Available online at www.sciencedirect.com

SCIENCE<dDIRECT®

Journal of Electroanalytical Chemistry 575 (2005) 19-26

Journal of )
Electroanalytical
Chemistry

www.elsevier.com/locate/jelechem

Electrosynthesis and characterisation of poly(N-methylaniline)
in organic solvents

Di Wei *°, Tom Lindfors **, Carita Kvarnstrém ?, Leif Kronberg ©,
Rainer Sj6holm °, Ari Ivaska #

& Process Chemistry Centre, clo Laboratory of Analytical Chemistry, Abo Akademi University, Biskopsgatan 8, Turku 20500 Abo, Finland
Y Graduate School of Materials Research (GSMR), Abo Akademi University, Biskopsgatan 8, Turku 20500 Abo, Finland
¢ Department of Organic Chemistry, Abo Akademi University, Biskopsgatan 8, Turku 20500 Abo, Finland

Received 5 June 2004; received in revised form 23 August 2004; accepted 24 August 2004
Available online 26 October 2004

Abstract

The electropolymerisation of N-methylaniline was studied on glassy carbon and optically transparent tin oxide electrodes in the
organic solvents dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) containing 1.0 M methanesulfonic acid or 1.0 M tri-
fluoromethanesulfonic acid. Our results show that a thin film of poly(N-methylaniline) can be obtained in DMF and DMSO,
although the reaction product is very soluble. The PNMA film and the soluble fraction of the reaction product was analyzed and
characterised with cyclic voltammetry, mass spectroscopy, in situ UV-Visible and Raman spectroscopy. The formation of an inter-
mediate in DMF with an absorbance maximum at 720 nm was confirmed with in situ UV-Visible measurements. This is in contrast to
polymerisation in aqueous solution where the absorbance maximum of the intermediate has been reported to appear at 441-460 nm.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Much less attention has so far been paid in the lit-
erature to N-substituted polyanilines than polyaniline
(PANI) although there are several reports on both
electrochemically and chemically synthesised poly(N-
alkylanilines) [1-17]. They are interesting materials
for several reasons. First, an intermediate with high
stability is formed during electropolymerisation of var-
ious N-alkyl [8,11,12,14] or sulfoalkyl [10] substituted
anilines in acidic aqueous solutions. It is therefore
possible to perform both kinetic and mechanistic stud-
ies of the polymerization reaction of poly(N-alkylani-
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lines) [12,14]. Second, the electrochemistry of poly(/V-
alkylanilines) is less complicated in comparison to
PANI due to the absence of the very pH sensitive
emeraldine base (EB)-emeraldine salt (ES) transition.
It is generally agreed that the electrochemistry of
poly(N-alkylanilines) in acidic solutions follows
Scheme 1, where LE, E and PN denote the leucoemer-
aldine, emeraldine and pernigraniline forms of poly(/V-
methylaniline) (PNMA) [5,13]. It should be pointed
out that the emeraldine form is the only electrically
conducting form. Third, it has been reported that
poly(N-methylaniline) is more stable towards oxidative
degradation than PANI [6], although poly(N-benzyl-
aniline) (PNBzA) was reported in another study to
be less stable than PANI [12]. The higher stability
of PNMA may eventually be a useful property in
rechargeable battery applications [16].
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Scheme 1. The redox mechanism of PNMA prepared with a mobile

