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Electrochemical synthesis of poly(2-methyl aniline): electro-
chemical and spectroscopic characterization
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Poly(2-methyl aniline) or poly(ortho-toluidine), as ring substituted derivative of ani-
line, has been synthesized electrochemically in various concentrations of H,SO,4 and HCI,
and then characterized by cyclic voltammetry, as well as by impedance and Raman spectros-
copy. The cyclic voltammograms of poly(o-toluidine) and poly(aniline) show that the elec-
trochemical polymerization of these two polymers proceeds by almost identical mecha-
nisms. The Raman spectroscopical measurements suggest that the redox reactions of
poly(aniline) and poly(o-toluidine) are similar in the potential range between—0.2 and 0.7 V
vs. SCE. The impedance measurements showed that the conductivity of poly(o-toluidine) is
an order of magnitude lower than that of the corresponding poly(aniline) form.
Keywords: poly(2-methyl aniline), electropolymerization, cyclic voltammetry, Raman
spectroscopy.

INTRODUCTION

In the last twenty years great scientific attention has been paid to electroconductive
polymers such as: poly(acetylene)s, poly(thiophene)s, poly(pyrrole)s, poly(aniline)s, efc.
Among all these polymers particular interest has been paid to poly(aniline) (PANi) due to its
high conductivity in the oxidized state. low weight and environmental stability. One of the
most useful methods for the preparation of PANi and its ring substituted derivatives is elec-
trochemical synthesis.]3 Electrochemical synthesis is usually carried out by cyclic
voltammetry with the cathodic potential in the range between —0.2 V and 0 V vs. SCE and
the anodic potential in the range between 0.7 V and 1.2 V vs. SCE in acidic aqueous solu-
tions containing monomer.*-© The polymeric material is deposited on the working elec-
trode, and its redox state can be well controlled by the value of the applied potential. So far,
most of the studies have been devoted to the polymerization mechanism of PANi, and also
to the influence of the pH value, the nature of supporting electrolyte, anion effects, mono-
mer concentration, etc.’-10

The large-scale application of PANi is sometimes limited by the insolubility ofits
protonated state and the dificulty of processing by conventional methods. This short-
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coming has usually been overcome by preparing PANi films in functionalised ac-
ids,11,12 or by the synthesis of various PANi copolymers, !3.14 as well as the polymer-
ization of different alkyl-ring substituted monomers. Whereas many reports deal with
the electrochemical synthesis and properties of aniline derivatives, much less is known
about their polymerization mechanism.

In this paper, the main efforts will be focused on the electrochemical synthesis of
poly(o-toluidine) and its charactrization using cyclic voltammetry, impedance and
Raman spectroscopy. The structure and the redox reactions of poly(o-toluidine) films
will be compared with the already well known structure and redox reactions of PANi
films, published in our previous papers.1516

EXPERIMENTAL

Prior to the electrochemical polymerization, o-toluidine was purified by vacuum distillation.
Poly(o-toluidine) films (POT) were synthesized in aqueous solutions of H,SO4 and HCI of varying
molarity (0.5 M, 1 M and 2 M acid concentrations were used). Different concentrations of o-toluidine in
the corresponding electrolytes were employed. For the cyclic voltammetric measurements, a three-cell
electrode system (similar to the earlier procedure) was used.!” The POT films were grown on a Pt work-
ing electrode (78 mm?), by cycling the potential between—0.2 Vand 1.2 V, as well as—0.2 Vand 0.7 V
vs. SCE. An alternative approach was also applied: namely, the first two cycles were scanned with the
very low sweep rates of 2 mV s™! in the range from —0.2 to 1.2 V vs. SCE, and then the next cycles were
scanned at different rates, i.e., 20, 50 or 100 mV s™!, in the same or reduced anodic potential up to 0.7 V,
and 0.8 V vs. SCE. Prior to each run, the Pt electrode was polished with 0.1 [in diamond paste and ul-
trasonically washed with methanol and distilled water. A Pt foil was used as the counter electrode, and a
saturated calomel electrode (SCE) as the reference electrode. All potentials in this work are referred to
the saturated calomel electrode (SCE). The solutions were degassed in the electrochemical cell by bub-
bling argon trhough them for at least 30 min. After the electrochemical polimerization, the films were
washed with distilled water in order to remove the low molecular soluble products.

The cyclic voltammetry measurements were performed using a HEKA Model 488 poten-
tiostat-galvanostat interfaced with personal computer. The Raman spectra were recorded using a
Phillips instrument in the spectral range between 100 cm™! and 1800 cm!. The 632.8 nm excitation
line of a 100 mW He/Ne laser was used. The conductivity measurements were performed in a
three-cell IM5d impedance measurement system “Zahner electric”.

