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Spectroelectrochemical methods, in-situ Fourier Transform Infrared (FTIR) and Differential Electrochem-
ical Mass Spectroscopy (DEMS), are used to study the formation of poly(N-methylaniline) (PNMANI)
by anodic oxidation of N-methylaniline (NMANI). The methods are used to elucidate the structural
changes during redox switching of PNMANI and the nature of the degradation products of PNMANI pro-
duced during electrochemical oxidation. The results are discussed in comparison with those previously
reported for aniline. The early stages of NMANI oxidation leads to the formation of dimers by head-to-tail
coupling (product=N,N’-dimethyl-4-aminodiphenylamine, DMADA) and tail-to-tail coupling (prod-
uct=N,N'-dimethylbenzidine, DMBz). It seems that, when N-methylaniline is oxidized, it is formed more
tail-to-tail dimer thanin the case of aniline, due to steric and electronic effects of the N-substituent methyl
groups. The head-to-tail dimer (DAMADA) is irreversibly adsorbed on the electrode surface. The elucida-
tion of the reaction mechanism is aided by electrochemical and in-situ spectroelectrochemical studies of
N,N'-dimethylaniline which can only give the tail-to-tail dimer (N,N,N',N'-tetramethylbenzidine, TMB).
The in-situ FTIR study of redox behaviour of poly(N-methylaniline) shows that quinonimine units are
produced during oxidation. The intensity of the band at 1196 cm~, assigned to C-N* stretching in the -C-
N*-CH3; moiety, increases due to an increased substituted imine content in the oxidized film. An increase
of the anion (perchlorate) concentration inside the film, due to compensation of the positive charges
formed during oxidation, is also detected by FTIR. CO, formation is observed by FTIR during NMANI
oxidation and in electrochemically induced polymer degradation. The formation of CO, is confirmed by
DEMS. Additionally, during degradation, indophenol like molecules together with quinone, are produced
as the final organic degradation product
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1. Introduction

The oxidation of aromatic amines was extensively studied in
the past using voltammetric techniques combined with chemi-
cal synthesis of products. [1,2] The interest in the field has been
renewed owing to the role of those compounds as monomers of
conducting polymers. [3] It is assumed that electropolymerization
of aromatic amines begins with amine oxidation to radical cation.
The radical cation undergoes fast follow up chemical reactions.
Using mainly comparison of the cyclic voltammetric response for
amine oxidation and those of the chemically synthesized dimers,
Bacon & Adams,[4]| found that dimers, head-to tail (N-C4) (4-
aminodiphenylamine, 4ADA) and tail-to-tail (C4-C4’) (benzidine,
Bz), are the products of aniline oxidation.
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In the oxidation of N-methylaniline (NMANI), Galus and
Adams,[5] found that the main product is dimethylbenzidine
(DMBz) and another product due to the reaction of DMBz with two
molecules of NMANI. They did not detect the product of head-to-
tail coupling. The simple comparison of voltammetric responses
has limited value in reaction mechanism elucidation. In-situ spec-
troscopic techniques, such as differential electrochemical mass
spectroscopy (DEMS) [6] and in-situ FTIR [7],originally used to
study the electrochemical behavior of simple organic compounds
[8,9], have been afterward applied to study more complex com-
pounds. [10-12] Schmiemann et al. investigated the adsorption and
electrochemical reactions of aniline using DEMS. [13] Nakayama
et al. investigated polyaniline formation by time resolved FTIR
under potentiostatic control. [14] Cases et al. studied aniline,[15]
and diphenylamine oxidation [16] at pH 5. Holze [17] analyzed
the adsorption and oxidation of aniline using SERS. Dunsch and
coworkers used ATR, [18] and EPR [19,20] combined with UV-vis
to investigate aniline oxidation. In contrast to that, in-situ FTIR has
been used extensively to study the redox processes in polyaniline,
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mainly by internal reflection (ATR) [21-26] and less by external
reflection [27-29]. In situ Raman spectroscopy (including SERS and
Resonant Raman) has also been extensively used to investigate
polyaniline. [30-35]

