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Abstract

The electrochemical polymerization of EDOT on ITO from cesium cobaltabisdicarbollide acetonitrile solutions is accompanied by a reversible
oxidation of the doping anion. It results in a p-doped polymer embedded with short-chain reduced oligomers, as proven by the material
composition, morphology, electrochemical and spectroelectrochemical behaviour. The ratio between the number of EDOT molecules entrapped
in the polymer vs. the oligomers is 0.88. This ratio was estimated from the doping level of the material considering that only the polymer can be
doped. Its oxidation/reduction process takes place reversibly in the potential range —0.8/+0.7 V vs. SCE and is accompanied by cation exchange.
The non-extrudable character of the doping anion was proven by electrochemical treatments designed to alter the material composition by ionic
exchange followed by EDX or MALDI-TOF mass spectrometric analyses either of the material or of the 0.1 M LiClO, acetonitrile solution in

which the polymer oxidation/reduction had been performed.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Among the conjugated polymers, CPs, poly(3,4-ethylene-
dioxythiophene), or PEDOT (see the starting monomer 3,4-
ethylenedioxythiophene, EDOT, in Scheme 1), displays a high
regularity of the polymeric chain due to the lack of o—f3
linkages between the monomers, a high stability of the p-doped
state and a high conductivity [1,2]. Most of its applications rely
on the use of PEDOT polystyrenesulfonate [1]. This material
was used recently as a component for electrochromic devices
[3], disposable electrodes [4], light emitting diodes [5],
electronic memories [6], super capacitors [7], electronic [8]
or electrochemical logic circuits [9]. On the other hand, the
metallacarborane cobaltabisdicarbollide ([3,3'-Co(1,2-
C,BoH;1)>] 7, 17 —Scheme 1) has interesting features as a
doping agent: a regular peanut shape, a weakly-coordinating
ability, a large volume, a low charge density and hydro-
phobicity [10]. These electronic and structural characteristics
have permitted to get polypyrrole materials in which the anion
is non-extrudable [10-15], thence resulting in a substantial
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improvement of the overoxidation resistance [10,11], in
selective cation-exchange properties [12], in sensors with a
Nernstian response to pH [13,14] and in microcrystalline layers
at the polymer surface [15]. Additionally, 1~ experiences a
Co(IV)/Co(IIl) redox-state interconversion [16] at the exper-
imental conditions of EDOT polymerization. The electro-
chemical doping of CPs with anions electroactive during
polymer synthesis may produce innovative materials. Herein,
we report the electrochemical synthesis on ITO substrate of
PEDOT doped with 1~, PEDOT/1™, as well as the
morphology, doping level, electrochemical and spectroelec-
trochemical behaviour of the obtained material. In addition, we
prove by two original methods (EDX and MALDI-TOF mass
spectrometry) the immobility of the doping agent during the
polymer switch between the neutral and the p-doped states; it is
also shown that an important oligomeric fraction is embedded
in the main polymer.

2. Experimental
2.1. Materials and methods

The following reagents were employed as received:
Cs[Co(C,BoH11),] (Cs[17], from Katchem Ltd, Prague) and
tetraethylammonium chloride hydrate (NEt,Cl1XH,0),
AgNO3;, LiClO, and ferrocene (all from Aldrich). Acetonitrile
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EDOT

Scheme 1. Structures of the 3,4-ethylenedioxythiophene, EDOT, monomer and
of cobaltabisdicarbollide, [3,3’-Co(1,2-C>BoH;,),] ~, 1~. The non-specified
vertices in the polyhedral clusters sandwiching the Co moiety in 1~ represent
B-H groups.

(from Merck) and EDOT (from Aldrich) were distilled before
use.

ITO-covered glass plates (7 mmX50 mmX0.7 mm;
cat. number: CG-50IN-CUV), with nominal resistance of
8-12 Q/plate (from Delta Technologies Ltd) were used
throughout as working electrodes. The area of the ITO plates
kept in contact with the solution was usually of 2 cm?. A Pt foil
(1 cm? surface area) or a Pt wire (¢ 0.5 mm, 4 cm) were the
counter electrodes employed in the electrochemical syntheses
and tests or in the spectroelectrochemical experiments,
respectively. The employed reference or pseudoreference
electrodes were Ag|AgCl (0.1 M NEt,Cl X H,0, acetonitrile)
in the electrochemical experiments and Ag|Ag™ (1072 M
AgNOs3, 10°'M LiClQy, acetonitrile) in the spectroelectro-
chemical tests, respectively. These electrodes were checked
with ferrocene solutions in acetonitrile, as recommended by
IUPAC [17]. For easy comparison with literature data, the
potential values were re-calculated versus SCE using common
conversion factors [2]. Therefore, all potential values from the
paper are reported with respect to SCE.