counter anion (A™). The leucoemeraldine, emeraldine and pernigran-
iline forms are indicated with LE, E and PN, respectively.
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We recently reported that polymer films of PNMA,
poly(N-ethylaniline) (PNEA), poly(N-propylaniline)
(PNPA) and poly(N-butylaniline) (PNBA) can easily
be formed on glassy carbon (GC) and tin oxide (TO)
substrates in a 1.0 M HCIOy solution [18]. It was also
observed that the PNMA film growth was greatly facil-
itated in a 0.1 M solution of the surfactant dodecylben-
zenesulfonic acid. The polymerisation of N-substituted
anilines is usually done in acidic aqueous solutions, in
order to avoid N-N coupling of the monomers [1], even
though there are reports where N-heptylanilines and N-
dodecylaniline were polymerised in acetonitrile
(ACN) + H,SO,4 [9] and ACN + HCIO, mixtures [4],
respectively. Chevalier et al. [4] have chemically synthe-
sised different poly(/N-alkylanilines) with different chain
lengths (alkyl = methyl, ethyl, propyl, butyl, pentyl
and dodecyl) and studied their solubility in different or-
ganic solvents. They showed that the polymers obtained
were soluble in common organic solvents and therefore
processable. The electrical conductivities of the poly(/V-
alkylanilines) were also reported to decrease with
increasing chain length of the alkyl substituent. This
was explained to be due to an increase in the interchain
distance between adjacent polymer chains and an in-
crease in the torsion angle between the phenyl rings,
resulting in a decrease in the orbital overlap of the m-
electrons.

It has recently been reported that the EB form of
PANI contains between 5% and 15% water in its
structure via hydrogen bonding [19]. This may possi-
bly cause degradation of the polymer film upon oxida-
tion. One possibility to avoid the presence of water in
the polymer matrix is to perform the electropolymeri-
sation in organic solvents. Osaka et al. [20-23] have

studied the electropolymerisation of PANI in propyl-
ene carbonate (PC). They performed the electropolym-
erisation of PANI in a PC solution containing 0.5 M
aniline, 0.5 M trifluoroacetic acid (CF;COOH) and
0.5 M LiClO4 as the electrolyte salt [21]. Miras
et al. [24,25] have prepared electroactive PANI by
anodic oxidation of non-protonated aniline in ACN.
On the other hand, only one study concerning the
electropolymerisation of N-substituted anilines in or-
ganic solvents has been reported to the best of our
knowledge [17], i.e. the electropolymerisation of
NMA in a PC solution containing 1 NMA, 4
CF3;COOH and 0.5 M LiClOy4. In the present paper,
we have studied the electropolymerisation of NMA
in the organic solvents dimethylformamide (DMF)
and dimethyl sulfoxide (DMSO) containing 1.0 M
methanesulfonic acid (MSA) or 1.0 M trifluorometh-
anesulfonic acid (FMSA). MSA and FMSA were cho-
sen for this study because they are a medium strong
and a strong acid, respectively, in both DMF and
DMSO (MSA: pK,=3.0 in DMF; pK,=1.6 in
DMSO) [26].

2. Experimental
2.1. Chemicals

N-methylaniline (NMA) (98.0%), methanesulfonic
acid (MSA) (=99%) and dimethylformamide (DMF)
(>99.8%) were obtained from Fluka and dimethyl sulf-
oxide (DMSO) (99.5%) from LabScan. All chemicals
were used as received. Acetonitrile (ACN) from Lab-
Scan was freshly distilled and dried over basic alumina
(~150 mesh, Aldrich).

2.2. Cyclic voltammetry

The cyclic voltammetric (CV) measurements were
performed in a three electrode cell with a GC disc
(7 mm?) as the working electrode (WE), a Pt wire
as the counter electrode (CE) and a Ag|AgCl|] 3 M
KCI reference electrode (RE). The RE was placed in
a bridge filled with 1.0 MSA or 1.0 M FMSA and
the WE was polished mechanically with 0.3-um alu-
mina powder prior to all experiments. The electropo-
lymerisation of NMA was done in DMF and
DMSO containing 1.0 M MSA or 1.0 M FMSA.
The PNMA films were characterised in monomer free
solutions of 1.0 M MSA or 1.0 M FMSA in both
DMF and DMSO, and the potential was controlled
with an Autolab (PGSTAT 20) potentiostat. Prior to
all measurements the solutions were purged with
nitrogen and the solution were blanketed with nitro-
gen during the experiments.
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2.3. Raman spectroscopy

In situ Raman spectra of the PNMA films were meas-
ured in a three electrode spectroelectrochemical cell that
has been described elsewhere [27] (WE: GC (7 mm?); CE:
Pt wire; RE: Ag|AgCl wire calibrated vs ferroscene). The
PNMA films were first characterised before the Raman
measurements in an ACN solution containing 1.0 M
MSA (1.0 M MSA-ACN). The spectra were then re-
corded at different potentials in the same solution by
increasing the potential stepwise by 100 mV from 25 to
1025 mV. The 780 nm laser was focused on the PNMA
film on a spot of ~10 pm in diameter and the scattering
was collected at 90° with a Renishaw Raman imaging
microscope (system 1000 B with a CCD detector).