The presence of a substituent at the nitrogen atom in N-
methylaniline should have a significant effect on the properties
of the polymer. Indeed, the redox coupled ion exchange,[36] and
the effect of anions on the cyclic voltammogram [37] are con-
siderably different to those of polyaniline. Several studies have
been published on poly(N-methylaniline) preparation and prop-
erties [38-41]. It has been shown, based in magnetic and chemical
studies, that the partially oxidized polymer exists mainly in the
dication form more than polarons associated with the emeraldine
form of polyaniline [42]. Kilmartin and Wright studied the photo-
electrochemical properties along with the Raman and XPS spectra
of alkyl substituted polyanilines. [43]

Malinauskas and coworkers used UV-vis and Raman spec-
troelectrochemistry to study the polymerization initial stages
of aniline [44], N-methylaniline [45,46] and others substituted
anilines [47].Stassen and Hambitzer studied the oxidation of
aniline and N-methylaniline using electrochemical thermospray
mass spectrometry [48]. Contrary to the expected from previous
work, they did not find benzidine as product of aniline oxida-
tion. Only head-to tail dimers and trimers were observed. They
also found that a head-to-tail product is formed during oxida-
tion of N-methylaniline, together with the tail-to-tail product,
which, according to that proposed by Galus and Adams, was
the only product. As Adams et al. [49] early pointed out, both
dimers, the head-to-tail and tail-to-tail could initiate polymer-
ization and therefore will be included in the polymer structure,
affecting the polymer properties. Therefore it is important to know
which products are produced in the early stages of polymer-
ization. Moreover, contamination of the polymer with benzidine
should be avoided owing to its well known carcinogenicity. [50]
Its retention inside the polymer, or production by polymer degra-
dation, has been a concern when practical applications of the
polymer are envisaged. [51] Furthermore, it has been reported
that the presence of aniline dimers affects the polymerization
rate and polymer morphology. [52-55] Therefore it is relevant to
know which soluble species are present during polymer growth
since they can affect the polymer morphology and aggrega-
tion.

Another valuable information, which could be obtained using in-
situ techniques, involves the nature of the degradation products of
poly(N-methylaniline). A final product, due to nucleophilic attack of
water on the oxidized polymer, should be quinone,[56] but, unlike
polyaniline, other species could be produced due to the presence
of the alkylamine group.

In a previous work,[57] in-situ FTIR and DEMS were used
to study the oxidation of aniline, the nature of soluble and
adsorbed intermediates and the products of polyaniline degra-
dation. It was shown that those techniques give valuable insight
on the early stages of polymerization, the redox properties of
the polymer and the electrochemically induced degradation. Here,
the study is extended to the oxidation of N-methylaniline and
the properties of the resulting polymer: poly(N-methylaniline).
As poly(N-methylaniline) has been less thoroughly studied than
polyaniline, there is an ongoing interest on this polymer in the
materials chemistry field. [58-66]

2. Experimental
N-methylaniline (Fluka, analytical grade) was used as received.

All others chemicals are of analytical grade. Solutions were pre-
pared with ultrapure (Millipore) water and degassed by bubbling

pure Ar. The electrochemical experiments were controlled by a
computerized potentiostat (Heka).

Poly(N-methylaniline) was synthesized by cycling the electrode
from 0.1 to 0.95V vs. SHE at 50mV s~!. Three cycles to a more
extreme potential (1.05V vs. SHE) are used to initiate the polymer-
ization.

2.1. Differential electrochemical mass spectroscopy (DEMS)

The working electrode (electrochemical area ca. 5.5 cm?), con-
sists of a Pt sputtered on a microporous semipermeable membrane
(Scimat, average thickness 60 wm, porosity 50%, mean pore size
0.17 pm). The electrochemical cell was completed with a Pt wire
as counter electrode and a standard hydrogen electrode (SHE) in
the same acid electrolyte which is used 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 spec-
trometer (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 spec-
trometer 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 (CVs) at a scan rate of 0.01V s~ 1.