A VoltaLab80 (Universal Electrochemical Laboratory
System) interfaced with a PGZ402 potentiostat (Radiometer
Analytical) and controlled by the VoltaMaster 4 software was
used in the electrochemical syntheses as well as in the
electrochemical and spectroelectrochemical tests. The absorp-
tion spectra of the ITO-supported PEDOT/1~ (simply,
PEDOT/1 ) films and the switch between the neutral and
p-doped oxidised states (or, simply, the redox switch) were
recorded with a PharmaSpec UV-1700 spectrophotometer
(Shimadzu) equipped with an ‘in situ’ spectroelectrochemical
cell. SEM images were acquired with a Hitachi S-570 electron
microscope, with a beam of 15keV. The in-depth micro-
chemical analysis of a PEDOT/1 ™ film was performed by XPS
using a Physical Electronics PHI 5700 spectrometer assisted by
argon plasma sputtering and equipped with a non-monochro-
matic Mg Ka radiation (300 W, 15kV, 1253.6eV) as
excitation source and with the PHI ACCESS ESCA-V6.0 F
software package. Other details related to the XPS analysis can
be found elsewhere [18]. The energy dispersive X-ray analysis,
EDX, was performed with a JSM-6300 Scanning Electron
Microscope (JEOL, Cambridge, UK). MALDI-TOF mass
spectra were recorded using the Bruker Biflex instrument [N,
laser, Aex. 337 nm (0.5 ns pulses); voltage ion source 20.00 kV

(Uisl) and 17.50 kV (Uis2)]. The isotope pattern calculation
(IPC) was carried out with the Sheffield ChemPuter IPC
software from the web address: http://www.chem.shef.ac.uk.

2.2. Procedures

All determinations were performed at ambient temperature
(23+2°C). PEDOT/1™ films were synthesized galvanostati-
cally in a classical three electrodes, one compartment
electrochemical cell from a 0.1 M Cs[17], 0.01 M EDOT
acetonitrile electropolymerization solution. Unless stated
otherwise, the parameters used were a 0.5 mA X cm ™~ 2 current
density and a 200 mCXcm~* electropolymerization charge
density, o.po. The potentiodynamic technique with ohmic
drop compensation was also explored to gain additional
information about the polymerization mechanism. Only in
this case, the area of the ITO surface exposed to the solution
was 0.1 cm? In addition, a 100 mV Xs~! scan rate was
employed in this experiment and in the other tests or
electrochemical treatments performed by cyclic voltammetry.
Before the syntheses, the electropolymerization solutions were
purged with dried nitrogen for 10 min.

Immediately after syntheses, the PEDOT/1™~ films for
electrochemical or spectroelectrochemical tests were
thoroughly washed with anhydrous acetonitrile and then
transferred to a 0.1 M LiClO,4 acetonitrile solution (referred
as electrolyte solution). In the latter, the films were kept for 2 h
before being subjected, in new electrolyte solutions, to the
subsequent tests. The films devoted to the XPS in-depth
microanalysis or to SEM investigations were washed with
acetonitrile, dried with purified nitrogen and then kept in the air
for maximum 2 days.

To prove the immobility of 1~ during the redox switch, two
different procedures were employed. First, five PEDOT/1 ™
films were identically prepared, washed with acetonitrile and
kept in the electrolyte solution like the films for the
electrochemical tests. Next, four of these films were
successively transferred to a new electrolyte solution and
subjected to different electrochemical treatments consisting in
20 potential scans carried out at different potential ranges
and/or with different potential values of start, as shown in
Section 3.4. Finally, the film of reference (with no electro-
chemical treatment) and the other four were washed with
acetonitrile, dried with nitrogen and analyzed by EDX. In the
second procedure, a 200 mC Xm ™~ > PEDOT/1~ film washed
with acetonitrile and kept for 2 h in the electrolyte solution was
subjected under stirring to 20 potential scans over the range
+0.7/—0.8 V in 10 mL of a new electrolyte solution. Then,
the resulting sample solution was analyzed by MALDI-TOF
mass spectrometry.

