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Spectroscopic methods are used to investigate the formation of low molecular mass intermediates
during aniline (ANI) oxidation and polyaniline (PANI) degradation. Studying ANI anodic
oxidation by in-situ Fourier transform infrared spectroscopy (FTIRS) it is possible to obtain, for
the first time, spectroscopic evidences for ANI dimers produced by head-to-tail (4-
aminodiphenylamine, 4ADA) and tail-to-tail (benzidine, BZ) coupling of ANI cation radicals. The
4ADA dimer is adsorbed on the electrode surface during polymerization, as proved by cyclic
voltammetry of thin PANI films and its infrared spectrum. This method also allows, with the help
of computal simulations, assigning characteristic vibration frequencies for the different oxidation
states of PANI. The presence of 4ADA retained inside thin polymer layers is established too. On
the other hand, FTIRS demonstrates that the electrochemically promoted degradation of PANI
renders p-benzoquinone as its main product. This compound, retained inside the film, is apparent
in the cyclic voltammogram in the same potential region previously observed for 4ADA dimer.
Therefore, applying in-situ FTIRS is possible to distinguish between different chemical species
(4ADA or p-benzoquinone) which give rise to voltammetric peaks in the same potential region.
Indophenol and CO, are also detected by FTIRS during ANI oxidation and polymer degradation.
The formation of CO, during degradation is confirmed by differential electrochemical mass
spectroscopy. In the best of our knowledge, this is the first evidence of the oxidation of a
conducting polymer to CO, by electrochemical means. The relevance of the production of different

intermediate species towards PANI fabrication and applications is discussed.

A

Polyaniline (PANI) is one of the most studied conjugated
conducting polymers, due to its interesting properties such as
environmental stability, good electrical conductivity, low cost
and easy synthesis. *? It is clear that aniline (ANI)
polymerization begins by the oxidative formation of ANI
radical cations, which then form dimers through follow-up
chemical reactions. The nature of those species is relevant
both towards PANI synthesis and material properties
(conductivity, toxicity, etc.). As it was early pointed out by
Adams,® both the head-to-tail (4-aminodiphenylamine, 4ADA)
and tail-to-tail (benzidine, BZ) ANI dimers could initiate
polymerization, and therefore, be included in the polymer
structure. Thus it is important to elucidate which of those
products are formed in the early stages of polymerization.
Moreover, BZ contamination of the polymer should be
avoided owing to its well known carcinogenicity. * Its
retention inside the polymer, production by polymer
degradation or formation in the polymerization solution is a
concern when practical applications of the polymer are
envisaged. °

Introduction

On the other hand, it has been recently shown that mass
transport of reactants and products plays a critical role on the
so aggregation state of the resulting PANL® In that way, it is
possible to produce PANI nanofibers or microscopic
aggregates by controlling the stirring of the polymerization
solution. Moreover, addition of small amount of aromatic
diamines,” including BZ® strongly influences the
ss polymerization rate and polymer morphology. It is therefore
likely that the presence of intermediates produces changes in
the polymer morphology and aggregation.
Since it has been shown that ANI chemical® and
electrochemical ° polymerizations follow the same kinetic
s0 mechanism, data obtained from electrochemical studies could
be applied to the chemical polymerization used in industrial
PANI production. Indeed, it has been observed that the same
factors (anion type, aromatic diamines, etc.) affect in the same
way the chemical ** and electrochemical 2 polymerization.

e The electrochemical oxidation of aromatic amines has been
extensively studied in the past using voltammetric techniques
combined with chemical synthesis of products. ** The interest
in this field has been renewed recently owing to the role of
those compounds as monomers of conducting polymers. *
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ANI electropolymerization begins with monomer oxidation to
the corresponding radical cation. The radical cation suffers
various follow up chemical reactions, including dimerization
and coupling with the parent molecule. By comparison of the
cyclic voltammogram (CV) obtained during ANI oxidation in
acid media and those of chemically synthesized dimers, Bacon
& Adams *® established that head-to tail (N-C4) (4ADA) and
tail-tail (C4-C4’) (BZ) dimers are the main products in this
oxidation reaction®. However, direct spectroscopic evidence
for such dimers is rarelly found in the literature®®.

In-situ  spectroscopic techniques, such as differential
electrochemical mass spectroscopy (DEMS) Y7 and Fourier
transform infrared spectroscopy (FTIRS), ' which have been
originally applied to analyze the electrochemical behavior of
simple organic species, 1 can be extended to more complex
compounds % . In-situ FTIRS has been used to study the redox
processes in PANI, mainly in the internal reflection
configuration (attenuated total reflection, ATR) 2*?2 and less
often by external reflection. 2% Dunsch and coworkers used
ATR 2 and electron paramagnetic resonance (EPR) %%
combined with UV-vis spectroscopy to follow ANI
electropolymerization. Nakayama et al investigated PANI
formation by time-resolved FTIR under potentiostatic control.
2 In all these studies, only final products (PANI or
oligomers) were observed. There is no reported detection of
intermediate dimers. Also, in-situ Raman spectroscopy
(including surface enhanced resonance spectroscopy (SERS)
and resonance Raman) has been extensively employed with
this purpose. 3%

On the other hand, few applications of in-situ techniques have
been reported for the elucidation of ANI electrochemical
oxidation process. The adsorption of ANI at Au electrodes
was studied by Holze * using SERS. Schmiemann et al
applied DEMS to study the adsorption and complete oxidation
of ANI on Pt. " Only the products of the complete oxidation
of ANI were detected and no attempt was made to detect
intermediate oxidation products or polymer formation. Cases
et al studied ANI electrochemical oxidation * at pH 5, where
only the head-to-tail dimer (4ADA) was detected by in-situ
FTIR. However, they found that the oxidation of the dimer in
the same media gives a conducting polymer different to PANI.
39