2.2. FTIR spectroelectrochemistry

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 cell and experimental
arrangements were described previously. [67] Spectra were com-
puted from the average of 128 scans obtained with resolution of
8 cm~!. The reflectance ratio R/Ry was calculated where R and Rg are
the reflectance of the electrode measured at the sampling and ref-
erence potential, respectively. In this way bands pointing upward
(positive bands) are related to species which are presentin a greater
amount at the reference potential, whereas bands pointing down-
ward (negative bands) correspond to species in a greater amount
at the sample potential.

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.

3. Results and Discussion
3.1. N-methylaniline oxidation

The cyclic voltammogram of a 10mM solution of N-
methylaniline (NMANI (1)) in acid (0.1 M HCIO4) media is shown
in Fig. 1.a. The voltammogram shows an oxidation peak (a) at ca.
1.15V which is assigned to the oxidation of unprotonated amine.
[68] In aqueous acid media most of NMANI is protonated but a
fast equilibrium provides the unprotonated amine active in the
electrochemical reaction. The oxidation peak (a) does not have
a complementary reduction peak. This is likely to be due to the
fact that electrochemical oxidation is coupled to fast dimerization
reactions (Scheme 1). [69] Additionally, in successive cycles the
current of peak (a) decreases more than expected by diffusion layer
depletion and the peak potential shifts to more positive values.
Moreover, new peaks systems (b-b/, c-¢’ and d-d’) are present
in the backward part of the first scan and successive cycles. The
current decrease and peak potential shift of peak (a) are likely to be
due to surface blocking by adsorbed products (dimers, oligomers,
polymer). It has been shown that, even in the case of formation of
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Fig. 1. (a) Cyclic voltammogram of N-methylaniline (10 mM/0.1 M HCIO4) on polycrystalline Pt at 50mV s~'. (b) In-situ FTIR measurements taken during oxidation of N-
methylaniline (10 mM/0.1 M HCIO,4) on polycrystalline Pt. p-polarized light. Region: 1600-1100 cm~!.(c) In-situ FTIR measurements taken during oxidation of N-methylaniline
(10mM/0.1 M HCIO4) on polycrystalline Pt. p-polarized light. Region: 3000-1700cm~".

electroactive polymers, the surface becomes less active towards
soluble monomer oxidation. [70]

The dimerization reaction likely occurs by attack of the cation
radical on a non oxidized amine molecule (Scheme 1). However,
since the medium is highly polar, dimerization of two cation radical
molecules can not be ruled out. [71] The electrophilic attack of the
cation radical could be by the nitrogen towards the para position
of the aromatic ring (head to tail, N-C4), giving N,N’-dimethyl-4-
aminodiphenylamine (DMADA). Alternatively, the positive charge
on the nitrogen delocalize in the aromatic ring and couples
(tail to tail, C4-C4’) with a free amine molecule to give N,N’-
dimethylbenzidine (DMBz). (Scheme 1). Although the reaction at
the ortho position to the amine group is also possible, the corre-
sponding dimer has not been detected. It is likely that steric factor
precludes attack in the ortho position.

In analogy with aniline oxidation,[57] the peak system b-b’
is assigned to the oxidation/reduction of the dimer head-to-tail
(DMADA) while the peak system d-d’ is due to the redox reactions
of soluble dimer tail-to-tail (DMBz). DMBz oxidation occurs at a

more anodic potential than DMADA due to the steric constraints of
the biphenyl system in DMBz to transform into planar quinonimine
by oxidation.