3. Results
3.1. Electrochemical synthesis of PEDOT/1

PEDOT/1~ was synthesized from electropolymerization
solutions prepared in anhydrous acetonitrile in which both
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Fig. 1. (A) Potential variation during galvanostatic synthesis of PEDOT/1~.
(B) Potentio-dynamic formation of PEDOT/1~ on ITO. Cycles 1, 3, 6,9, 12, 15
and 18 are presented. Except for cycles 1 and 3, the corresponding numbers are
written above the curves. In each cycle, the cathodic scans preceded the anodic
ones.

EDOT and Cs[17] are soluble. A potentiogram recorded
during the galvanostatic synthesis of 200 mCXcm 2
PEDOT/1™ is presented in Fig. 1(A). A rapid decay of
potential from +1.28 to +1.23 V follows the charging of the
double layer and, at about 50s from the polymerization
beginning, the potential definitively stabilizes at +1.20 V (see
the vertical arrow in Fig. 1(A)).

Seven voltammograms recorded during the potentiody-
namic synthesis of PEDOT/1 ™ are presented in Fig. 1(B). As
one can see, the electrochemical reactions leading to the
polymer formation occur between +0.9 and +1.4 V and the
onset of the monomer oxidation is encountered at +1.22V
(see the vertical arrow on the anodic scan from the first cycle in
Fig. 1(B)). Current maxima are encountered near + 1.36 V on
the cathodic scans recorded in the cycles 3—18 which increase
until the cycle number 9. This behavior suggests changes
during time in the electropolymerization mechanism.

Between +0.6 and +0.9 V, the previously formed polymer
is found in highly oxidised state. Nevertheless, high and
relatively constant capacitive currents are now recorded due to
the quasi-metallic state appearing in the highly doped CPs [19].
One notes that, in the first cycle, the anodic currents from this
range are higher in magnitude than the corresponding cathodic
ones, which are recorded first.

The oxidation/reduction of the polymer takes place between
—0.7 and +0.6 V. The peak potential of polymer oxidation is
found at about +0.23 V in all cycles while the reduction peak
potential shifts continuously between —0.32 V (nucleation
wave) [20] in the first cycle and —0.01 V in the last one.

BBEuUm

Fig. 2. SEM image of a 50 mCXcm ™2 PEDOT/1~ film.

Finally, a rather constant current is recorded in the interval
—0.9/—0.7 V, with its magnitude depending linearly on the
amount of polymer on the electrode. This current is not due to a
reducing character of PEDOT/1™ because catalytic properties
would then be observed, and this was not the case.

3.2. Morphology and elemental composition of PEDOT/I

Fig. 2 shows a SEM image of PEDOT/1 . It reveals
networks of interpenetrating globules with few but large pores
(up to 0.5 pm diameters). This morphology, that was found to
be independent on . . Over the tested range 50-200 mC X
cmfz, is characteristic of an amorphous material. It is not in
agreement with a two-dimensional kinetics of the polymer
growth, as found by Chevrot et al. for PEDOT/CIO, [21].

The XPS microanalysis with argon plasma sputtering
proved the in-depth composition homogeneity of a 200 mC X
cm ™2 PEDOT/1~ film until In and Sn from the support were
identified. In atomic percents, the relative composition is:
C53.9%; 0 16.2%; S 8.3%; B 20.4% and Co 1.2%. Neither Cs
nor N were observed indicating that a significant entrapment
followed by a strong bounding in the material of Cs ™ cations or
of acetonitrile molecules does not occur during the galvano-
static synthesis.

Considering that the overall electropolymerization reaction
is the one presented in Scheme 2, the found composition
indicates the low doping level y=0.14. In comparison, the
usual doping level of common PEDOTs and polythiophenes is
0.30 [21,22] but a similar doping level to this encountered here
was also reported, with no explanation, by Inganis et al. for
PEDOT/Tosylate prepared electrochemically [23].

3.3. Electrochemical and spectroelectrochemical properties

These properties of PEDOT/1~ were investigated in the
optically transparent 0.1 M LiClO, acetonitrile solution.
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Scheme 2. The overall electropolymerization reaction. The positive charge
corresponding to one monomer unit in the polymer (1/n) represents the doping
level, v [21].