RESULTS

Cyclic voltammetry (CV)

The electrochemically prepared POT and PANI give identical cyclic voltam-
mograms under the same experimental conditions. The initial CV curve shows an irre-
versible oxidation peak between 0.8 V and 1 V (depending on the scan rate).! After sev-
eral cycles this peak disappears and the newly formed redox anodic and cathodic peaks
increase in intensity in each next cycle.

The cyclic voltammograms for two different concentration of HySO4 containing
0.1 M o-toluidine are shown in Fig. 1.

It is evident that the shapes of the voltammograms are quite different, depending
on the concentration of the supporting electrolyte. In Fig. 1a, intensive anodic and cath-
odic peaks are observed at 0.43 V and 0.33 V, respectively, with almost invisible shoul-
ders. These two peaks are mainly due to the degradation of the polymer and soluble sur-
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Fig. 1. a) Cyclic voltammogram of
POT formation on a Pt electrode in
aqueous 0.5 M H,SO4 + 0.1 M
o-toluidine solution (v = 20 mV/s);
potential range between —0.2 to +1.2
Vvs. SCE. The numbers 8 and 12 in-
dicate the 8t and 12t cycle. b) Cy-
clic voltammogram on a Pt electrode
in aqueous 2 M H,SO4 + 0.1 M
o-toluidine solution (v = 20 mV/s);
potential range between —0.2 to +1.2
V vs. SCE. The numbers 3 and 12 in-
dicate the 3/ and the 12t cycles after
the first two cycles scanned at the
low sweep rate of 2 mV/s.

face-bound products.!8 At the same time, during the cycling, the electrode is covered
with a thick deposit and extensive dissolution occurs. The solution near the electrode
surface became an intensive green colour. For lower anodic potential limits, (up to 0.7
V), the voltammograms showed only poor, undefined large peaks.

In the higher HSO4 concentration (Fig. 1b), three redox peaks are detectable and
the voltammograms show similar shapes as in the case for PANi. !5 It can be said that the
identical redox process occurs during cycling of these two polymers.

For areduced anodic potential limit (up to 0.8 V), (Fig. 2) and higher concentra-
tion of added monomer, the shapes of the voltammogram are almost identical with

those reported by Cattarin et al.19
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Fig. 2. Cyclic voltammograms of
POT film obtained in2 M H,SO,4 +
0.3 M o-toluidine solution (v = 20
mV/s); potential range between
—0.2 and +0.8 V vs. SCE. Numbers
3 and 11 indicate the 3" and 11th
cycle after the first two cycles scan-
ned at the low sweep rate of 2 mV/s
inthe range between—0.2 Vand 1.2
V vs. SCE.

EV{sce)

Two pairs of well resolved redox peaks A/a and B/b which progressively develop
at 0.25 V and 0.6 V can be seen in Fig. 2. This strongly resembles the behaviour of
PANi. Only a third pair of redox peaks, the so called “middle peaks” C/c, which belong
to the degradation products20 is poorly recognized. As expected, due to the presence of
the electron-releasing methyl group in the ortho-position, the potentials of the first
peaks A/a in POT are slightly less positive than the corresponding values in PANi.

A comparison of Fig. 1 and Fig. 2 shows that the regular oxidative voltammetric
behaviour of o-toluidine is possible only in higher concentrations of H>SO4 and
o-toluidine.

The cyclic voltammograms for POT films grown in HCI, with a reduced anodic
potential limit (up to 0.7 V) are presented of Fig. 3.

£
OF
Fig. 3. Cyclic voltammograms of
5t POT electropolymerized in 2 M

HCl1+ 1 M o-toluidine solution (v=
. . . . ] 20 mV/s); potential range between

-02 00 02 04 06 8  —0.2t0+0.7 V vs. SCE. Numbers 3
and 15 indicate the 3™ and the 15"
cycle.
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It should be noted that, compared to HySOy4, higher acid (2 M HCl) and monomer
(> 0.5 M o-toluidine) concentration were required in order to obtain a reasonable poly-
mer growth. In agreement to previously reported results,16 for 1 M HCl and 0.1 M
o-toluidine, very poor voltammograms with already inactive peaks were registered.

Two pairs of redox peaks were detected without any potential shift. No middle
peaks C/c were detected, confirming the non-existence of degradation products and
higher regularity, homogeneity and adherence of the deposited film to the electrode sur-
face, than in the case of polymer deposited from H>SO4 solutions.