Another peak system (c-c’) is observed whose nature will be
discussed below. The results are similar to those observed during
aniline oxidation, but the peak system (d-d’) assigned to the tail-
to-tail dimer shows a larger current intensity in the case of NMANI
than in the case of aniline. It is likely that steric and inductive effect
of the alkyl groups favor the formation of tail-to-tail over the head-
to-tail coupling during NMANI oxidation. [72]

The FTIR spectra, taken during oxidation of N-methylanililine
in acid media, are shown in Fig. 1.b and 1.c. In the region below
1600 cm~! (Fig. 1.b), a positive band is observed at ca. 1496 cm™1,
which, in analogy to aniline oxidation, could be assigned to the
aromatic stretching both in NMANI and DMBz. The negative bands
(related to increased concentration of the absorbing species) are
related to vibrations in the products: head-to-tail (N,N’-dimethyl-
4-aminodiphenylamine, DMADA, (VII)) and tail-to-tail dimer (N,N’-
dimethylbenzidine, DMBz, (IV)).
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Scheme 1. Proposed mechanism of N-methylaniline electrochemical oxidation and chemical dimerization, followed by electrochemical reduction of dimers.

The negative bands (at 1591, 1548, 1426, 1387 and 1247 cm™1)
decrease in intensity when the potential is stepped below 0.9V.
Therefore, these bands are assigned to vibrations of oxidized prod-
ucts, which disappear on reduction. On the other hand, the negative
bands at 1517, 1466, 1324 and 1277 cm~!, which are not present
at oxidation potentials, increase in intensity when the potential
is stepped below 0.9V. Therefore, these bands are assigned to
vibrations of the reduced products. The band at 1517 cm~! could
be assigned to the aromatic stretching in DMADA. The band at
1591 cm~! could be assigned to the stretching in the imine group
(CH3-N=C-). Indeed it is also observed in the FTIR spectra of the
polymer and of tetramethylbenzidine (see below). The bands at
1426, 1277 and 1247 cm~! could be assigned to bands in DMBz
because they are also present in the difference spectrum of tetra-
methylbenzidine (see below). On the other hand the bands at 1548,
1466, 1387 and 1324cm! seem to be related to vibrations of the

oxidized DMADA as they decrease in intensity at potentials less pos-
itive than 0.6 V vs. SHE, when the dimer is reduced. (see Fig. 1.a). The
negative band at 1582 cm~! could be assigned to the C=N stretch-
ing in oxidized DMADA while the band at 1308 cm~! is linked to
the stretching of C-N*-CH3, present in the oxidized DMADA. The
band at 1346cm~! is attributed to the bending of the-CH3 group
in oxidized DMBz, which frequency could be altered by mesomeric
effect going from NMANI to oxidized DMBz. [ 73]

The bands at 1466 and 1247 cm~!, which remain in the reduced
products, are assigned to the degradation product: quinone in
its reduced form (see degradation below). The spectra show also
broad bands in the region above 2500cm~! (Fig. 1.c) which were
not observed during the oxidation of aniline.[52] In this region,
the bands at 2728 and 2509 cm~! could be assigned to the N-H
stretching of secondary amines. Upon oxidation of NMANI, the N-H
disappears because the oxidized dimers formed do not contain N-H
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Fig. 2. Cyclic voltammogram of N-methylaniline to test the reaction between the
oxidation product and N-methylaniline.

(Scheme 1). This concentration change is observed as an increase in
the positive intensity (concentration at the measurement potential
lower than at the reference) of the bands at 2728 and 2509 cm™!.
Upon reduction, most of the bands decrease to its original inten-
sity due to formation of the reduced dimers which contain the same
groups. The band at 2903 cm~! is attributed to the N-H stretching of
the charged (oxidized) dimer. This assignment agrees with the fact
that the band of negative intensity increases upon oxidation and
decreases upon reduction. It is noteworthy that the head-to-tail
dimer (DMADA) remains charged (Scheme 1), compared with ani-
line which oxidized head-to-tail dimer (4-aminodiphenylamine,
4ADA) is not charged.[52] Such difference could explain why clear
bands are observed in the high wavenumber region for NMANI,
but they are not detected during aniline oxidation. Additionally, a
clear band due to CO, formation (Fig. 1.c)is observed at 2340 cm™!,
which was not observed during oxidation of aniline. The band does
not decreases during reduction. It is known that C-H bond can be
broken by electrochemical oxidation on a Pt electrode. Therefore,
some of the methyl groups,| 74| present in NMANI can be oxidized
to CO,, during polymerization.