In a preliminary study, the potential range in which the redox
switch of PEDOT/1™ is reversible was found by cyclic
voltammetry to be —0.8/+0.7 V in the studied electrolyte.
Four voltammograms recorded in this potential range for
PEDOT/1" films prepared with different o ;. are presented in
Fig. 3. Only small shifts are noted for the positions of the
anodic and cathodic peak potentials with increasing o o). but
significant reducing currents are present on the cathodic scans,
even at —0.8 V.

The switching charge density, o, , was computed for each
PEDOT/1™ film by integrating the anodic branches of the
voltammograms between —0.4 and +0.7 V [21]. As one can
see inside Fig. 3, o, varies linearly on . ;. but the intercept
of the regression line differs significantly from zero. However,
one concludes that the ionic exchange takes place uniformly in
PEDOT/1™ films with different thicknesses and, from the slope
of the regression line, an ion exchange capacity of 5.6 mC X
cm72/(100 mCXcm ™ 2 Oc pol.) is obtained, in good agreement
with the found doping level. Indeed, a charge density of
6.5 mCX cm_2/(100 mCXcm™? Oc.pol.) 1S mnecessary to
completely reduce, up to y=0, a CP with y=0.14. The
difference might be due either to an incomplete reduction of
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Fig. 3. Voltammograms recorded in 0.1 M LiClO, acetonitrile solution for
PEDOT/1"™ films prepared with the following o 0.1 (2)50; (b)100; (¢)150; and
(d)200 mCXcm ™2 On the left corner, the dependence gy —0cpor. 1S
presented.
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Fig. 4. Absorption spectra acquired from the electrolyte solution for a
200 mCXcm ™2 PEDOT/1 ™ film at the following potentials: (a) OCP (around
0V); (b) —0.8 V;and (c) +0.7 V, respectively.

the PEDOT/1 ", that should be in agreement with other
literature data [24], or to a consumption of a part of . . for
producing oligomers that could remain in the electropolymer-
ization solution.

In the electrolyte solution, PEDOT/1~ attains spon-
taneously (about 1 h) a potential (the open circuit potential,
OCP) close to the average between the potential limits of the
potential range of redox switch. The absorption spectra
exhibited by a PEDOT/1™ film at that potential as well as in
the reduced and oxidized states are presented in Fig. 4. The
absorption band due to the —m* electronic transition (or the
E, transition [1,2,25]) is clearly seen in the spectra (a) and (b),
its maximum being located at 575 nm. In comparison, the
corresponding absorption maximum is found at 610-620 nm in
most PEDOTs [2]. The encountered blue shift indicates a low
conjugation length of the formed polymer [2,22]. However, a
bandgap of 1.5 eV can be calculated from the onset of the E,
transition, in agreement with the literature data [26].

By oxidation, the intensity of absorption due to the m—m*
electronic transition decreases whereas the absorption at higher
wavelengths increases due to the low energy charge carriers
that appear in highly doped polymers [27,28]. While the
absorption spectrum of the fully oxidised PEDOT/1~ does not
exhibit an absorption maximum in the studied optical range,
the spectrum recorded at OCP presents the absorption band due
to the E, transition as well as the absorption band Ey,; [2,25]
with the maximum found at 830 nm. Moreover, within an error
of +10%, the absorbance at 575 nm of the PEDOT/1~ found
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at OCP is the arithmetic average of the absorbances at the same
wavelength exhibited by the reduced and oxidized states of
PEDOT/1 .

Although a low doping level was found for PEDOT/1 ", the
shape of the absorption spectra is similar to that reported by
other authors for PEDOTSs with an assumed doping level of
0.30 [25,26,29]. Nevertheless, three important differences can
be noted in addition to the blue shift mentioned before: an
abnormally high absorption exhibited by the oxidised
PEDOT/1~ under 600 nm; an about twice smaller absorbance
exhibited by the reduced PEDOT/1 ™~ at 575 nm by comparison
with PEDOT/CIO, prepared at the same o0.p,; and a
significant absorption band found at wavelengths smaller
than 400 nm, whose tail is observed for all three PEDOT/1
states. As it will be shown in Section 4, they are the
consequences of the PEDOT/1™ forming conditions.