With the same electrochemical conditions, the curve shapes of POT almost repli-
cate the electrochemical behaviour of PANi,!522 confirming once more that the mecha-
nism of the redox processes in POT are the same as in the case of PANi.

Impedance measurements

Only qualitative impedance measurements were performed, in order to estimate
the conductivity of the POT films for various applied cyclic voltammetry potentials.
The Bode diagrams of the POT film prepared in HCI for the forward and reverse cycles
at two fixed potentials of 0.7 V and 0.3 V are shown in Fig. 4.
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_ — b Fig. 4. Bode plots of POT films in2 M

A .(f - | 5 < i < HCI: a) anodic sweep at fixed poten-
10 I 0 0 i0 104 10 tial of 0.7 V vs. SCE; b) reverse sweep
R v/t at a fixed potential of 0.3 V vs. SCE.

It is evident that in the higher frequency region, the impedance values are very
low, reaching almost negligible values (below 10 ohms). The impedance curves exibit
similar shapes as in the case of PANi.22 The results suggest that the POT films prepared
in HCl solutions have high conductivity, but lower than that of PANi,23 under the same
experimental conditions. The conductivities of PANi and POT were found to be [15 S
cmland 01 010-! S cm1, respectively. It is not quite clear how the ortho substituted
electron donating methyl group modifies the conductivity of the polymer. However, be-
sides the chemical structure and chain conformation, there are many factors that may
influence the conductivity, such as chain packing and morphology of the polymer. The
methyl group of the phenyl ring in the o-toluidine can be expected to increase the tor-
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sional angle between adjacent rings to relieve the steric strain. This may contribute to
the lower conductivities of POT as compared to the unsubstituted PANi.

The results of impedance measurements obtained in HySO4 are not shown, since
the POT films in HoSO4 solutions free of monomer, were not very stable during the po-
tential cycling.

Further theoretical and experimental work is necessary to evaluate the contribu-
tions of various factors to the conductivity of POT.
Raman spectroscopy

The Raman spectra of PANi and POT in oxidized form, under potentiostatic con-
ditions, at a fixed potential of 0.7 V are shown in Fig. 5.

=

Fig. 5. In-situ Raman spectra re-
o 500 <0 T corded at a fixed potential of 0.7 V vs.
i | ' SCE: a) PANi; b) POT.

Wavenumber fem’'y

The electrolyte background was substracted from the measured spectra and only
the spectra resulting from the PANi and POT films are presented.

The assignments of the Raman bands are listed in Table 1.

Comparing these two spectra, big differences in intensity of spectral bands are
observed. Namely, all the spectral bands of POT have considerably lower intensities
than those of PANi and some of them are poorly defined. This effect is probably due to
the larger thickness of the deposited POT film on the electrode surface and the higher
absorption of the scattered Raman light in them. A small fluorescence effect is also ob-
served.

The most dominant band in the POT spectrum is located at 1116 cm!. This band
can be attributed to the [jc ) vibration in the methyl substituted semiquinone and
quinone rings and does not exist in the PANi spectrum. The most dominant band in the
PANi spectrum is located at 1170 cm~!. This band can be attributed to the C—H vibra-
tion in the plain bending mode of the semiquinoid radical cation (polaron and quinoid
rings). Taking into account that the structures of the polarons and quinoid rings are not
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stable but relax into semiquinone radical cations, according to the polaron lattice the-
ory, the band at 1170 cm~1 is assigned to the semiquinone radical cation. The small dif-
ference of the wave number of this band between PANi and POT is due to the methyl
group attached to the benzene ring.

TABLE I. Raman frequencies in the range between 100-1800 em’! for POT and PANi ata potential of
0.7 V vs. SCE. Exciting wave 632.8 nm

Frequencies Raman assignments Wilson notation*
PANi POT
296 m 296 m Heny in SQ and Q
429 m 429 m Heny in SQ and Q
520s 530m He.c)in SQ and Q 16b
530 s
591s 590 m Oc-c)in B 6a
710 m 713 m Uc.c) in p-disubstituted 4
B ring
800 s 813 m UccyinB 1
815s
871 m 890 m Hc.pyin B and Q 10a
I T e
1170 s 1172 m Oc-n) in SQ 9a
1205 m 1205 sh Ucony in B ring
1260 m 1265 m Leavy in SQ and Q
1320 s 1320 w Oeny + Oegpin B
1345 s 1345w polaronic part
1490 m 1500 m Hc-n) head to tail poly-
merization
1525w 1525 ch In SQ and Q rings
1590 m 1590 sh Uc=c)in B, SQ and Q 8b
1621 m 1623 m Oc=c)in B 8b

s: strong, sh: shoulder, m: medium, w: weak; B: benzoic ring, SQ: semiquinoid ring and Q: quinonid
ring. *Assignments are given using the Wilson notation for the vibrational spectra of benzene deriva-
tives (G. Varsanyi, assignments for vibrational spectra of benzene derivatives, Vol. 1, Adams Hilger,
London, 1987)