Besides identifying the dimers produced during the initial
stages of ANI polymerization, it is important to ascertain the
nature of features present in the voltammetric profiles. While
PANI displays two main redox systems, corresponding to the
conversion of leucoemeraldine to emeraldine and subsequent
conversion of the later to pernigraniline, a third broad “middle
peak” could be present, depending on the preparation
conditions. In addition, a similar “middle peak” arises when
the polymer is degraded by subjecting it to extreme anodic
potentials in aqueous media. *° The “middle peak” feature has
been assigned to the redox reaction of hydrolysis products
(quinone/hydroquinone), **  dimers or crosslinked units *2.
Furthermore, recently XPS confirms a considerable amount of

® An additional dimer, hydrazobenzene, due head-to-head (N-N)
coupling is only formed at high pH.
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quinone/hydroquinone  as side product formed in
electropolymerized films.*® However, it was difficult to
deduce the effect of the applied potential on the amount of
benzoquinone and hidroquinone (by the observation of the
C1s) because the energy difference between the different
carbon-oxygen bonds was too small to be resolved.Using
spectroelectrochemical methods, the nature of the so called
“middle peak” in the polymer redox response will be clarified.
The aim of the present work is to detect the species formed
during the early stages of ANI polymerization in acid media,
which is the most common polymerization condition, and to
find the nature of soluble and/or adsorbed intermediates as
well as the products of PANI degradation. With this purpose,
external reflection in-situ FTIRS and DEMS are
used.Computational calculations have been applied to confirm
the assignment of IR bands.

B

PANI was synthesized by scanning the electrode from 0.1 to
1.05 Vgye at 50 mV/s during three cycles in order to initiate
the polymerization, and then continuous cycling in the 0.1 -
0.9 Vgye potential range until the desired thickness was
achieved, typically 50 cycles. The first three cycles allows to
form a polymer layer which catalyzes further polymerization.
Then, the potential is reduced to maintain the current density
low avoiding complete depletion of aniline from the diffusion
layer. If aniline is depleted, the oxidized polymer could react
with water, leading to degradation (see below). Three
distinctive solutions were employed (0.01 M, 0.05 M and 0.1
M ANI), all them in 1 M perchloric acid.

Aniline (Fluka, analytical) was used as received. All other
chemicals were of analytical grade. Solutions were prepared
with ultrapure (Millipore) water and degassed by bubbling
pure Ar. The electrochemical experiments were controlled by
a computerized potentiostat (Heka).

4-aminodiphenylamine and benzidine (Aldrich) were purified
by twofold crystallization from absolute ethanol.
Electrochemical measurements were performed usimg 10 mM
solution of 4ADA or BZ in 1 M HCIO,. Dimer adsorption was
measured by immersion of the Pt electrode in a 0.1 % solution
of the dimer in methanol.

DEMS

The working electrode (electrochemical area ca. 5.5 cm?),
consists of a Pt layer sputtered on a microporous
semipermeable membrane (Scimat, average thickness 60 pm,
porosity 50 %, mean pore size 0.17 um). The electrochemical
cell was completed with a Pt wire as counter electrode and a
reversible hydrogen electrode (RHE) in the same electrolyte
as reference electrode. All potentials in the text are referred to
this electrode. The DEMS cell is directly attached to the
vacuum chamber containing the mass spectrometer (Balzers
QMG 112) with a Faraday cup detector. Volatile species
generated at the electrode evaporate at the pores of the
membrane into the vacuum and are detected by the mass
spectrometer with a time constant of ca. 1 s. This time
constant is small enough to allow mass spectrometric cyclic
voltammograms (MSCVs) for selected mass-to-charge ratios
(m/z) to be recorded in parallel to cyclic voltammograms

Experimental
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(CVs) at a scan rate of 0.01V s,

In-situ FTIR spectroscopy

The FTIR spectrometer was a Bruker Vector 22 provided with
a mercury-cadmium telluride detector. Parallel (p) polarized
IR light was employed unless otherwise specified. A glass cell
with a 60° CaF, prism at its bottom was used. The working
electrode was a Pt disk placed on one of the prism faces
connected with a Pt wire. The disk was cleaned before each
experiment by heating in a gas flame and washed with pure
water.

The cell and experimental arrangements were described
previously.** A sketch of the set-up is depicted in the ESI. The
electrochemistry inside the in-situ FTIR cell is made in thin
layer conditions, due to the proximity of the electrode towards
the window necessary to minimize water IR absorption.
Spectra were computed from the average of 128 scans
obtained with resolution of 8 cm™ and are presented as the
reflectance ratio R/R,, where R and R, are the reflectances
measured at the sample and the reference potential,
respectively. In this way, bands pointing upward (positive
bands) are related to species which are present in a greater
amount at the reference potential (consumed), whereas bands
pointing downward (negative bands) correspond to species in
a greater amount at the sample potential (produced).
Computational simulation of the IR spectra

To help the assignment of IR bands in the spectra to molecular
species and/or functional groups, computational simulation of
the IR spectra of reactants and products was perfomed using
Density Functional Theory (DFT) with a B3LYP/6-31G base.
The procedsure involve the following steps:

1) Drawing the structure with charges and anions when
necessary using ChemDraw Ultra 11.

2) Minimize the structure using Merck Molecular Force
Field 94 (MMFF94) in ChemDraw Bio3D 11.

3) Minimize the Energy/Geometry using PM3 in the
GAMESS interface of ChemDraw Bio3D 11.

4) Predict the IR/Raman spectrum using DFT with a

B3LYP/6-31G base in the GAMESS interface of
ChemDraw Bio3D 11.
In the case of polymeric species a model unit, as described in
ESI, was used to allow a reasonable calculation time.
The calculations were made in a Intel Dual Core 2.6 GHz
computer with 5 Mb of RAM. The calculated spectral data of
each species are shown in the ESI.