In the discussion above, the new bands have been assigned to
reaction products. However, the new bands can be due to adsorbed
reactant species whose vibration is shifted due to adsorption. To
ascertain if this is the case, the spectra were also taken with s-
polarized light (Fig. 2). It is well known that p-polarized light is
more sensitive to surface species, due to orientation of the radiation
dipoles at the metal/electrolyte interface. [75] Most bands show
a similar behavior in the spectra obtained with s-polarized light
(Supl. Info., Figure S1) precluding assignment to bands shifted by
adsorption. The bands assignments are summarized in Scheme 2.

It was proposed,[13] that DMBz was the only product of NMANI
oxidation and it reacts with free NMANI to give a product with elec-
trochemical response shown by peak system b-b’ in Fig. 1.a. To test
such mechanism, a significant amount of the oxidation products
were synthesized by waiting 30 s at 1.2V vs. SHE. After that, the
potential was cycled with and extreme positive potential enough
to oxidize DMADA and DMBz but not enough positive to oxidize
NMANIL. As it can be seen (Fig. 2), there is not growth of the inten-
sity of b-b’ peaks, suggesting that these peaks do not correspond to
the product of DMBz and NMANI but to DMADA. Also, the in-situ
FTIR spectra (supl. information), taken with a similar potential pro-
gram (albeit with potential steps), do not reveal formation of new
products.
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Fig. 3. Cyclic voltammogram of N,N’-Dimethylaniline (10mM/0.1M HClIO4)
at 50mV s~'. In-situ FTIR measurements taken during oxidation of N,N’-
Dimethylaniline (10 mM/0.1 M HCIOy).

An easy test of the mechanism could be made by measuring
the CV and in-situ FTIR during oxidation of the related compound,
N,N’-dimethylaniline (DMA). Since the amine has two alkyl groups
at the nitrogen, it could not give the head-to-tail dimer (or the lin-
ear polymer) because the electrophilic substitution of the radical
cation on the aromatic ring will form a charged quaternary ammo-
nium group or promote the loss of a methyl cation. Any of these
processes is more difficult than tail-to-tail coupling which involves
only the loss of protons. Therefore the only product should be the
tail-to-tail dimer (N,N,N’,N’-tetramethylbenzidine, TMB) as shown
in Scheme 3.

Indeed, the cyclic voltammogram (Fig. 3.a) shows a clear oxi-
dation peak (a) which has not the corresponding reduction peak,
indicating a fast coupled chemical reaction. However, the peak
potential in the successive cycles remains the same and the peak
current decreases slightly upon cycling, likely due to the depletion
of the diffusion layer, unlike the CV of NMANI oxidation (Fig. 1.a).
Therefore, there is no evidence of surface blocking in agreement
with the fact that DMA does not polymerize easily. The product of
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the chemical reaction shows a quasireversible peak couple (b,b’)
which has been attributed to TMB. [76] The FTIR spectra (Fig. 3.b)
show bands due to TMB which help to assign the equivalent bands
in N-methylaniline spectra.

3.2. Head to tail dimer (DMADA) adsorption

It has been usually assumed that only soluble intermediates are
produced prior to anilines polymerization. On the other hand, it has
been found by cyclic voltammetry,[77] that the head-to-tail dimer
of aniline is irreversibly adsorbed onto the platinum electrode, giv-
ing a surface redox couple on the electrode. The adsorption was
corroborated using in situ FTIR.[57] To test if that is also the case
with DMADA, we used a flow cell. This allows exchange the poly-
merization solution with another free of monomer without losing
the potential control. First, the potential was stepped to 1.2V vs.

