tributions of both the reduced and the oxidized forms,
but it decreases slightly as the ratio of the oxidized
form increases [17, 18]. The absorption peak at
~ 430 nm (relatively higher for PAn) shows an ab-
sorbance maximum at a certain potential (or redox
ratio) and is attributed to the partially oxidized form.
The not well-defined isosbestic points at about 370
and 460 nm indicate two quasi-equilibria that involve
neutral copolymer/polaron and polaron/bipolaron,
respectively [18-20]. Using the absorbances at 329
and 570nm, the [ox]/[red] ratios were calculated,
respectively, from the relations [9]:

[ox]/[red] = 4(—0.2V) — A(U)/A(U) — 4(0.9V) (1)
[ox]/[red] = A(U) — A(—0.2V)/A(0.9V) —4(U) (2)

where 4(—0.2V) and A(0.9 V) are the absorbances
for the fully reduced and fully oxidized forms, re-

Absorption

%00 400 =l =t el Ty 00
Wavelength/nm

Fig. 8. Absorption spectra for PAq-An(1:5) in 0.5m H,SO4 at
different potentials. The films were formed on ITO electrodes by
cyclic voltammetry from 0 to 1.8 V; g = 70 mC cm 2.

spectively, and 4(U) is the absorbance at potential U.
The above relations assume the application of Beer’s
law. Strictly speaking, A is related to the surface
concentration, I'ox/I'req, not the concentration itself,
[ox]/[red] = (Tox/Tted)(dox/dred), and some knowl-
edge of thickness is necessary. An in situ ellipso-
metric study showed that thickness of PAn increases
with potential in the same manner as the redox
charge (i.e., the surface concentration) [25]. Thus, the
absorbencies can still be used as a first approxima-
tion, but a higher slope for the Nernst relation
is expected. Figure 9 shows Nernstian behaviour of
PAqg-An(1:5) using the concentration ratios given by
relations 1 and 2. As can be seen, linearity holds over
more than two orders of magnitude of concentration
ratio for each of the two redox processes. For the
redox processes of neutral/polaron and polaron/bi-
polaron (appearing in cyclic voltammetry as one pair
of redox peaks), the formal redox potentials are
0.268 and 0.447V and Nernst slopes are 0.210 and
0.260 V decade ™!, respectively. The theoretical slopes
for the redox processes mentioned above should be
0.06 Vdecade™' at 30°C, when one electron per
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Fig. 9. Nernst relation for PAg-An(1:5) in 0.5m H,SO4 at
A =329 nm (a) and 570 nm (b). Details as for Fig. 8. For (a): slope

210 mV decade™
(0.9V); for (b):

and
slope

[ox]/[red] = A(—0.2V)—A(U)/A(U) — 4
260 mV decade™! and [ox]/[red] =

A(U) = A(—0.2V)/A(=0.9 V) — A(U).
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monomer unit is considered. High slopes were also
reported for the redox processes of polypyrrole [19]
and the deviation was interpreted in terms of excess
chemical potential which originates from the fact that
the unit cell in polaron and bipolaron consists of
several monomers. This means that the concentration
of redox species contributing to the Nernst equation
are underestimated as compared to a unit cell of one
monomer and the apparent number of electrons be-
comes fractional (i.e., slopes > 0.06 V decade_l).

3.3.2. Transient behaviour. The change in absorption
spectra with time after stepping the potential from
—0.2 to 0.9V for PAg-An(l:5) in 0.5M H;SOy4 so-
lutions is shown in Fig. 10. The main change occurs
in the region of the oxidized form absorption, where
the absorbance increases as the oxidation time in-
creases until the copolymer film is completely oxi-
dized. The reduction showed the opposite trend. The
absorbance of the fully oxidized form at 570 nm was
selected to monitor the transient behaviour of the
redox processes. The time-dependence of absorbance
for the two processes are different and may be ex-
plained for a first approximation by simple models.
To support the models introduced to explain the
spectroscopic measurements, the corresponding
chronocoulometric responses were also recorded un-
der the same conditions. For homogenous electro-
active film, the absorbance, 4(/m.x) of the oxidized/
reduced form is related to the charge, ¢, consumed in
its reduction/oxidation via the relation [17]:

A=¢eq | nF (3)

where € is molar absorbitivity. Under ideal condi-
tions, Relation 3 serves as a quantitative correlation
between molecular absorption spectroscopy and
electrochemistry.