C

Aniline oxidation

To be able to study the oxidation of ANI with limited
interference of PANI formation, a low concentration of the
monomer (10 mM) was used. The cyclic voltammogram
during oxidation of ANI in acid media is shown in Figure 1A.
The CV is similar to that reported in the literature.” In the
initial scan, only an oxidation peak at ca. 1.17 VRHE is
observed. The absence of the corresponding reduction feature
is related to the existence of a fast chemical reaction of the
oxidation product with ANI (or dimerization).® Indeed, in the
backward scan two new quasireversible features are observed
at ca. 0.9 and 0.7 V, supporting an ECE (or EC1E1 and
EC2E2) mechanism. These contributions are related to the

Results and discussion

anodic oxidation waves in the second forward scan, indicating

60 that are due to stable products. The peak systems at 0.7 (c-c’)
and 0.9 VRHE (b-b") have been indirectly assigned in the
literature, by recording the CV of the mixture of ANI with the
pure substances, to the oxidation/reduction of 4ADA and BZ,
respectively. BZ is produced by tail to tail coupling (see

65 reaction (2) in Scheme 1) while 4ADA arises from head to tail
coupling (see reaction (3) in Scheme 1).” The measurement in
the backward scan allows clarifying the destiny of all species
in the solution.

In-situ FTIR spectra taken while the potential is stepped into
w0 the oxidation region and back, with a reference spectrum
taken at 0.1 V, are shown in Figure 1B. A positive
(consumption) band is observed at 1500 cm™ during the
forward scan and assigned to the aromatic C=C stretching of
ANI. In the backward scan, a new increasingly negative
7 (production) contribution develops at ca. 1514 cm™, whereas
that at 1500 cm™ seems to decrease. Additional negative
signals appear at 1475, 1457, 1323 and 1243 cm™ whereas
positive bands are observed at 1551, 1536 and 1293 cm™.
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so Figure 1. (A) CV for a polycrystalline Pt in a 10 mM solution of ANI in
0.1 M HCIQ,. Scan rate = 50 mV/s. (B) In-situ FTIR measurements taken
during oxidation of ANI (10 mM/0.1 M HCIO,) on polycrystalline Pt.
Sample potentials as indicated in the figure (f = forward, b = backward
step direction). Reference potential = 0.10 V. Spectra taken with p-
a5 polarized light, 128 scans at 8 cm™ resolution.

The decrease of the band at 1500 cm™ could be related, in
principle with an increase of ANI concentration by reduction
of oxidized ANI. However, it has been shown that the follow
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up reactions (2) and (3) in Scheme 1 are irreversible and very
fast, therefore ANI is not restored by reduction in the back
scan. It should be noted that protonated aniline is the
dominant species in the acidic condition. However, the
s deprotonation is faster than the oxidation reaction meaning
that there is no kinetic constraint from deprotonation. Only
4ADA and BZ are considered as dimeric products because
they are predominant in acid media while hydrazobenzene or
azobenzene could appear in neutral or basic media.

10
© © © Peak a @

aniline (An)
+

NH,™

S e es
2 HoN NH, (2)

benzidine (Bz)

NHz" HoN
-2H* (©)
2 N
N

4-aminodiphenylamine (4ADA)

2 H* -2¢

benzidine Peaks b-b’ Oxidized benzidine (BzOx)
ﬂ ANI
Polyaniline
H ANI
HzN\O\ /@ (2H-2¢ H™-2¢ O :C> ©)
N Peaks c-c’

4-aminodiphenylamine Oxidized 4-aminodiphenylamine (4ADAOX)

Scheme 1. Mechanism of ANI electrochemical oxidation and dimer
formation.

15 0On the other hand, the band at 1514 cm™, which can be
attributed to the aromatic C=C stretching in the reduced
dimers, could disturb the positive contribution from ANI at
1500 cm™. This assignment will be reconsidered later.
Excluding the later band, some tentative assignments related

20 to the others signals are described in Table 1 and Scheme 2.
Moreover, two additional bands are observed at 2630
(positive) and 2340 cm? (negative) (corresponding
wavenumber region is not shown in Figure 1B, see Figure S1
in the supplementary information). The latter signal increases

»s monotonically during oxidation, remaining constant during
reduction, and it is assigned to CO, produced during oxidation
of adsorbed ANI.* The broad positive band observed at 2630
cm?, increases during oxidation and decreases during
reduction. It is related to the stretching of amino charged

w0 species for ANI and the dimers. Upon oxidation, ANI is
consumed, and the positive feature increases. During the

negative going step scan, the reduced dimers are formed
which present a negative band at the same wavenumber
region, thus producing a decrease in the total band intensity.

35 It is tempting to describe the intensity changes of the band at
1500 cm™ during ANI oxidation as changes in molecular
orientation and/or adsorption/desorption of ANI or the dimer.
To check that possibility, FTIR spectra were taken with s-
polarized light (Figure S2, supplementary information).

20 these spectra, similar behavior is recorded for the signal
mentioned before, precluding assignment to adsorbed species.
In fact, transmission spectra of protonated 4ADA, BZ and
ANI *® reveal that ANI has a strong absorption band at 1496
cm?, BZ one at 1501 cm™, whereas 4ADA shows a

s contribution at 1516 cm™.