SHE and kept for 2 min. Then the potential was set at 0.1V vs. SHE
and the cell content was exchanged 10 times by monomer free
electrolyte, to assure removal of soluble species, without losing
potential control.

The CV taken after that procedure (Fig. 4.a) shows clearly a
quasireversible peak system due to an adsorbed redox couple. The
peak positions match these of the peaks c-¢’ in Fig. 1.a, suggesting
that the peaks are due to the redox reaction of adsorbed DMADA
produced during NMANI electrochemical oxidation. The FTIR dif-
ference spectrum of the oxidized dimer, taken at 0.8V vs. SHE
with 0.6V vs. SHE as reference, (Fig. 4.b) shows a positive band at
1508 cm~! and negative bands at 1582, 1378 and 1162cm~!. The
band at 1508 cm~! could be assigned to the aromatic stretching
in DMADA while the band at 1582 cm~! could be assigned to the
stretching in the imine group (CH3-N=C). The band at 1162 cm™!
could be assigned to the perchlorate ions, which are exchanged

HsC. _CHg HsC. - CHj
N N HsC, /CH3
-2¢€ - . — .
e 2H* ; /7 \ AR\ +N
5 e > / \ 7/ \—/
peak a Hs;C CHj3
dimethylaniline
peak b-b 2¢€
HsC CHs
N ) 7N N/
\ 7/ \/
HsC CH;

N,N,N’",N’-tetramethylbenzidine

Scheme 3. Mechanism of N,N’-dimethylaniline electrochemical oxidation and dimerization.
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the adsorbed dimer (0.1 M HClO4) on polycrystalline Pt. p-polarized light, taken at
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during the oxidation-reduction of DMADA (left side reaction in
Scheme 1. 1.As in the case of aniline,[57] the tail-to-tail dimer
(DMBz) species seems not adsorb on the platinum surface.

3.3. Poly(N-methylaniline) redox switching

In situ FTIR is not only able to study soluble species but
also indicate the structural changes occurring during the oxida-
tion/reduction of the electroactive polymer produced by oxidation
of NMANIL. A thin polymer film of poly(N-methylaniline) was pro-
duced and its redox response was studied using cyclic voltammetry
and in-situ FTIR. The cyclic voltammogram (first oxidation process)
of a poly(N-methylaniline) film on Pt is shown in Fig. 5.a.

The redox peaks correspond to the first process described in
Scheme 4. 4.Anion insertion should take place to compensate the
positive charge formed inside the polymer. However, it is known
that the reduced state could be partially protonated at pH 1.
Therefore, the formation of positive charges inside the films is
compensated by proton expulsion, released by the protonated part
of the reduced state, and by anion insertion, in the non proton-
ated part of the reduced state of the polymer. Such effects has
been previously studied using Probe Beam Deflection and Electro-
chemical Quartz Microbalance.|37] Since such equilibria does not
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Fig. 5. Cyclic voltammogram of the polymer obtained by oxidation of poly(N-
methylaniline)/Pt in 1M HCIO4. In-situ FTIR measurements taken during
oxidation/reduction of poly(N-methylaniline)/Pt in 1 M HClO4.

affect the structural changes during oxidation, for sake of simplic-
ity, the leucomeraldine state of PNMANI is depicted unprotonated
in Scheme 4.

The in-situ FTIR spectra show bands changing intensity when
the oxidation state of the polymer is modified (Fig. 5.b). The inten-
sity of the band at 1513 cm~!, associated with C = C stretching of the
amine aromatic rings, decreases upon oxidation due to the con-
version of amine aromatic rings to quinonimine ring, during the
change of leucomeraldine to emeraldine state (Scheme 4). Accord-
ingly, the band at 1588 cm!, assigned to C=N and C=C stretching
in the quinonimine units, increases intensity upon oxidation due
to the formation of quinonimine units in the emeraldine state.
The bands at 1490, 1371, and 1263 cm™!, assigned to vibrations
of the emeraldine state of PMANI (Scheme 5), show the same
changes. The intensity of the band at 1196 cm~!, assigned to C-
N* stretching in the -C-N*-CH3 moiety, also increases because
the relative concentration of the substituted imine augment in
the oxidized film. This band could also be related to the CI-O
stretching in the counter anion (ClO4~). However, since the mea-
surement is made trough a thin layer of electrolyte, the assignment
is less clear in this case. The bands assignments are summarized in
Scheme 5.

