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Abstract

Bidimensional chronoabsorptometry is a novel spectroelectrochemical technique that monitors simultaneously three different
signals: current and absorbance both normal to the electrode plane and parallel to this plane during a time in which a fixed potential
is imposed. This technique is applied in the visible range to the study of the electropolymerisation of 4,4'-bis(2-methylbutylthio)-
2,2'-bithiophene (MBTBT). Experiments are performed in a spectroelectrochemical cell under finite diffusion conditions (thin layer
cell) with the aim of interpreting the processes taking place both at the electrode surface and in the adjacent solution during the
potentiostatic electrogeneration and deposition of the polymer. Correlations are drawn out among the trends of the oligomers
concentration in solution, the polymer electrodeposition and charging, and the current flow, on the time scales of the different steps

of the process. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Conducting polymers, in particular polythiophenes,
have attracted large attention in the last two decades
thanks to the many possible different applications [1-4].
Several properties of these materials are the object of
intensive research devoted to develop novel applica-
tions, to study the mechanisms of the charge transport
in the bulk of the polymer, as well as at the poly-
mer|solution interface [5-7], and to tailor the sought
characteristics by modification of the chemical structure
and of the synthesis conditions [8-11]. A wide number of
analytical techniques have been used with the aim of
collecting information on the electrochemical and con-
nected properties of this class of materials. In particular,
electrochemical techniques have been applied to cha-
racterise newly developed macromolecular compounds
with respect to the relevant charge—discharge processes
[12-14]. Furthermore, several studies are reported about
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the growth mechanism of thiophene-based polymer
films on the basis of purely electrochemical data, coming
both from potentiostatic [15] and from potentiodynamic
measurements [16-20].

On the other hand, since one of the most interesting
characteristics of this type of materials lies in the elec-
trochromic properties, spectroscopic techniques have
proved to constitute most suitable tools for comple-
menting the data from electrochemical measurements.
Thus, a number of spectroscopies have been used for
different purposes. In particular, in situ spectroelectro-
chemical measurements in the UV-visible region have
provided for information on the redox switching
mechanism of polythiophenes [7,21-25], on the poly-
merisation and deposition processes [26,27], on the
nature of the species present in solution during the
electropolymerisation [28], and on the characteristics of
polythiophene films [29]. In situ external reflectance
FTIR spectroscopy has also provided for an insight
into the polymerisation mechanism and into the p- and
n-doping mechanisms of different substituted polythi-
ophenes [30,31]. Since p-doping causes significant
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changes in the vibrational and electronic properties of
the polymer, Raman spectroscopy has recently been
employed as a sensitive tool in similar studies [25,32].
Absorption and fluorescence spectroscopy, in their
turn, have been used to obtain information on the
conformation of several oligomers and polymers based
on thiophene chains [33].

Electrochemical and spectroelectrochemical results
have also been complemented by electrochemical quartz
crystal microbalance (EQCM) measurements, in order
to parallel the previous cited data with those of the mass
changes occurring during both electrodeposition [14]
and doping and de-doping processes [7,30,34]. Addi-
tional techniques, like electron paramagnetic resonance
(EPR) [32], in situ conductivity [7,18,24,31,34], and
electrochemical impedance spectroscopy (EIS) [35] have
been employed both to investigate the p- and n-doping
and corresponding de-doping processes and to cha-
racterise the electrode|polymer|solution system.

Many literature reports deal with the influence of the
electrochemical polymerisation conditions on the char-
acteristics of the resulting polymers, paying attention at
the electrical, optical, and mechanical properties, as well
as at the stability under repetitive potential cycling.
Apparently contradictory results obtained by different
researchers [9] clearly indicate that the experimental
conditions play a very critical role in the electrochemical
synthesis. The reactivity of the starting compound,
which is considerably influenced by steric and electronic
effects of the substituents [9], constitutes a first impor-
tant factor affecting the characteristics of the resulting
polymer. The use of bithiophene instead of thiophene
derivatives as the starting compounds is preferable
thanks to the lower oxidation potential [36], that allows
many polymers to be obtained under relatively mild
conditions, thus avoiding possible overoxidation. In
particular, P, p’-disubstituted bithiophenes bearing
electron-donor substituents, such as thioalkyl groups,
have proved to be easily electrogenerated, leading to
quite stable polymers [12,13,18].