Table 1. Assignment of vibrational bands observed during ANI oxidation
(Figure 1B). The wavenumber values calculated by DFT to the vibrations
described in the table are shown between parentheses.®

Wavenumber/ Sense Vibration Species
cmt
1551 (1582) + C=C str. ANI 2
1536 (1535) + NH; plane bending ANI #
1500 + C=C aromat. str. See text
1514 (1536) - C=C aromat. str. 4ADA®
1475 (1483) - Bending secondary N-H 4ADA*®
1457 (1462) - C=C arom. str. 4ADA° & BZ°
1323 (1341) - C-N str.ar.sec.amines ¢ 4ADA®
1293 (1335) + C-N symmetric str. ANI?
1243 (1240) - C-N str 4ADA° & BZ°
2 E. Pretsch, P. Buhlmann, C. Affolder, Structure Determination of Organic Compounds,
Springer, Berlin, 2000.
° P, Sett, A.K. De, S.Chattopadhyay, P.K.Mallick, Chemical Physics, 2002, 276, 211-224.
©S. Akylz, T. Akyliz, N.M. Ozer, J. Mol. Struct., 2001, 565, 493-496.
4R, Buvaneswari, A. Gopalan, T. Vasudevan, H-L.Wang,; T-C. Wen, Thin Solid Films,
2004, 458, 77-85.

str. 1551 cm™

’C_'_‘ plane bd. 1536 cm \
C\ /‘/ H . / .
AHaN C——NHz"A
c N A
— 1
str. 1500 cm\\\ y S"\ st 1243 cm

1293 cm™

Aniline salt (ANI) Benzidine salt (BZ)

ar. str.
1514cm™

A str. 1582 em™®
AN CNst. str. 1367c

\C/EW 12a3ent / - } e \\str 1417
H 1457 om™
K/c\‘ N bd. 1218 om \—/ﬂr 1243 cm- 1\—/

str. sec. N-H 1323 cm™ { ‘ /bd sec. N-H 1475 e
H

. . Oxidized 4-aminodiphenylamine salt
0 4-aminodiphenylamine salt (4ADA) (4ADAOX)

Scheme 2 . Vibrational band assignments for monomeric and dimeric

species. The assignments are made by comparison with data from

literature (see Table 1) and DFT calculations (see Table 1 and ESI). A" are
55 the anions present in the electrolyte (ClO, in this work)

® Note that in ref. ¢ the spectrum of adsorbed benzidine is described.
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According to the spectra in Figure 1B, upon ANI oxidation a
positive band appears at ca. 1500 cm?® due to ANI
consumption. However, in the same region during potential
steps in the negative going direction, this signal diminishes

s probably due to the BZ production, which should absorb at
1501 cm™. Moreover, 4ADA is also generated in high
amounts as it is shown in the growth of a negative band in the
backward scan at ca. 1514 cm™, corresponding to this dimer.
Electrochemistry of the dimers

10 To check these ideas, the spectra of the dimers (Figure 2)
were measured during oxidation in comparable conditions to
those in Figure 1. It is noteworthy that 4ADA adsorbs on the
Pt electrode, giving a CV with a peak at the same potential
than the one of the adsorbate shown in Fig.3.A and does not

15 desorb upon oxidation.

1502

(a) Benzidine

(b) 4-aminodiphenylamine

RIR,| 2%

T

T T T T
1600 1500 1400 1300 1200

Wavenumber / cm™

Figure 2. (a) In-situ FTIR difference spectrum taken during oxidation of
BZ (10 mM/1 M HCIOy) at 1.0 Vgree (0.1 Vree as reference). (b) In-situ
FTIR difference spectrum taken during oxidation of 4ADA (10 mM/1 M
20 HCIO,) at 0.8 Vree (0.1 Vgrue as reference). Spectra taken with p-

polarized light, 128 scans at 8 cm™ resolution.

As it can be seen, the oxidation of adsorbed 4ADA reveals a
clear positive band at 1512 cm™ related to its consumption,
25 while the oxidation of BZ shows a positive consumption band
at 1502 cm™ and a negative band at 1532 cm™. The later is
related to oxidized BZ and could be assigned to the imine
bending of N-H (C=N-H). Therefore, it is spectroscopically
demonstrated the formation of BZ and 4ADA during ANI
30 oxidation.
A second point to be clarified is the presence of adsorbed
species during the oxidation process. It has been usually
assumed that only  soluble intermediates and
oligomers/polymers are formed. On the other hand, it has been
35 proposed?” that the head-to-tail dimer is adsorbed onto the
electrode. To test that, we use a flow cell which allows
solution exchange maintaining the potential control of the
working electrode. First, the potential was stepped from 0.1 to
1.2 Vgrye and left for 2 min in a 10 mM ANI/1 M HCIO,
40 solution. Then, the potential was set at 0.1 Vrye again and the
solution exchanged with 10 times the cell content of monomer
free electrolyte.
The CV acquired after that procedure (Figure 3A) shows

clearly a quasi-reversible peak due to an adsorbed layer.*” The

s peak position matches that of 4ADA produced during
oxidation (see peak c-c” in Figure 1A). The FTIR spectrum of
the oxidized dimer given in Figure 3B (taken at 0.8 Vg With
0.6 Vgye as reference) display positive bands at 1511 and
1313 cm™ and negative bands at 1582, 1417, 1367, 1243 and

0 1218 cm™. The spectrum is quite similar to the one of 4ADA
taken in the same conditions. The band assignments are
summarized in Table 2.

0.4
0.3+

0.2
0.14
0.0

[/ mA

-0.14
-0.2

-0.3

b7+
0.0 0.2 0.4 06 08 10 12

Potential / V.