The spectra do not show clear bands above 1600cm™!.
However, a broad absorption which is usually assigned to the
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electronic transition to the conduction band of the polymer,[78] is
detected at anodic potentials, where PNMANI is in its conductive
state.

Unlike the case of polyaniline,[57] the cyclic voltammogram and
in-situ FTIR spectra of poly(N-methylaniline) (Supl. Info, Figure S2)
synthesized at lower monomer concentration (0.05M/0.1 MHClO4)
are very similar to those described in Fig. 5. It seems that the lower
conductivity of poly(N-methylaniline),[79] induces less shifting of
the spectrum baseline.

3.4. Poly(N-methylaniline) electrochemical degradation.

As in the case of polyaniline,[57], [80] subjecting the polymer
to potentials more anodic than the ones required to convert
emeraldine to pernigraniline (higher than 0.9V vs. SHE here), in
acid aqueous media, produce changes associated with degradation
of the polymer backbone. At these potentials the film is con-
verted into its fully oxidized form (pernigraniline charged state)
which is highly reactive to nucleophilic attack (Scheme 6). [81]

ar. str.
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Scheme 5. Vibrational band assignment for poly(N-methylaniline) redox states. The assignments are made by comparison with data from literature.
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Fig. 6. In-situ FTIR difference spectrum (region between 1600 and 1200cm~') of
poly(N-methylaniline) degraded by oxidation at 1.2V vs. SHE in 1M HClOy4. The
spectrum (black line) is taken at 0.8 V vs. SHE using the one taken at 0.1V vs. SHE
as reference. The spectrum of hydroquinone (10 mM/1 M HClO4) measured in the
same conditions is shown (grey line) for comparison. In-situ FTIR difference spec-
tra (region between 3000 and 1800 cm~') of poly(N-methylaniline) degraded by
oxidation at 1.2V vs. SHE in 1 M HClO4.

In monomer-free aqueous solution the best nucleophile is water
which could attack the positive imine nitrogen giving rise to break-
ing the polymer chain (Scheme 6). The soluble products should
be methylammonium ion and hydroquinone. Since the potentials
are more positive than that of hydroquinone oxidation,[82] this
species is converted to benzoquinone and could be reduced to
hydroquinone by stepping to 0.1V vs. SHE.

To find out the structure of the degradation products, poly(N-
methylaniline) films were kept at a potential of 1.1V vs. SHE, in
0.1M HCIOy4, for 400 s. The spectrum of the resulting solution
was compared (at the same potential) with that of a solution of
hydroquinone (Fig. 6.a). Most of the bands are present at the same
wavenumber in both spectra, supporting the assignment of hydro-
quinone (converted to p-benzoquinone at the working potential)
as the main degradation product. However, three bands appear at
2908, 2340 (negative), 2728 and 2509 cm~! (positive). Itis observed
that the intensity of the band at 2340 cm~! increases with oxidation
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Fig.7. CV (m/z=44)during poly(N-methylaniline) degradation on a porous Pt elec-
trodes. MSCV (m/z =44) during poly(N-methylaniline) degradation on a porous Pt
electrodes.

and remains constant during reduction. This behaviour suggests
that CO, is also produced during degradation of PNMANI films on
Pt. DEMS data support such a conclusion (see below).