2.4. UV-Visible spectroscopy

The UV-Visible transmission spectra were recorded
with a Hitachi U-2001 spectrophotometer in a three
electrode configuration in a standard 10 mm quartz cuv-
ette. The electrode potential was first kept at 750 mV for
10 min and then at the open circuit potential for 10 min
after the polymerisation. A quartz glass (thickness: 4
mm) coated with a thin layer of TO, a Pt and a Ag|AgCl
wire served as WE, CE and RE, respectively. The TO
glass was rinsed with acetone and an excess of deionised
water prior to the measurements and the background
spectra were always recorded with two blank TO glasses
before the polymerisation was started. The measure-
ments were done in a DMF solution containing 50,
100 or 500 mM NMA and 1.0 M MSA.

All experiments in this study were performed at
23+ 1 °C.

2.5. Mass spectroscopy

The mass spectrometric (MS) analyses were per-
formed with an Agilent 1100 Series LC/MSD SL Trap
system (Agilent Technologies, Espoo/Esbo, Finland)
equipped with an electrospray source and operated both
in the positive and negative mode. Nitrogen was used as
the nebulizer and drying gas (15 psi and 5 mL/min,
respectively). The drying gas was heated to 325 °C and
the capillary exit offset was adjusted to 128.5 V with skim
1 set at 40.0 V. The maximum ion accumulation time was
2000 ps and the target value was 30000. The full scan
mass spectra were recorded by scanning from m/z 50—
800. Helium was used as the collision gas in the collision
induced dissociation experiments coupled with multiple
tandem mass spectrometry (MS"). The fragmentation
amplitude was varied between 0.8 and 1.0 V and the sam-
ples with a concentration of ~5 pg/mL were introduced
to the source by a syringe pump at a rate of 5 pL/min.
A 1/1 mixture of 10 mM ammonium acetate + ACN
was used as the solvent in the MS experiments.

3. Results and discussion

In general, electropolymerisation in organic solvents
is influenced by various experimental parameters. First,
the solvent will affect the chemical structure, conductiv-
ity, morphology and electrochemical behavior of the CP
film. Second, the choice of the acid is crucial for the
polymerisation process. A relatively strong proton do-
nor, e.g. MSA and FMSA, resulting in a high proton
activity in the organic solvent, is required in order to
avoid N-N coupling of the monomer [1]. Third, the
chemical structure and the thickness of the polymer film,
which is formed during electropolymerisation, is affected
by e.g. the monomer concentration and the upper
switching potential.

In this work, the electropolymerisation of NMA was
performed both in DMF and DMSO solutions contain-
ing 1.0 M MSA (hereafter abbreviated as 1.0 M MSA-
DMF and 1.0 M MSA-DMSO, respectively) or 1.0 M
FMSA (1.0 M FMSA-DMF and 1.0 M FMSA-
DMSO). The effect of the monomer concentration (50,
100 and 500 mM) and the upper switching potentials
(1025, 1050 and 1100 mV) was studied. The PNMA film
formed on GC was studied with CV and in situ Raman
spectroscopy and the soluble reaction product with in
situ UV-Visible spectroscopy and MS.