4-aminodiphenylamine

(B) 1582 R/RO\ 01%

T T T
1600 1500 1400 1300

Wavenumber / cm*

Figure 3. (A) CV of the adsorbate produced in the experiment described

55 in Figure 1. Scan rate = 50 mV/s. (B) In-situ difference FTIR spectrum
(taken at 0.8 Vrue using 0.6 V grye as reference) of the adsorbate produced
during ANI oxidation. The spectrum of 4ADA adsorbed from its solution
in ethanol is shown for comparison. Spectra taken with p-polarized light,
128 scans at 8 cm™ resolution.

s PANI redox switching
The CV in 0.1 M HCIO, of a thick PANI film synthesized
from 0.1 M ANI/1 M HCIO, solution is given in Figure 4A.
As it can be seen, two redox couples are clearly detected
which correspond to two reversible redox processes in the
es polymer. The mechanism of redox switching of PANI,
coupled to anion and proton exchange, has been elucidated
using a variety of in-situ techniques. *° It could be described as
in Scheme 3. It is noteworthy that the so called “middle peak”
is absent in the CV shown in Figure 4A. This is due to the fact
w0 that relatively high aniline concentration (0.1 M) is used
making favorauble the grow of the polymer chain and
decreasing the amount of adsorbed 4ADA (see below). On the
other hand, special care was taken to avoid high potentials (>
1.05 Vgye) or high current densities (> 0.5 mA/cm?), to avoid
7 film degradation. In that way, complete depletion of aniline

This journal is © The Royal Society of Chemistry year
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from the diffusion layer is avoided. Otherwise, if aniline is
depleted, the oxidized polymer could react with water leading
to degradation (see below).

Accordingly, in the first oxidation step, anion insertion should
20 take place to compensate for the positive charge formed inside
the polymer. However, since the reduced state of the polymer
is a polyamine, it is protonated at pH = 1. Therefore, the
charge is finally compensated by proton expulsion. During the
second oxidation step, protons and anions are expelled since

s Table 2. Assignment of vibrational bands of the isolated adsorbate
produced during ANI oxidation (Figure 3B). The wavenumber values
calculated by DFT to the vibrations described in the table are shown

between parentheses.

25 the pernigraniline state (a quinonimine chain) is less basic and
easily deprotonates.

Wavenumber/ Sense Vibration .
emt Species
Table 3. Assignment of vibrational bands observed during 0.05 and 0.1
1582 (1590) - C=N str.? 4ADAOX M PANI oxidation _(Figgres 4 and '5). The wavenumber values calculated
30 by DFT to the vibrations described in the tect are shown between
1511(1536) + C=C aromat. str.” 4ADA parentheses.
1417 (1436) - C-Cstr.® 4ADAOX Wavenumber/ Sense Vibration® Species®
cm?
RO |- chsenans | o
: 1581 1581 - N=Q=N*str.” EM
1313 (1309) + C-N stretching o 4ADA (1588)
] 1512 1512 + C=C aromat. str. LE
1243 (1245) - C-Nstr. in C-N=C*® 4ADAOX (1546) N-B-N
1218 (1221) R _NH bend® 4ADAOX 1475 1487 - C=C aromat. str. PN
(1462) N-B-N
28. Quillard, G. Louarn, J.P. Buisson, M. Boyer, S. Lefrant, M. Lapkowski, A. Pron, Synth. _ ~ -
Met.. 1997, 84, 805, 1450 C=C aromat. str. PN
PP, Sett, A.K. De, S. Chattopadhyay, P.K. Mallick, Chemical Physics, 2002, 276, 211-224. (1422) N-B-N
¢ E. Pretsch, P. Biihimann, C. Affolder, Structure Determination of Organic Compounds, 1423 - + C-Nstr. LE
Springer, Berlin, 2000. (1433)
di. Broiové, P. Holler, J. Kovdrova, J. Stejskal, M. Trchova, Polymer Degradation and 1377 1360 _ C-N str. EM and
Stability, 2008, 93, 592-600.
(1381) PN
¢S. Quillard, G. Louarn. S. Lefrant, A.G. MacDiarmid, Phys Rev B, 1994, 50,12496-12508
1342 - - C-Cstr.,, EM
(1309) N-H 0.0.p. bend
10 1288 + C-N str. sec. aromatic LE
+ inad
“2 H (1277) amine
A
A Z N 1238 1268 - C-N stretch, C-C-C ring i.p. EM
A def.
N7 N 1218 - + -NH,* bend. LE
Hy H
Leucoemeraldine (1213)
2H -2¢ 1157 1189 - N=Q=N° EM
(1154) C-H in plane bending®
* Q = quinonoid unit, B= benzenoid unit,
& |E = leucoemeraldine unit, EM = emeraldine unit, PN = pernigraniline unit
/H Hw #P005= PANI produced in 0.05 M ANI, P01 = PANI produced in 0.1 M ANI
A Z‘ 2 E.P. Pretsch, P. Buhlmann, C. Affolder, Structure Determination of Organic Compounds,
+ Springer, Berlin, 2000.
N N bC. Yang, C. Chen, Y. Zeng, Spectrochimica Acta Part A: Molecular and Biomolecular
H H Emeraldine Spectroscopy, 2007, 66,37-41.
L. Brozovd, P. Holler, J. KovdFova, J. Stejskal, M. Trchovd, Polymer Degradation and
COA-AH -2¢€ Stability, 2008, 93, 592-600.
3. Kazim, V. Ali, M. Zulfequar, M. Mazharul Hag, M. Husai, Current Applied Physics, 2007,
7, 68-75.
®R. Singh, V. Arora, R.P. Tandon, S. Chandra, N. Kumar, A. Mansingh, Polymer, 1997, 38,
4897.

Pernigraniline

Scheme 3. Changes of chemical structures during
oxidation/reduction of PANI in acid media. A" are the anions
15 present in the electrolyte (CIO, in this work).

While different protonation states exist at different pH, the
structures described are the more likely to exists at pH = 0.