(a) High field model for the oxidation process
For polymer films which involve substantial change
in the electronic properties on electrochemical

1.4

Absorption

0.2 T T T T
300 400 500 600 700 800
Wavelength/nm

Fig. 10. Absorption spectra for PAg-An (1:5) at different times
in seconds after switching the potential from 0.0 to 0.8 V. The
films were formed on ITO electrodes by cyclic voltammetry;
g=85mCcm2.

switching from the reduced (insulating) form to the
oxidized (conducting) form, it is assumed that the
oxidation, under potentiostatic control, starts at the
electrode/polymer interface due to the insulating
properties of the films in the reduced form [22] and is
controlled by the charge and ion transfer through the
reduced part of the film. The total potential drop
across the metal/electrolyte interface is

U= Ured + on + Uel + Ump ~ Ureq + U/ (4)

where Ured, Uox, Uq and Uy, are, respectively, the
potential drops cross the reduced and oxidized layers,
and the interfaces of polymer/electrolyte and metal
/polymer. Since the conductivity of the oxidized form
> reduced form, Uy < Ureq and it is further as-
sumed that Uy and Uy, are constant during the re-
duction process, that is, U’ is a constant. The rate of
the ionic transfer, R, is assumed to obey the high field
law which usually holds during formation of insu-
lating oxide films [23]:

R = dxred/dt =k eXp (BHred) (5)

where H,q is the field strength across the reduced
layer and k& and B are constants and R is given in
terms of increasing layer thickness, x.q. After inte-
grating Relation 5, the following relation is ob-
tained:

(1/k) [ /B(U — U] exp [~B(U — U') /xa] = 1 (6)

Taking the logarithms of both sides of Relation 4 and
appropriate rearrangement yields:

[B(U = U')[xred) — In x>y /B(U -~ U")] = —Int+C
(7)

where C is a constant. Using the absorbance of the
oxidized form, x4 is given by

Xred = (xox,o/Ao) (Ao 7A) (8)

where the subscript ‘o’ refers to the fully oxidized
form. Substitution of xq from Equation 8 in Equa-
tion 7 and rearrangement gives:

1(4o — A) = B [log (4g — A) /] +C' (9)

where B’ and C’ are constants. The application of
Relation 9 in the case of oxidation of PAg-An(1:5) is
shown in Fig. 11. According to Relation 3, replace-
ment of the absorbance by the charge should show
the same behaviour, Fig. 12. The dashed line in
Fig. 12 refers to the time period covered by spectro-
scopic data in Fig. 11 and in that time period 80% of
the anodic charge was consumed.

(b) Reduction process

Due to the high conductivity of the oxidized form, the
reduction process, after a small reduction charge,
proceeds through the conducting channels in the film.
Both mass and charge transfer are rapidly impeded
and the following rate of reduction is assumed:

—dCox/dt = k explaCoy] (10)
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Fig. 11. Transient behaviour of absorbance (4) according to the
proposed model (Equation 9) for the oxidation process of PAq-
An(1:5) in 0.5M H,SOq.
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Fig. 12. Transient behaviour of charge (¢) according to the pro-
posed model (Equation 3 and 9) for the oxidation process of PAq-
An(1:5) in 0.5M H,SO4. The dashed line refers to the time scale
covered by spectroscopic data in Fig. 11.

Integration of Equation 10 and rearrangement,
gives

Cox = —log (t + m) +m'’ (11)

where m and m' are constants. Using the absorbance
of the oxidized form, Equation 11 becomes

A = —P log(t+m) +m" (12)

where P and m” are constants. Application of Rela-
tion 12 for the reduction of PAq-An(1:5) is shown in
Fig. 13. Replacement of the absorbance by the charge
shows the same behaviour as can be seen in Fig. 14.
The dashed line in the figure corresponds to the time
period covered by spectroscopic data in Fig. 13 and
indicates that ~85% of the cathodic charge could be
explained according to the proposed model and
Equation 12.

4. Conclusion

Conducting copolymers from 5-aminoquinoline and
aniline were formed by oxidative polymerization in
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Fig. 13. Transient behaviour of absorbance (4) according to the
proposed model (Equation 12) for the reduction process of PAq-
An(1:5) in 0.5M H>SO4.

2 45 1 45 0 o5 1 15
log {t/s}

Fig. 14. Transient behaviour of charge (¢) according to the pro-
posed model (Equation 3 and 12) for the reduction process of PAq-
An(1:5) in 0.5M H,SO4. The dashed line refers to the time scale
covered by spectroscopic data in Fig. 13.

MeCN and showed electroactivity due to polyani-
line in films. Due to the presence of poly-5-amino-
quinoline, however, several properties of PAgq-
An(1:5) were modified (e.g., the redox charge in-
creased) the redox peaks became symmetrical and a
Nernstian behaviour of the two redox processes
involved was confirmed. Analysis of the transients for
the redox processes showed that the oxidation pro-
ceeds according to a high field law while in the
reduction the concentration of the oxidized sites
decreases exponentially with time.
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