The design of monomer structures suitable to
achieve a definite increase of conductivity has not been
satisfactorily successful so far. Further progress on this
direction requires a better understanding of the factors
governing the electropolymerisation. As a matter of
fact, several intermediate steps are not fully elucidated,
which is a necessary condition to generation of con-
ducting polymers with most suitable conformation. The
difficulty of obtaining a trustworthy interpretation of
the electropolymerisation process on the basis of the
results from a single, though powerful technique has
been underlined previously [27,37]. Whenever several
techniques have been used at the same time on the same
system, much more information has been collected
[27,37]. In agreement with this point of view, bidi-
mensional chronoabsorptometry has been employed in

the present work. Bidimensional spectroelectrochemis-
try is a novel and powerful technique that has been
applied successfully to the study of chemical systems of
interest in many different fields [38]. In particular, this
approach has proved to be a suitable one in the
analysis of processes leading to deposition onto elec-
trodes, such as the electropolymerisation of different
4,4'-bis(alkylthio)- 2,2'-bithiophenes: namely, in the
potentiodynamic electrosynthesis of poly[4,4'- bis(me-
tylthio)-2,2'-bithiophene] [38] and of poly[4,4'-bis(bu-
tylthio)-2,2'-bithiophene] [39]. It is possible to monitor
simultaneously one electrochemical and two spectro-
scopic signals. A former one on the direction perpen-
dicular to the electrode, looking at the whole chemistry
involved in the electrochemical reaction, i.e., both at
the final products, either deposited on the electrode or
remaining in the solution, and at intermediate species in
the solution, and a latter one on the direction parallel
to the electrode surface, only looking at species in the
solution. In this way, simultaneous in situ monitoring
of the whole absorbance accounted for by electrode-
posited polymer and species in solution (4y: normal-
beam arrangement) and that only due to species in
solution (A4p: parallel-beam arrangement), along with
the electrochemical signal, are possible throughout the
electropolymerisation. Actually, in order to obtain the
absorbance only due to the deposited polymer, i.e., 45,
the absorbance in normal-beam arrangement, 4y, has
to be corrected by subtracting the value of the weighted
parallel-beam absorbance at the same wavelength.
Since the parallel path length is longer than the normal
one, Ap has to be weighted by the factor w// (optical
path lengths ratio) [38]. In Eq. (1)

(6]
Aﬁ:AN—APx7 (1)

o is the thickness of the diffusion space (optical path
length in the normal direction) and / is the electrode
width (optical path length in the parallel direction).
Properly weighted 4p accounts for the contribution of
the soluble species to the absorbance measured along
the normal direction. This correction leads to exact
results only when the concentration profile of the ab-
sorbent species in solution is almost plane or when the
measured parallel absorbance takes small values. If a
great gradient in the concentration profile is present,
the proposed correction becomes only a rough ap-
proximation, better in any case than overlooking the
contribution to 4y of species in solution. The big ad-
vantage offered by the bidimensional approach lies in
the fact that it gives joint but independent information
about the species involved in every step of the elec-
tropolymerisation, since it looks distinctly at different
products and, therefore, it allows an analysis of how
they are singly affected by changes in the experimental
conditions.
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2. Experimental
2.1. Chemicals

Acetonitrile (AN) was used as solvent and tetrabu-
tylammonium hexafluorophosphate (TBAPF¢) as sup-
porting electrolyte. All chemicals were of analytical
grade and used without further purification.

4,4'-bis(metylbutylthio)-2,2’-bithiophene  (MBTBT)
was kindly supplied by Schenetti, Department of
Chemistry, University of Modena and Reggio Emilia.

2.2. Instrumentation

Chronoabsorptometric experiments were carried out
in a conventional three-electrode system controlled by
an EG&G-PAR Versastat II (Perkin Elmer, USA) po-
tentiostat. A light source DH-2000 (Top Sensor Sys-
tems, The Netherlands) with double lamp, i.c., halogen
and deuterium, and a modular system composed of two
spectrometers and two diode array detectors with 2048
elements (SD2000 Ocean Optics, USA) were assembled
using optic fibres, as previously described [38].