Although the infrared spectra of thick PANI films obtained
s from electropolymerization in solutions with ANI content
equal or higher than 0.1 M have been extensively reported in
the literature 23, there are different explanations for similar
bands. The characterization of the vibrational modes is
difficult due to the baseline shift related with the change from
w0 a non conductive polymer (leucoemeraldine form) to a
conductive one (emeraldine form). Complete assignment of
the bands requires additional data, such as isotope exchange in
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the electrolyte and monomer, which is out of the scope of the

present paper. However, a tentative assignment is made in

Table 3, in analogy with the band interpretation made in the

spectra of thin PANI films (produced in a 0.05 M ANI
s solution) discussed later.

A typical spectrum of a film produced by electropolymerization
from a 0.1 M ANI solution in 1 M HCIQ, is shown in Figure 4B.

04
LE—EM EM—> PN
0.3
0.2
% 0.1
’g 0.0
=5 4
O .01-
-0.2
] Leucoemeraldine = LE
Emeraldine = EM
-0:34 szirgralr:ﬁne =PN (A)
0.0 I O!Z I O!4 I 0!6 I O!8 I 1!0 I 12
Potential / VRHE
10
1651 1512 (B)
mo
X
1581 1487 1360
T T T T T T T
1800 1600 1400 1200
Wavenumber / cm™

Figure 4. (A) CV of a thick (> 150 nm) PANI film in 1 M HCIO,. Scan
rate = 50 mV/s. (B) Corresponding in-situ FTIR spectrum taken at 0.8
15 Vree (reference taken at 0.1 Vgrye). Spectrum taken with p-polarized light,

128 scans at 8 cm* resolution.

Figure 5A shows the CV of a thin PANI film produced in 0.05
M ANI/0.1 M HCIO,, The response displays two broad redox
20 processes and, as a difference with Figure 4A, a clear middle
peak. The question remains if the “middle peak” is due to
degradation products (e.g. quinones) or to adsorbed 4ADA.
The FTIR spectra of the thin film are shown in Figure 5B.
It is noteworthy that the spectra develop a constant baseline
»s allowing assignment of positive and negative bands, in
contrast with thick PANI films in Figure 4B (made in 0.1 M

ANI solution), which show a drift of the baseline due to the
development of free carrier absorption in the film, linked to
the polymer conductivity.

30

0.06
> . EM—> PN
® LE EM middle peak
0.04 -
0.02
0.004
=~ -0024
-0.04 1
Leucoemeraldine = LE
0064 Emeraldine =EM
Pernigraniline = PN
L L L L L
0.0 02 04 0.6 0.8 10
Potential / VRHE

T T T T
1300 1200 1100

1

T T T T T T
1600 1500 1400

Wavenumber / cm’

Figure 5. (A) CV of the polymer obtained by oxidation of a 0.05 mM
ANI/0.1 M HCIO;, solution on polycrystalline Pt. San rate = 50 mV/s. (B)

35 Corresponding in-situ FTIR spectra acquired during oxidation of the
polymer (reference spectrum taken at 0.1 Vgye). Spectra taken with p-
polarized light, 128 scans at 8 cm™ resolution. Sample potentials as
indicated in the Figure.

The band assignments are summarized in Table 3 and Scheme
w0 4. The signal at 1512 cm™, associated with C=C stretching of
the amine aromatic rings, increases intensity upon oxidation
due to the consumption of amine aromatic rings in the
conversion from leucomeraldine to emeraldine state (Scheme
3). Accordingly, the band at 1581 cm™, assigned to C=N and
45 C=C stretching in the quinonimine units, increases intensity
upon oxidation due to the formation of quinonimine units in
the emeraldine state. The feature at 1157 cm™ assigned to
imine (C=N-H) vibrations also increases due to an increased
quinonimine content in the oxidized film.
s0 It can be seen that there are signals which appear as doublets
in Figure 5B (1475 and 1450 cm™, 1377 and 1342 cm™). Such
bands are present in the spectrum of thick PANI as single
bands (Figure 4B). It seems that similar vibrations exist in the
dimer (4ADA) and the polymer albeit with different energies.
ss This is likely to be due to the effect of extended delocalization

This journal is © The Royal Society of Chemistry year

Journal Name, year, vol, 00-00 | 7



of charge in the polymer which broadens the bands; such
effect does not exist in the dimer 4ADA. On the other hand,

several bands observed in the thin film have analogous bands oy N
in the thick film (see Table 3 and Scheme 4). The results 10 LE—> EM -
s confirm that ANI concentration plays a major role on the | )
products obtained by electropolymerization. While a . middle peak
conductive PANI film relatively free of 4ADA is obtained at g
higher concentrations of the monomer (0.1 M), a film rich in =
. . R . c
4ADA is obtained at lower concentrations, as clearly depicted o 0
10 by the “middle peak” in the CV in Figure 5A. 3
-5
) 'H\{j 1218 em* C-Cl-z(;arlzrgnief. 1y ar.in planej)d. ]
1 ar,sﬁgcm \ -~ Yo+ ‘} 1157cr:1~\_,.\_ 1
HN C/c //NH+A NHQC/C\C w C/c N\H -104
str. 1288 cm™ k/ta“ {‘ ‘ Eﬁu 1 (A)
X ST em?
" 4?423 cm'? A &75" o -15 — T T T T T T T T T
| N=Q=Nsir \oa8177 00 02 04 06 08 10
1581,1157, 1189 cm* .
leucoemeraldine emeraldine Potential / VRHE

ring vib. 1450, 1475, 1487 cm™

1,\,\‘ N, N
AN \\ / ‘
\N \N X C\H

. . tr. 1377 cm™
pernigraniline sAsrrem

Scheme 4. Vibrational band assignments for polymeric species. The

15 assignments are made by comparison with data from literature (see Table
3) and DFT calculations (see Table 3 and ESI). A are the anions present
in the electrolyte (CIO, in this work).