3.1. Synthesis and characterisation of the PNMA film
with CV

The polymerisation of 500 mM NMA in a 1.0 M
MSA-DMF solution is shown in Fig. 1(a). A large
amount of a highly soluble green coloured reaction
product was formed in the vicinity of the WE soon after
the polymerisation was started by cycling the potential
between 25 and 1025 mV (50 cycles; scan rate: v = 50
mV/s). The soluble reaction product is formed in the
1.0 M MSA-DMF solution mainly at potentials higher
than ~700 mV corresponding to the oxidation potential
of NMA (Fig. 1(a), scan 1). The green reaction product,
indicating the formation of the electrically conducting
emeraldine form, separated continuously from the GC
electrode and was dissolved in DMF during the electro-
polymerisation. A thin green film, however, covered the
GC clectrode after the polymerisation while no obvious
film formation was observed on TO. Similar behaviour
was found when the solvent was changed to DMSO or
when the acid was changed to FMSA.

The influence of the monomer concentration (50, 100
and 500 mM) on the polymerisation of NMA in 1.0 M
MSA-DMF was also studied. The film formation was
slightly improved at the highest monomer concentra-
tion. The cross-over effect is rather strong at potentials
higher than ~550 mV during the first 10 potential cycles,
i.e. the current is higher during the negative scan in
comparison to the positive scan (Fig. 1(a)). The high
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Fig. 1. (a) Polymerisation of 500 mM NMA in a 1.0 M MSA-DMF solution, v = 50 mV/s. The 1, 5, 10, 20, 30, 40 and 50th scans are shown in the
figures and the potential interval of 25-600 mV is shown in the insert; (b) characterisation of the PNMA film in a 1.0 M MSA-DMF solution (2nd
cycle: solid lines): (1) 10 mV/s, (2) 20 mV/s and (3) 50 mV/s. The CV of the bare GC electrode and the 20th cycle of the PNMA film (dotted line) are

also shown in the figure, v = 50 mV/s.

monomer concentration (500 mM) facilitates the radi-
cal-radical coupling of the monomers and further oxi-
dation of intermediate species formed at potentials
higher than 550 mV contribute to the oxidative current
that is observed during the negative scan. Dicationic
species might also increase the number of coupling reac-
tions leading to cross-linking between the intermediates.
In general, a more cross-linked material is usually less
soluble resulting in better adsorption of the reaction
product at the electrode substrate. The upper switching
potential (1025, 1050 and 1100 mV) did not have any
significant influence on the doping response of the
PNMA film in the potential range studied.

As can be seen in Fig. 1(b), three redox couples with
Epa1=275 mV/E, ;=226 mV, E,,=516 mV/E
pe2 =480 mV and E,, 3=766 mV/E, 3= 676 mV were
observed when the PNMA film was characterised by
CV in a 1.0 M MSA-DMF solution (v =50 mV/s).
The CVs recorded during the 2nd potential cycle at
the scan rates of 10, 20 and 50 mV/s are shown in Fig.
1(b) (solid lines). The almost linear relationship between
the anodic oxidation peak currents and the square root
of scan rate indicates that the redox processes are con-
trolled by diffusion of dopant anions (Scheme 1: A™).
Of the three redox couples in Fig. 1(b), the first couple
at Ey, 1 =275 mV and the third couple at E,, ;=766
mV (v=50 mV/s) can be ascribed to the LE-E and
the E-PN transitions of PNMA (Scheme 1) [5]. As for
PANTI [28], the second redox couple at Ep, =516 mV
has been interpreted by Sivakumar and Saraswathi in
an aqueous solution as associated with the hydroqui-
none-benzoquinone degradation product [17]. The ano-
dic oxidation peak potentials of the PNMA film
observed in this study are very similar to the peak pot-
entials of PNMA obtained by Sivakumar and Saraswa-
thi in an aqueous solution at pH 0. It should, however,

be pointed out that all peak currents shown in Fig. 1(b)
decrease after continuous cycling of the PNMA film in
1.0 M MSA-DMF in the potential interval of 25-1025
mV (see the 2nd (solid line) and 20th potential cycle
(dotted line) of the PNMA film measured at v =50
mV/s). The decreasing electroactivity of the PNMA film
is probably caused by overoxidation in DMF, resulting
in the formation of a degradation product, because the
peak current of the second redox couple (E,,.=516
mV) increases when the potential is cycled continuously
to 1.1 V. At the same time, the peak currents of the first
(Epa,1 =275 mV) and third (Ep, 3= 766 mV) redox cou-
ples decrease.