The stability of the PEDOT/1 ™ to repetitive redox switches
and the switching time were studied by monitoring at 575 nm
the absorbance variation during the time in which a
PEDOT/1 " film was alternatively impressed with potentials
of —0.8 and +0.7 V, respectively. The results obtained during
the first 20 switches are presented in Fig. 5. As it can be seen,
no significant modification is noted in the amplitude of the
absorbance variation. The same trend is observed for at least
100 switches between —0.8 and +0.7 V. The switching time
[2], of near 5s, is of the same order of magnitude with that
reported by Ingands et al. in a solid state electrochromic
cell [29].
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Fig. 5. Variation on time of the absorbance at 575 nm for a 200 mC X cm ™ >
PEDOT/1™ film during repetitive changes of potential between —0.8 V (10 s)
and +0.7 V (10 s), respectively.

3.4. Immobility of 1~ during the polymer oxidation/reduction

Because the voltammograms obtained in the potentiody-
namic synthesis of PEDOT/1~ do not furnish enough
information about the nature of the ion(s) exchanged during
the polymer oxidation/reduction, the procedures described in
Section 2.2 were used to test the mobility of 1~ during the
redox switch. Fig. 6 summarizes the results obtained in the
EDX analysis of five PEDOT/1™ films subjected to electro-
chemical treatments designed to alter differently the
PEDOT/1~ composition by ionic exchange (see also Section
2.2). In all cases, the same Co:S ratio as the one found by XPS
was obtained, indicating that 1~ had not been replaced by
CIOj in any of the electrochemical treatments.

The low coordinating ability of 1~ [10] and the low
dissociation in acetonitrile of the LiClO, salt [30] prompted us
to assess the MALDI-TOF mass spectrometric analysis of
traces of 1~ in 0.1 M LiClO, acetonitrile solutions. If 1™ in
PEDOT/1~ would be mobile, then it would be replaced
significantly by ClOy during 20 redox switches. In such a case,
al~ concentration of the order of 10~ > M would be present in the
sample solution obtained as described in Section 2.2 [31]. The
mass spectra of the sample solution (see Section 2.2) and of a
reference solution containing both Cs[1 ] and LiClO4 in a 104
molar ratio are presented in Fig. 7. In the optimum m/z range
selected for work, the spectrum of the sample solution exhibits
only the isotopic peaks characteristic of the perchlorate ionic
association [Li(ClO,4),]~ while the one of the reference solution
displays also the peak group of 1, as proven by the isotopic
patterns. In these conditions, the lack of the peak group centered
at m/z=324 in the spectrum of the sample solution, further
sustains the non-extrudability of 1~ during the redox switch.

4. Discussion

As already shown in Section 3, the properties of PEDOT/1 ™
are rather different from those of other PEDOT polymers doped
electrochemically with mobile anions. Main differences consist
in the proven morphology, in the doping level, in the low ratio
between the absorption of the reduced state and o por, in the
blue shift of the main absorption maximum, and in the apparent
reducing character of PEDOT/1 ™. In addition, the immobility
of 1™ during the redox switch results in a narrow potential
range of redox switch. This property might result in important
practical applications and will be detailed in a future paper.

Most differences between the properties of PEDOT/1 ™~ and
of common PEDOTs reside in the formation particularities of
PEDOT/1~ which evolve from the electroactivity of 1~ during
the galvanostatic and potentiodynamic syntheses. Indeed, in a
complementary study (see Appendix A), we found that the
following equilibrium takes place in similar conditions to those
employed for PEDOT/1 ™ syntheses:

[Co(C,BgH, ).l [Co(CBgH ) laus + €
1~ 1°

Eyp~+126V

where 1° adsorbs on ITO. The half wave potential of this
equilibrium, E;;, is lower than the irreversible oxidation
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Fig. 6. Relative atomic percents found for S (grey rectangles) and for Co (black rectangles) by EDX microanalysis in five PEDOT/1 ™~ samples subjected to potential
scans in the ranges presented in the upper part of the figure, as detailed in Section 2.2. The starting potentials are indicated by arrows at one end of the potential ranges
and, below these, the shape of the voltammograms is presented. The doping levels with 1™ of the different PEDOT/1~ samples (or, equivalently, the Co:S ratio, v)
are also included between the histograms and the electrochemical treatments.