Therefore the main difference between the films produced in ;
0.1 M and 0.05 M ANI concentration is the relative amount of ®) 1656
20 adsorbed 4ADA to PANI. 2000 1800 1600 1200 1200
1

PANI degradation Wavenumber / cm

By subjecting the polymer to a potential higher than ca. 0.80
Vrue in acid aqueous media, the polymer suffers degradation.
s To study that process by FTIRS, a PANI film produced by
electropolymerization of a 0.1 M ANI solution in 1 M HCIO,
(thick film) was subsequently potentiostatized at 1.1 Vgye in a
monomer free 0.1 M HCIO, solution for 400 s.
The CV of the degraded film (Figure 6A) shows a clear
o “middle peak” at ca. 0.65 Vgye after the potentiostatic
treatment. At potentials more positive than 0.80 Vgye, the film
is in its fully oxidized form (pernigraniline), which is highly
reactive to nucleophilic attack. °° In a monomer free aqueous
solution the best nucleophile is water, which could attack the
s imine nitrogen, breaking the polymer chain and producing
ammonium ion and p-benzoquinone as soluble products
(Scheme 5). %! The latter is reduced to hydroquinone when the
electrode potential is stepped back to 0.1 Vgye. To check if Wavenumber / cm™
this reaction occurs, the spectrum of the solution was taken s
4 after degradation (measured at 0.8 Ve after reduction at 0.1

2622

© @

T T T T T T T T T T T
3000 2900 2800 2700 2600 2500 2400

Vrue, Where the reference spectrum is measured) and Figure 6. (A) CV of a PANI film in 1 M HCIO, after potentiostatic
compared with a spectrum of a solution of hydroquinone degradation (50 sec. at 1.1 Vgee in 0.1 M HCIO,). Scan rate = 50 mV/s.
subjected to the same potentials (Figure 6B). (B) Corresponding in-situ FTIR spectrum (solid line) for degraded PANI

. . - - s5 in the region 2000-1100 cm™. For comparison, the FTIR spectrum taken
The spectrum obtained during oxidation of hydroquinone at 0.8 Vue (reference taken at 0.1 V) during oxidation of

« (dashed line) agrees with previous reports. * The results are hydroguinone (10 mM/1 M HCIO,) on polycrystalline Pt is shown.
summarized in Table 4. Spectra taken with p-polarized light, 128 scans at 8 cm™ resolution. (C)
Same as (B) solid line but in the region 3000-2400 cm™.
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Table 4. Assignment of vibrational bands observed after degradation of
PANI and its comparison with hydroquinone. (Figure 6). The
wavenumber values calculated by DFT to the vibrations described in the
table are shown between parentheses.

Wavenumber/ cm? | Sense Vibration? Species®
28007 (2795) - IN
2622° (2618) + IN
2340% (2345) asym. str. CO,
1656 (1654) C=0 stretching BQ
1515° (1518) + C=C ar. str. HQ
1471 (1426) + HQ
1315 (1309) BQ
1242¢ (1237) + C-O-H sym. str. HQ
1223¢ (1225) + C-O-H asym. str. HQ

“HQ = hydroquinone, BQ = benzogquinone, IN= indophenol.
2 E.P. Pretsch, P. Biihimann, C. Affolder, Structure Determination of Organic Compounds,
Springer, Berlin, 2000.

b D. Lin-Vien, N.B. Colthup, W.G. Fateley, J.G. Grasselli, The Handbook of Infrared and
Raman Characteristic Frequencies of Organic Molecules, Academic Press, San Diego, USA,
1991.

¢ G. Socrates, Infrared Characteristic Group Frequencies, Wiley, New Cork, 1980.

d L.J. Bellamy, Advances in infrared group frequencies, Halsted Press, London, 1975.

In this spectrum, positive bands are related to the consumption
of hydroquinone and negative bands to the production of
benzoquinone. Thus, the positive band at 1515 cm™ is
assigned to C=C aromatic stretching of hydroquinone,
whereas the negative feature at 1656 cm™ is due to the C=0
stretching of benzoquinone.>* Accordingly, the positive bands
at 1242 and 1223 cm™, are related to the symmetric and
asymmetric stretching of C-O-H in the hydroquinone.®®
Finally, the negative band at 1315 cm™, assigned to the C=C-
C=0 stretching in benzoquinone, increases intensity upon
benzoquinone production. Comparing both spectra in Figure
6B, it can be concluded that most bands are coincident,
supporting the assignment of p-benzoquinone as the main
product of PANI degradation.

It is obvious that the nature of the “middle peak” observed
here (Figure 6A) is different than the one observed during
polymerization  (Figure  5A). During  degradation,
benzoquinone is produced and retained inside the polymer.
During polymerization, 4ADA is produced and adsorbed on
the electrode surface. While the voltammetric profile does not
allow distinguishing between both species, FTIRS clearly
show that they are different. Thus, a positive band appears at
2622 cm™ while a negative feature is present at 2800 cm™
(Figure 6C). The contribution at ca. 2622 cm™, previously
assigned to charged amino groups (see ANI oxidation
section), increases its intensity during oxidation and decreases
during reduction (not shown). This behaviour suggests that
other species, like indophenol (see Scheme 3), are also present
in the solution after degradation. The band is absent in the
spectra taken during redox switching of PANI, excluding
vibrations in the polymer to explain the band.

A band at 2340 cm™ (not shown) which increases intensity
during oxidation and remains constant during reduction is
observed in the spectra. This feature confirms that also CO, is
produced during degradation of PANI films on Pt by complete
oxidation of the ANI aromatic rings. This is quite relevant

because it is likely that polymer complete oxidation to CO,
will occur at the Pt/PANI interface since Pt is necessary to
break the C-H bonds. Therefore, by subjecting a PANI/Pt film

s t0 a potential higher than ca. 0.8 Vgye, it is possible to
produce a PANI film which seems unaltered but have an
interlayer of degraded polymer. The electronic conduction of
such film at high frequencies will be highly impaired.