The spectroelectrochemical cell, designed and built in
our laboratory, has been reported elsewhere [38]. An
optically transparent gold film sputtered over a glass
slide was used as the working electrode, a platinum wire
as the auxiliary electrode, and a Ag/AgCl/KCl,
3 mol dm~? system, assembled in a micropipette plastic
tip, as the reference electrode. The diffusion layer
thickness is limited to 150 pm and the parallel-beam
samples the whole width and length (3 mm) of the layer
where the soluble species are confined during electro-
polymerisation.

Throughout all the experiments, absorbance was
measured taking as reference (zero) the value of the
absorbance of the starting solution (dimer + supporting
electrolyte). The dimer does not absorb in the spectral
range under the experimental conditions (concentration
and optical path length).

3. Results and discussion

Previous researches [28,39] have shown that a number
of intermediate species of different nature are present in
solution during the potentiodynamic polymerisation of
thiophenes: both neutral and cationic species have been
detected during cyclic potential sweeps. In the present
paper absorptometric measurements, recorded in par-
allel arrangement during both potentiodynamic and
potentiostatic polymerisation of MBTBT, have also
evidenced the formation of soluble chromophores under
different experimental conditions. In the potentiody-
namic polymerisation the Ap absorbance was found to
vary at varying the potential according to quite different

behaviours, depending on the selected wavelength. As
an example, voltabsorptometric curves relative to the
first potential cycle between the limits 0.00 to +1.10 V,
recorded on an MBTBT, AN solution, at two extreme
wavelength values characteristic of neutral and posi-
tively oxidised species, i.e., at 400 and 700 nm, respec-
tively, have been normalised and reported in Fig. 1. Ap
measured at 700 nm is strongly dependent on the elec-
trode potential: it increases progressively in the anodic
scan, also increases past the switching potential, and
reaches a maximum value in the first portion of the re-
verse scan. Accordingly, the cationic species are gener-
ated at positive potentials, being then reduced in the
backward sweep, as proved by the decrease that follows
the absorbance maximum. On the other hand, 4p at 400
nm accounts for neutral species in solution generated by
radical-radical coupling of oxidised dimer with subse-
quent (fast) release of two protons. These species con-
tinue to diffuse into the bulk solution once the potential
scan is reversed until attaining a maximum concentra-
tion whose value remains unchanged throughout the
backward sweep. The absence of any increase during the
backward potential scan is in agreement with the high
rate of the radical-radical coupling reaction. The de-
crease of the absorbance due to positively charged spe-
cies agrees with the hypothesised electrode reduction as
a cause of the decrease of concentration of charged ol-
igomeric species, i.e., of Ap at 700 nm. In the subsequent
cycles the trend of the absorbance exhibits a similar
behaviour, the overall Ap increasing from one cycle to
the following one.

The results collected under potentiodynamic condi-
tions (voltabsorptometry) are however of difficult in-
terpretation, due to the complexity and variability of the
whole scheme of the processes occurring at the different
applied potentials. This suggested carrying out the oxi-
dative electropolymerisation at a constant potential,
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Fig. 1. Voltabsorptograms at 400 (o) and 700 nm (+), corresponding to
the first cycle of a series of 10 subsequent cyclic potential sweeps be-
tween 0.00 and +1.10 V at scan rate 0.01 Vs7. 5x 10~? mol dm*
MBTBT, 0.1 mol dm™ TBAPFs, AN solution.
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thus simplifying the operative conditions, the extent of
occurrence of the different processes only depending on
the concentrations of the species, rather than on the
variable potential.