potential of EDOT (about + 1.4 V) [2,21,25] but it is similar to surface of the two species takes place. Nevertheless, the most
the potentials recorded during our galvanostatic syntheses (see part of g ,o1. is consumed in the reaction from Scheme 2, where
Fig. 1(A)). Consequently, a concurrent oxidation of 1~ and the formed polymer and oligomers are found either deposited
EDOT occurs during the electrochemical syntheses of  onto the electrode or solved in solution. It is because 1° will be
PEDOT/1" . This implies that a competition for the electrodic finally reduced to 1~ by electron capture either from the
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Fig. 7. MALDI-TOF mass spectra for: (A) sample solution (see Section 2.2); and (B) 0.1 M LiClO,4 and 107> M Cs[1 ] acetonitrile reference solution, respectively.
The isotopic patterns of [Li(ClOy4),] ™ and of 1™ are also included near the corresponding peak groups.
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electrode bulk or from the EDOT molecules found near the
electrode before being entrapped into the polymer as doping
anion or being escaped into the solution. In whatever case, the
current due to the 1~ oxidation is annihilated. In such
conditions, the conclusions derived in Section 3 from the
values of o o must be correct.

The adsorption on ITO of 1° could hinder the layer-by-layer
growth [21] of the polymer and, thus, it might determine the
encountered morphology (see Fig. 2). Moreover, this process is
more important in the first synthesis stages and this fact might
explain the potential decay in the system at about 50 s from
the beginning of the galvanostatic synthesis (see Fig. 1(A)).
The more cathodic location of the reduction peak from the
voltammograms recorded in the first cycle of the potentiody-
namic syntheses is explained as follows. At high potentials,
short-chain, positively-charged oligomers are formed initially
in the solution adjacent to the electrode surface from EDOT ™
and EDOT. Due to the 1° adsorption on ITO, those oligomers
cannot nucleate on the electrode surface at the potentials at
which they are formed but it will happen at relatively cathodic
potentials where the electrode surface is charged negatively
enough to exhibit a sufficient electrostatic attraction of the
oligomers. This interpretation is also sustained by the ratio
between the anodic and cathodic capacitive currents recorded
in the first cycle between +0.6 and +0.9 V (see Fig. 1(B)),
which clearly proves that the polymer forms at the electrode
surface in the time interval elapsed between their acquisitions.

After the nucleation took place in whatever variant of
electrochemical synthesis, the oligomers from solution either
might be incorporated into the polymer chain, either might
remain in the solution, or might be simply entrapped in the
material. Whereas the analysis after the synthesis of the
electropolymerization solution indicated low levels of oligo-
mers (data not shown), the properties of the material and the
literature data sustain the massive incorporation of the latter
into PEDOT/1 . Indeed, it is known that bis-EDOT [32] and
ter-EDOT [33] are monomers less reactive than EDOT, then
giving rise by electropolymerization to polymers having the
absorption maxima highly blue-shifted [2,32,33]. In our case,
the oligomers might be responsible of the absorption band seen
in the spectra at wavelengths lower than 400 nm (see Fig. 4).
This band resembles more the T—mt* absorption band of EDOT
than the one of PEDOT and, therefore, it sustains the
entrapment of oligomers into PEDOT/1 ™.

The ionic exchange capacity and the absorbance values of
PEDOT/1 " in reduced state (which is about twice lower than
for PEDOT/CI1O; [26]) agree well with the found doping level.
They also sustain the hypothesis that PEDOT/1 ™ consists of a
main polymeric chain, which can be doped up to the theoretical
level of y=0.30, and from an un-dopable oligomeric fraction
found in the reduced state. The ratio between the number of
EDOT monomers entrapped in the polymeric and oligomeric
fractions of PEDOT/1 ~ is 0.88, as it results from the v values
of 0.30 and 0.14 which are characteristic to the common
PEDOTs [21,22] and to the PEDOT/1 ™, respectively, [34].

Although the PEDOT/1™ composition determined by XPS
does not exhibit significant in-depth changes, the 1° adsorption

on ITO in the first stage of the electrochemical synthesis might
result, near the ITO surface, in a ratio between the polymeric
and oligomeric fractions higher than 0.88 and this fact might
explain the non-zero intercept of the regression line from
Fig. 3.