H + M0
H
N N
N N

“a
polyaniline (reduced state, E < 0.5 Vgyyg)  polyaniline (oxidized state, E > 0.8 Vi)

H degradation

H
N
+2H,0+H" X
2 HO—@—OH +NH
H

hydroguinone indophenol

-2e-2H*

2 o:<:>:o

benzoguinone

50

Scheme 5. Reactions occurring during the electrochemically promoted
degradation

0.3
021 A
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55
Figure 7 Electrochemically promoted degradation of a PANI film in 0.1
M HCIO,. (A) CV obtained during PANI degradation onto a porous Pt
electrode. Scan rate = 10 mV/s. (B) Corresponding MSCV for CO,
(m/z = 44).

60 TO test that hypothesis, DEMS was used to study the
formation of volatile species. As is can be seen in Figure 7,
CO, is produced when a PANI film is subjected to potential
excursions beyond 0.8 Vgpe. An interesting result is that
PANI can be completely burn out of a Pt electrode, effectively
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Journal Name, year, vol,00-00 | 9


http://www.amazon.com/exec/obidos/search-handle-url/index=books&field-author-exact=Daimay%20Lin-Vien/ref=si3_rdr_bb_author/102-9296702-0968925
http://www.amazon.com/exec/obidos/search-handle-url/index=books&field-author-exact=Norman%20B.%20Colthup/ref=si3_rdr_bb_author/102-9296702-0968925
http://www.amazon.com/exec/obidos/search-handle-url/index=books&field-author-exact=William%20G.%20Fateley/ref=si3_rdr_bb_author/102-9296702-0968925
http://www.amazon.com/exec/obidos/search-handle-url/index=books&field-author-exact=Jeanette%20G.%20Grasselli/ref=si3_rdr_bb_author/102-9296702-0968925
http://www.amazon.com/gp/product/0124511600/ref=si3_rdr_bb_product/102-9296702-0968925?ie=UTF8
http://www.amazon.com/gp/product/0124511600/ref=si3_rdr_bb_product/102-9296702-0968925?ie=UTF8
http://www.amazon.com/exec/obidos/search-handle-url/index=books&field-author-exact=L.%20J%20Bellamy&rank=-relevance%2C%2Bavailability%2C-daterank/102-9296702-0968925

1

1

2

2

3

3

4

4

5

5

3

1S}

a

S

a

S

&

S

o

S

a

cleaning the electrode, by scanning between 0 a 1.5 Vgye in
acid solution.

Conclusions

In the present work, three main conclusions could be drawn.
First, that the spectroscopic evidences obtained support the
ANI electroxidation mechanism proposed by Bacon &
Adams.’ The early stages of ANI seem to involve monomer
oxidation to its cation radical, which dimerizes. Two dimers
are produced by head-to-tail and tail-to-tail coupling. The
FTIR study shows evidence of the formation and
oxidation/reduction of both dimers. It is found that the head-
to-tail dimer (4ADA) is adsorbed in the electrode surface,
giving rise to the “middle peak” observed after polymerization
in the CV of PANI. The feature is more clearly detected in
polymer films produced at low ANI concentrations,
suggesting that 4ADA rich films are produced in those
conditions. On the other hand, the tail-to-tail dimer (BZ)
remains in solution. It is therefore more likely for PANI
chains to be initiated by 4ADA units than BZ units. Since
4ADA is adsorbed, the magnitud of the current associated to
the “middle peak” is related to the relative amount adsorbed
4ADA and polyaniline.

Secondly, the redox switching of PANI is clearly shown to
involve oxidation of amine units to quinonimine units. The
bands due to polymer oxidation/reduction are more clearly
observed in thin polymer films, where the disturbance of
shifting baseline due to changes in polymer conduction bands
is not present.

Finally, during degradation of PANI, benzoquinone is
produced by nucleophilic attack of water on the fully oxidized
polymer. This gives rise to a “middle peak” in the CV of
PANI after degradation with different nature to the “middle
peak” observed after polymerization. Therefore the nature of
the same voltammetric feature depends on the source of the
chemical species. In thin films of PANI, produced at aniline
concentrations below 0.1 M, the “middle peak” is related to
the redox response of 4ADA adsorbed onto the electrode. On
the other hand, if thick PANI films, where no such peak is
observed (see Fig. 4A), are subjected to electrochemical
degradation by oxidation to its pernigraniline state in acid
solution, a different species is produced: benzoquinone which
is oxidized/reduced in the same potential region. Obviously, if
the polymerization is carried out at too high potentials or
current densities, the monomer concentration decreases to
zero in front of the electrode. Therefore, the film degrades
during polymerization and a mixture of adosrbed 4ADA and
benzoquinone could be related to the presence of the “middle
peak” feature.

During degradation of PANI, other bands assigned to
indophenol are also observed. Additionally, CO, is detected
by in-situ FTIR and DEMS during formation and degradation
of PANI. This means that the polymer could be
electrochemically burned on the Pt surface. On one hand, such
process could be used to completely clean off Pt electrode
surfaces covered with PANI. On the other hand, it means that
extreme care should be taken with the potentials applied to Pt
electrodes covered by PANI films to avoid electronic
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disconnection (or high resistance barriers) of the polymer
layer from the base metal. In the best of our knowledge, this is
the first evidence of the oxidation of a conducting polymer to
CO, by electrochemical means.

In-situ external reflection FTIR proves to be an excellent
method to investigate early stages of conductive polymer
formation, because it allows positive identification of
chemical species produced/consumed during electrochemical
reactions. It also allows finding out previously undetected
species (e.g. indophenol, CO,) or differentiate between
species (adsorbed 4ADA, benzoquinone) which has similar
oxidation/reduction behaviour making it impossible by cyclic
voltammetry.
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