Electropolymerisation of MBTBT under potentio-
static conditions (chronoabsorptometry) was accom-
plished using various dimer concentrations, polarising
the electrode at different positive potentials, for different
time length. As already evidenced, the experiments were
carried out under finite diffusion conditions. Absorption
spectra in the visible range, i.e., from 350 to 800 nm,
were recorded in both arrangements, simultaneously
with current. As an example, Fig. 2 shows the 3D plots
of absorbance in normal (Fig. 2(a)) and parallel (Fig.
2(b)) arrangement vs. wavelength and electropolymeri-
sation time, recorded during a 300 s chronoabsorpto-
metric experiment at +1.12 V. Spectra recorded at the
same time in the two arrangements are different from
each other, which confirms our initial assumption that
different species are monitored in the two configura-
tions: A computed according to Eq. (1) accounts for
the deposited polymer on the electrode surface, while the
intermediate oligomeric species generated in solution are
accounted for by Ap. As a first observation, it should be
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Fig. 2. 3D plots of absorbance in normal (a) and parallel (b) ar-
rangement vs. wavelength and time for a 300 s chronoabsorptometric
experiment at +1.12 V. 5 x 1073 mol dm™® MBTBT, 0.1 mol dm™
TBAPF¢, AN solution.

noted that 4 increases during the whole experiment, in
accordance with the increase of the polymer thickness
on the electrode. This also implies that the MBTBT in
the diffusion space is not exhaustively consumed during
the chronoamperometric test. On the other hand, Ap
varies differently with time depending on the selected
wavelength. The same wavelengths used in potentiody-
namic experiments, i.e., 400 and 700 nm, have been
chosen: the trends of the relevant 45 and A4p value at
time passing are reported in Figs. 3(a) and (b), respec-
tively. The electrical charge spent has also been plotted
in the same figures. To convenient comparison, each one
of the three signals has been normalised by dividing by
its maximum value.

The absorbance values at 400 nm (Fig. 3(a)) exhibit a
very different behaviour depending on the optical path
direction. In the normal arrangement, where electrode-
posited species absorb, the sigmoidal-shaped Aﬁ vs. time
curve displays the steepest quasi-linear increase at in-
termediate times. Conversely, the steepest and major
increase of Ap, which accounts for neutral soluble, short-
chain oligomers, occurs in the correspondence of the
first times of electropolymerisation, rising at a slower
rate afterwards. Therefore, most of the electrical charge
involved at the beginning of the experiment is spent in
generating short-chain oligomeric intermediates. Only
once concentration and length of the oligomers are high
enough, the absorbance due to the deposited polymer
starts rising sharply. In this stage, polymer growth takes
place on a polymer-coated electrode: a quasi-linear de-
pendence of absorbance on time is observed, the slope
decreasing markedly when reaching a final step limited
by the dimer supply.

As regards the absorbance at 700 nm (Fig. 3(b)), AS
values exhibit similar trends: once the contribution of
the oxidised oligomers in solution is subtracted to Ay,
the absorbance at any wavelength only accounts for the
amount of oxidised polymer on the electrode surface,
whose time-dependence has just been discussed. Quite
nicely, Ap, which accounts for cationic oligomeric in-
termediates in solution, shows a maximum coincident
with the starting point of the quasi-linear increase of 4.
At longer times, the concentration of such cationic
oligomers is practically unchanged in the diffusion layer,
justifying the previous observation that the polymer on
the electrode continues growing.

Since the derivative of the absorbance exhibits, for a
simple system, a shape similar to that of the current,
possessing however the advantage of being selective, that
is to say it is only sensitive to processes in which ab-
sorbing species are involved, plots of the derivative of the
absorbance with respect to time are commonly employed
in voltabsorptometric studies. On the contrary, plotting
time-derivative absorbance is not common practice in
chronoabsorptometric experiments, even though the
observed trends can actually provide for quite interesting
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Fig. 3. Normalised Ag (o), Ap (+) absorbances at 400 nm (a) and 700 nm (b), with corresponding electrical charge collected (continuous line), plotted
vs. time. Corresponding derivative chronoabsorptograms at 400 nm (c) and 700 nm (d), with relevant current intensity, plotted vs. time. Experimental

conditions as in Fig. 2.

information. However, neither normal nor parallel
spectral measurements are separately capable to com-
plete the electrochemical information: bidimensional
spectroelectrochemical measurements become in such a
situation an invaluable tool, as the following results
emphasise. The derivative of the absorbance with respect
to time in both normal and parallel configurations, i.e.,
dAn/dt and dAp/dt, together with the current flowing
through the electrode, are plotted vs. time in Figs. 3(c)
and (d), at 4 = 400 and 700 nm, respectively.