The bands at 2728 and 2509 cm~!, previously assigned to—-NH*,
increase in intensity during oxidation and decrease during reduc-
tion (Fig. 6.b). The same occurs with the one at 2908 cm~1, assigned
to-NH* charged dimer. This behaviour suggests that other species,
like N-methylindofenol, are present in the solution after degrada-
tion. The bands at wavenumber above 2500cm~! are absent in
the spectra taken during redox switching of PNMANI, at potentials
below 0.8V vs. SHE suggesting that vibrations of polymer groups
are not related to the bands observed during degradation.

Successive scans up to 1.2V vs. SHE show a broad peak at ca.
1.15V vs. SHE, accompanied by decrease of the the peak current
at ca. 0.5V vs. SHE, where the redox response of the polymer is
observed (Fig. 7.a). The monitoring species, using DEMS, of m/z=
44 during electrochemical cycling of PNMANI films up to 1.2V vs.
SHE (Fig. 7.b), reveals that a significant amount of CO, is produced
at extreme anodic potentials. This result confirms that complete
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Scheme 6. Proposed mechanism of electrochemically induced degradation of poly(N-methylaniline).

oxidation of the polymer is possible on Pt electrodes. Indeed, by
cycling between 0.1 and 1.5V vs. SHE in monomer-free solution
during more than 30 minutes, the film is completely removed from
the Pt electrode. The same occurs with PANI. The electrode, after
treatment, shows the voltammogram of a clean Pt surface and no
CO, is detected by DEMS. The procedure is of interest to clean Pt
electrodes covered with PANI or PNMANI films when other pro-
cedures (flame treatment, polishing, etc) can not be applied. Since
polyanilines can be easily deposited on conductive substrates by
electrochemical polymerization and could be removed by electro-
chemically induced degradation, they can be useful as masking
material in the formation of micro or nanostructured surfaces. [83].

4. Conclusions

The early stages of N-methylaniline polymerization seem to be
similar to those of aniline. The monomer is oxidized to its cation
radical, which dimerizes. Two dimers are produced by head-to-tail
(N,N’-dimethyl(4-aminodiphenylamine), DMADA) and tail-to-tail
coupling (N,N’-dimethylbenzidine, DMBz). The FTIR study shows
evidence of the formation of both dimers during N-methylaniline
oxidation. However, it seems that more tail-to-tail dimer (DMBz)
is formed when N-methylaniline is oxidized than in the case of
aniline. This is likely to be due to steric and electronic effects
of the methyl group on the head-to-tail coupling. Studying of a
model compound (N,N’-dimethylaniline) allows to clearly identify
the bands due to the tail-to-tail dimer (DMBz).

The head-to-tail dimer (DMADA) is adsorbed in the electrode
surface, as shown by cyclic voltammetry and in-situ FTIR of the
isolated adsorbed products by solution exchange under potential
control.

The redox switching of poly(N-methylaniline) involves oxida-
tion of amine units to quinonimine units, the oxidized units bear
the charge which results in a shift of the vibrational bands. The
intensity of the band assigned to C-N* stretching in the -C-N*-CHs3
moiety, also increases due to a increased substituted imine content
in the oxidized film. An increase of the anion (perchlorate) concen-
tration inside the film, due to compensation of the positive charges
formed during oxidation, is detected by FTIR.

During degradation of PNMANI, benzoquinone and protonated
methylamine are produced by nucleophilic attack of water on
the fully oxidized polymer. However, during both formation and
degradation of PNMANI, other bands assigned to indophenol like

compounds are also observed. Additionally, CO, is detected by in-
situ FTIR and DEMS during formation and degradation of PNMANI.
This means that the monomer and the polymer could be electro-
chemically burned on the Pt surface. Such process could be used
to clean completely the electrode surface. However, it also means
that extreme care should be taken with the potentials applied to Pt
electrodes covered by poly(N-methylaniline) films, to avoid degra-
dation of the polymer at the electrode/polymer interface to avoid
partial disconnection of the polymer film from the electrode.

The fact that N-methylaniline and aniline oxidation show a
similar reaction mechanism, suggests that the electrochemical
oxidation and polymerization of different anilines should obey a
general reaction mechanism such as the one described in Scheme 1.
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