An intriguing aspect exhibited by PEDOT/1 ™ consists in its
apparent reducing character. One observes that neither the
PEDOT reduction to an n-doped state [35], nor the 1~
reduction as a result of a Co(III)/Co(II) interconversion [16] are
possible in the —0.9/—0.4 V potential range because these
processes occur at potentials more cathodic than —1.85V
[2,35] and —1.42 V [16], respectively. In such conditions, to
find the origin of the cathodic currents recorded constantly
during the cathodic scans at the most negative potentials
explored by us, a PEDOT/1 ™ film was polarised continuously
at —0.8 V for 1 h in the same electrolyte solution in which the
electro- and spectroelectrochemical tests were performed.
The MALDI-TOF mass spectrum acquired in positive mode
for the resulting solution indicated the presence of short-chain
oligomers of EDOT (data not shown). Consequently, one
considers that a reductive dissolution of the oligomeric fraction
takes place at cathodic potentials, representing the source of the
long-time instability proven by PEDOT/1~ to very great
numbers of redox switches. Nevertheless, this phenomenon
(which simply allow the controlled removal of the oligomeric
fraction by means of an electrochemical stimulus) might be
useful in some practical applications or theoretical studies,
either for the enrichment of the material in the polymeric
fraction or for the preparation of very dilute solutions of EDOT
oligomers. Such solutions could then be added over analytical
samples containing chemical substances with molecular
masses spread in the mass range of the oligomers as a unique
internal standard in the mass spectrometric determination of all
compounds.

5. Conclusions

The use of the voluminous metallacarborane anion
cobaltabisdicarbollide for the electrochemical doping of
PEDOT on ITO support results in a material with properties
very different from those of PEDOT/CIO}, concerning both the
doping level, the morphology, and the electrochemical and
spectroelectrochemical behaviour as well as a specific apparent
reducing character. Most of the found differences have the
origin in the concurrent oxidation on ITO between the doping
anion and EDOT during the synthesis which gives rise to a
polymer mixed with short-chain oligomers found in reduced
state.

Only the polymer fraction can be p-doped and reversibly un-
doped in the potential range —0.8/+0.7 V vs. SCE while the
oligomeric fraction suffers an irreversible reductive dissolution
at potentials lower than —0.4 V vs. SCE. The immobility of
the doping anion during the polymer oxidation/reduction was
proven by two original procedures relying on electrochemical
treatments designed to alter the material composition by ionic
exchange followed by EDX or MALDI-TOF mass spectro-
metric analyses either of the material itself or of the 0.1 M
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Fig. Al. (A)Voltammograms acquired at the following anodic scan rates: (a) 50; (b) 100; (c) 150 and (d) 200 mV Xs™ ! respectively. Inside, the dependence on scan
rate of j2 is tested. (B) Voltammograms acquired at the following cathodic scan rates: (a) 50; (b) 100; (c) 150 and (d) 200 mV Xs ', respectively. Inside, the
dependence on scan rate of —j. is tested. j,, j—current densities at the anodic or cathodic peaks measured vs. a baseline derived as shown elsewhere [36]; E1,=

(EpatEpo)/2. See text for other conditions.

LiClO, acetonitrile solution in which the polymer oxidation/
reduction had been performed, repetitively.
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Appendix A. Electrochemical behaviour
of cobaltabisdicarbollide on ITO

The electrochemical behaviour of 1~ on ITO was studied by
Cyclic Voltammetry from a 0.01 M Cs[1 ], 0.1 M LiClO,
acetonitrile test solution. The investigated potential range,
whereby the supporting electrolyte (LiClOy) is electrochemi-
cally inactive was —0.4/+1.9 V.

The voltammograms acquired with variable anodic scan
rates but with the same cathodic scan rate (200 mV Xs~ ') or
with a 50 mV X s~ ! anodic scan rate but with variable cathodic
scan rates are presented in Fig. Al (A and B, respectively).
In the second case, the same amount of electroactive species
was oxidized every time during the anodic scan. A quasi-

reversible redox process is observed. Its half wave potential,
E\p,= +1.26V, is estimated from the positions of the anodic
and cathodic peaks in the voltammogram recorded with scan
rates of 50mVXs~ ! in both directions (Epa=+1351V;
E,.=+1.01V; see Fig. A1(B)).

The variation of the voltammograms shape on scan rate
indicates that the anodic and cathodic waves are due to the
oxidation of a chemical species from solution and to the
reduction of a chemical species adsorbed onto the electrode
surface, respectively, [36].
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