The maximum of the d4p/d¢ vs. time curves is located
at t ~ 10 s, which should identify the period in which
the highest rate for generation of both neutral and
charged short-chain oligomers is reached. This maxi-
mum is almost coincident with the location of the
minimum in the i/¢ curve, which means that the charge
spent until that time is only devoted to form oligomers
in solution, as confirmed by the low values of the de-
rivative and original (Fig. 3(a)) chronoabsorptograms in
normal arrangement. However, after reaching a maxi-
mum value, the oligomers generation rate drops sharply,
while the current intensity increases as a result of both
the considerable increase of the electroactive area due to
nucleation process and the beginning of the p-doping
process of the polymer, which has started depositing
onto the electrode [13]. Accordingly, a subsequent,
continuous growth of dA4n/dt parallels the drop of
dA4p/d¢, until reaching a maximum in the polymer gen-
eration rate that corresponds to the quasi-linear portion
in Fig. 3(a). From that point onwards, the current in-
tensity gradually decreases along with the generation
rate of neutral oligomers and, consequently, the rate of

polymer growth lowers as well. This notwithstanding, as
previously noticed, the dimer in the diffusion space is not
totally consumed throughout the chronoamperometric
test.

As occurs at 400 nm, the maximum in the dd4p/d¢
curve and the minimum in the chronoamperometric
current are time-coincident at 700 nm (see Fig. 3(d));
however, after reaching a maximum, the generation rate
of cationic oligomers decreases less sharply than the
generation rate of neutral short oligomers does: a sig-
nificant concentration of charged oligomeric species is
steadily present in the solution, as the relevant plot in
Fig. 3(b) clearly shows.

By analysing the bidimensional spectroscopic signals,
the explanation for the trend in the i/¢ chronoampero-
metric curve [13] can find sound support. At very short
times, the current has to be for the most part ascribed to
the diffusion-controlled oxidation of the starting dimer.
In a second time interval, a minimum current value is
reached in correspondence with the highest oligomeri-
sation rate. Subsequently, the chain propagation takes
place via the ascertained (CE), [or (CCE),] mechanism,
i.e., via radical-radical coupling, proton release, and
subsequent electrochemical oxidation steps, as far as the
critical chain length is reached and polymer starts to
precipitate onto the electrode (nucleation); finally, the
deposited polymer undergoes p-doping, that is to say, it
is oxidised. Of course, all the preceding steps occur in
parallel to the last ones to a different extent. During the
last stage, once a layer of polymer covers the surface, the
current becomes nearly constant, due to progressive
formation of charged polymer multilayers (growing),
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following the same radical-radical coupling mechanism
as in the nucleation step. When the process has been
carried out in an even thinner layer cell, a further stage,
characterised by a decrease of the current is observed,
corresponding to a lowering in the polymerisation rate
caused by the depletion of dimer in the solution.

4. Conclusions

Several instrumental techniques (EQCM, ellipsome-
try, monodimensional spectroscopy, etc.) have been
currently used in the study of anodic synthesis of con-
ducting polymers. When used separately from one an-
other, they provide for partial information, which is
often unsuitable in order to differentiate the phenomena
occurring on the electrode surface from those taking
place in the solution nearby. Experiments carried out by
using bidimensional spectroelectrochemistry give us the
possibility of looking ‘selectively’ at the two distinct
main processes, i.c., the deposition of the polymer onto
the electrode and the formation of intermediate neutral
and oxidised oligomers in the solution. In particular, the
bidimensional chronoabsorptometric monitoring of the
electropolymerisation of MBTBT allows us to ascertain
that the oligomeric species are always formed in the
solution before the coverage of the electrode surface
starts. The polymer film grows linearly with time, but
the concentration of oligomers, after an ‘induction
time’, reaches a quasi-steady-state during the whole
process. An overall reaction scheme can be accordingly
proposed for the electropolymerisation.
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