The highest oxidation and reduction currents of the
PNMA film were obtained when the electropolymerisa-
tion was performed in DMF with MSA. A PNMA film
with lower currents was obtained when polymerizing in
DMF with FMSA or in DMSO with MSA or FMSA.

3.2. Characterisation of the film by Raman spectroscopy

The electropolymerisation of the PNMA films for the
Raman measurements was done in a 1.0 M MSA-DMF
solution containing 500 mM NMA (see Section 3.1. and
Fig. 1(a)). The PNMA films were, however, character-
ised with CV in 1.0 M MSA-ACN due to the strong
interference of the Raman bands of DMF in the wave-
number interval studied (700-1850 cm™'). The cyclic
voltammogram of the PNMA film in ACN showing
the three main redox couples at E,, ; =479, E,, =580
and E,, ;=987 mV differs significantly from the vol-
tammogram of PNMA in DMF (Fig. 1(b)). For exam-
ple, the oxidation and reduction peak currents for the
third redox process at £, 3=987 mV are much lower
than for the first redox process at E,, ; =479 mV. The
reason for this behaviour is still unclear at the moment.
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The in situ Raman spectra were measured at the pot-
entials (25-1025 mV) given in Fig. 2. The PNMA film
was held for 2 min at each potential before the measure-
ment was started and the laser light was applied to the
sample. The Raman spectra measured at the different
potentials are shown in Fig. 3 and have been separated
from each other in order to clarify the spectral changes.
It must, however, be stressed that the laser wavelength
(Aexe = 780 nm) used in this study will probably, due to
resonance effects, enhance vibrations originating from
the oxidised quinoid units, which are associated with
the electrically conducting emeraldine form of PNMA
[29] (Scheme 1).

The Raman bands in Fig. 3 at 762, 917 and 1369
ecm ™! are characteristic of MSA and ACN (Table 1).
These bands together with a band at ~1176 cm ™', which
is assigned to C-H in plane deformation (dcy) of the
quinoid rings of the PNMA film [13], can mainly be ob-
served in the spectra measured at potentials between 25
and 325 mV. The band at 1176 cm™" is probably reso-
nance enhanced by the laser used in this study. The
broad band at 1595 cm™' splits into two bands at
1616 and ~1587 cm~! when the potential is increased
to 425 mV. These two bands are assigned to the C-C
and C=C stretching (vcc) of the benzenoid and quinoid
rings, respectively [13,29]. Simultaneously, two new
bands centered at ~1195 and ~1497 cm™' appear in
the spectra. The band at ~1195 cm™! is assigned to C—
H in plane deformation (dcy) of the benzenoid rings
[13] and for PANI, the band at ~1497 cm ™! has been as-
signed to C=N stretching (vcy) of the quinoid rings [29].
The band at ~1497 cm™', which is associated with the
electrically conducting emeraldine form of PNMA, indi-
cates that the LE-E transformation (Scheme 1) starts
approximately at 425 mV. This is in good accordance

1/ pA
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Fig. 2. Characterisation of the PNMA film in a 1.0 M MSA-ACN
solution, v = 50 mV/s. The potentials that were applied in the Raman
measurements are indicated with the arrows (see also Fig. 3).
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Fig. 3. The Raman spectra of PNMA in 1.0 MSA-ACN measured at
different potentials (see also Fig. 2). The spectra were measured from
25 to 1025 mV. Peaks originating from ACN and MSA are indicated
with * and &, respectively.

with the CV of PNMA in ACN showing that the LE-
E transition starts at ~400 mV.

The strong growth of the benzenoid bands at ~1195
and 1616 cm ™' at potentials between 425 and 825 mV is
somewhat contradictory because the amount of benze-
noid units decreases in this potential range due to the
conversion of benzenoid to quinoid units. Rather similar
behavior was reported by Quillard et al. [29] when PANI
was studied with the Aey. = 676.4 nm laser in the poten-
tial interval of —150-600 mV (vs SCE).

A new band at ~1385 cm ™!, which is characteristic of
C-N stretching (ven) of the dicationic electrically con-
ducting emeraldine form of PNMA [13], appears at pot-
entials between 525 and 925 mV and overlaps partially
with the ACN band at 1369 cm ™. In this potential inter-
val, the band at ~1497 cm ™! is transformed into a broad
band centered at ~1510-1540 cm™'. This is in good
accordance with the results of Kilmartin and Wright
[13]. Their Raman spectra of PNMA showed that the
bands at 1374 and 1515 cm™' were associated with
the emeraldine form of PNMA. Simultancously with
the appearance of the band at ~1510-1540 cm™', a
new band at ~1277-1282 cm ! can also be observed
in the spectra. This band is probably also related to
the C-N stretching (vcy) of the dicationic semiquinone
structure because it is expected that the modes involving
the nitrogen atom will be most affected by direct substitu-
tion at the nitrogen atom [13]. At 925 mV the intensity of
the bands at ~1277-1282, ~1385 and 1495-1525 cm ™!
start to decrease indicating that the E-PN transition of
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Table 1

Assignments of the main Raman bands shown in Fig. 3
Wavenumber (cm ™) Assignment

762 MSA

917 ACN

~1176 Q C—H in plane deformation (dcp)
1195 B C—H in plane deformation (dcy)

1277-1282 E C—N stretching (ven)
1369 ACN

~1385 E C—N stretching (ven)
~1495-1525 E C=N stretching (ven)
~1587 Q C=C stretching (vcc)
1616 B C—C stretching (vcc)

The benzenoid and quinoid units are denoted with B and Q, respec-
tively. The electrically conducting emeraldine form of PNMA is indi-
cated with E.

PNMA starts approximately at this potential, which is
in good accordance with the CV of PNMA in ACN.
The Raman spectra measured at 1025 mV show that
the insulating PN form is the dominant form at this
potential because almost no bands related to the E form
of PNMA are present at ~1277-1282 and ~1385 cm ™.
A weak band can still, however, be observed at ~1495
cm ™! in the spectra measured at 1025 mV.

It can be concluded based on the CV and Raman
measurements that a thin PNMA film can be formed
in a 1.0 M MSA-DMF solution. The potential depend-
ent changes observed in the Raman spectra and the CV
of PNMA in ACN are in good accordance with each
other, confirming that the LE-E and E-PN transitions
take place in the PNMA film.

3.3. Characterisation of the soluble fraction of the
reaction product

The soluble part of the reaction product formed dur-
ing the electropolymerisation of 50, 100 and 500 mM

NMA in 1.0 M MSA-DMF was studied with UV—Vis-
ible spectroscopy. The UV-Visible spectra that were re-
corded every minute at 750 mV are shown as solid lines
in Fig. 4 and the spectra taken at the open circuit poten-
tial (E,cp) as dotted lines. Three absorbance maxima can
be distinguished in the spectra at 405, 720 and 1005 nm.
The maxima at 405 and 1005 nm are characteristic of the
electrically conducting emeraldine form [1,4]. The
absorbance maxima of these bands are almost propor-
tional to the NMA concentration while the absorbance
maximum of the band at 720 nm is not proportional
to the NMA concentration. When the potential is
switched to the open circuit potential after performing
the polymerisation for 10 min at 750 mV, the band at
720 nm disappears almost completely in contrast to
the bands at 405 and 1005 nm, which decrease in inten-
sity only to a minor extent (Figs. 4 and 5). It should be
noted that the absorbance, especially at 1005 nm, still in-
creases for 1-2 min after the polymerisation is com-
pleted, which is typical for a coupled chemical
reaction. This could, however, also be due to accumula-
tion of the reaction product in the light path of the pho-
tometer after switching the potential to the open circuit
potential at #=10 min. The strong decrease of the
absorbance maximum at 720 nm is obviously related
to an intermediate that reacts further, forming an end
product, which is observed at 405 and 1005 nm. The
spectra recorded after 20 min are very similar to the
spectra of the emeraldine form of the PNMA film in
aqueous solution [4,30]. The formation of the end prod-
uct is favoured at higher NMA concentrations because
more intermediate is formed with a higher probability
to react with the excess of NMA. No reaction products
could, however, be identified with MS analysis when the
polymerisation was performed in 1.0 M MSA-DMF
with 500 mM NMA, even though it was visually ob-
served that great amounts of a green coloured reaction
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Fig. 4. The UV-Visible spectra recorded during polymerisation of 50, 100 and 500 mM NMA at 750 mV in a 1.0 M MSA-DMF solution. One
spectrum was recorded every minute for 20 min as indicated by the numbers in the figures. The spectra were first recorded for 10 min at 750 mV (solid
lines) and then 10 min at the open circuit potential, £, (dotted lines). The scale of the absorbance axes in the figures showing the polymerisation of
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Fig. 5. The absorbance vs time at 405, 720 and 1005 nm measured during polymerisation of 50, 100 and 500 mM NMA at 750 mV in a 1.0 M MSA-
DMEF solution (see Fig. 4). The potential was first held for 10 min at 750 mV and then 10 min at the open circuit potential (Eqp).

product were formed in the vicinity of the WE, changing
the colour of the polymerisation solution from transpar-
ent to dark green. The green coloured reaction product
has a very weak affinity to the TO surface and no growth
of the PNMA film on the TO electrode was observed. It
should therefore be pointed out that the absorbance
bands at 405, 720 and 1005 nm arise from solution spe-
cies only. The MS measurements indicate, however, that
trimers or tetramers are formed when the polymerisa-
tion of NMA is performed in 1.0 M FMSA-DMF.

It has been shown by Malinauskas and Holze [18§]
that N-substituted anilines form very stable intermedi-
ates that can be detected on a minute time scale with
in situ UV-Visible spectroscopy. They also confirmed
that the electropolymerisation of NMA follows an EC
mechanism. It was, however, reported that the interme-
diate formed in the electropolymerisation of NMA,
N-ethylaniline (NEA), N-benzylaniline (NBzA) and N-
(3-sulfopropyl)aniline (NSPA) in acidic aqueous solu-
tion has an absorbance maximum at 441 nm [14], 443
nm [8] (NMA), 450 nm [11] (NEA), 453 nm [10] (NSPA)
and 460 nm [12] (NBzA). The differences in the absorb-
ance maxima of the intermediate in aqueous solution
and DMF may be caused by a different polymerisation
mechanism of NMA in DMF than in aqueous solution
or by differences in the chemical and physical properties,
e.g. polarity, of these two solvents. In the case of NSPA,
it was proposed that nitrenium cation intermediates
were formed although this could not be verified chemi-
cally [10].

4. Conclusions

Thin films of PNMA can be electropolymerised on
GC in the organic solvent DMF containing the moder-
ately strong acid MSA. The PNMA films that were
characterised with CV and in situ Raman spectroscopy

showed the characteristic LE-E and E-PN transitions
typical for PNMA in acidic aqueous solution. Most of
the reaction product is, however, soluble in DMF and
does not undergo further polymerisation and precipita-
tion on the electrode. Analysis of the soluble fraction
of the reaction product with in situ UV-Visible spectros-
copy showed that a very stable intermediate is formed
with an absorbance maximum at 720 nm. This interme-
diate, which reacts further to an end product, is usually
observed at 441-460 nm in aqueous solutions. The dif-
ference in the absorbance maximum of the intermediate
in aqueous solution and DMF may be due to a different
polymerization mechanism of NMA in DMF or differ-
ences in the chemical and physical properties, e.g. polar-
ity, of DMF and water.

PNMA films prepared in organic solvents may possi-
bly be used as inner ion-to-electron transducer layers in
all-solid-state ion-selective electrodes. The main advan-
tages are that these layers can be prepared without the
presence of water and that they are pH insensitive in
contrast to PANI [31]. Water will accumulate in the
ion-to-electron transducer layer when the electropolym-
erisation is performed in aqueous solution. This is ex-
pected to induce long-term instability of this layer.
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