Strong Raman bands, which are the main bands of the semiquinone radical cation
appear at 1323 cm~! and 1341 cm~!. These two bands arise from Lc-c)and [ Ny vi-
brations in the benzene ring. Periera et al.,24 observed only one band at 1333 cm1, said
to be an indication of the presence of quinoid segments, while the conversion of quinoic
rings into benzene rings was followed by increase in the intensity of the band.
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The bands located at 1490 cm~! and 1525 cm~! in spectra of PANi are character-
istic for head to tail coupling and arise from [}c—N) vibration in the polymer chain.
However, these two bands are ill separated in the spectra of POT and merge into one
large band. The bands located at: 830 cm1, 883 cm~! and 1625 cm! are characteristic
for p-disubstituted benzene rings.

DISCUSSION

In aqueous acid electrolytes, poly(o-toluidine) can be easily synthesized by cy-
clic voltammetry in the potential range between—0.2 and 0.7 V. However, no polymer is
deposited on the electrode surface in the above mentioned potential region during the
first scan. The recommended anodic potential limit for the first few scans is 1.2 V.

The initiation of polymer nucleation and its skeleton formation occurs above
0.9 V. The number of nuclei strongly depends on the prepolarization conditions. After
several cycles, the anodic potential limit must be reduced from 1.2 Vto atleastto 0.7 V
in the order to eliminate the formation of degradation products during the film
growth.20 It can be concluded that o-toluidine must be in some oxidized state to initiate
polymer nucleation (in the first two cycles). The oxide species of o-toluidine
autocatalize the polymer growth, therefore, it is not necessary to cycle the potential in
the anodic sweep above 0.7 V.

The voltammetric results and the quality of the electrodeposited films suggest
that the nature and concentration of the acid, as well as the monomer concentration,
play a big role in the formation of the polymer structure.

In lower concentrations of HySO4 (Fig. 1a), a rapid increase of a pair of large broad
waves, which could be assumed to be the “middle peaks” occurs.2! These middle peaks
have been attributed to the oxidation/reduction of degradation products. Spectrscopic
data confirmed the presence of degradation products (benzoquinone type compounds)!>
as precipitates in the polymer film. Due to the degradation products, the adherence of the
electrodeposited film is poor and it peels off from the electrode surface.

At higher concentrations of HySO4 (Fig. 1b), three pairs of well resolved redox
peaks were detected. The peaks A/a and B/b belong to the electroactive switching reac-
tions in POT, while the peaks C/c belong to the degradation products. The presence of
degradation products diminishes the electroactivity of the polymer film and its adhesion
to the electrode surface. In this case, during cycling, the diffusion of soluble colored deg-
radation products from the electrode surface into the bulk electrolyte was obvious.

In our earlier reports, it was shown that the degradation products in PANi films con-
sist of: p-benzoquinone, hydroquinone, p-aminophenol, and quinoneimine.!S Some au-
thors believe that the middle peaks are closely related to the cross-linking reactions, giving a
two dimensional polymer with phenazine rings,25 and also to ortho or meta coupling.26

In this study the presence of phenazine structure could hardly be assumed.
Raman spectroscopic measurements gave no evidence of the characteristic bands for
cross-linking reactions. The possibility of ortho-coupling in POT should be taken with
a great reserve, as one of the ortho positions in o-toluidine is blocked with a methyl

group.
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The most regular electrodeposition were obtained in aqueous solutions containig
2 M HCl and 0.3 M o-toluidine. The cycling was carried out in the potential range be-
tween—0.2 Vand 0.7 V (Fig. 3). Only two pairs of well defined peaks A/a and B/b grad-
ually formed and the electrodeposited film adhered well to the electrode surface. There
was no evidence of the middle peaks on the voltammogram and also no visible diffu-
sion of soluble colored products from the electrode surface to the bulk electrolyte, dur-
ing cycling. The regular increase in the current with each cycle indicates a regular
growth of the film thickness. The potential position of the redox peaks does not shift
with increasing number of cycles, indicating that the reversibility of the redox reactions
is independent of film thickness. The electroactivity and switching reactions in the
polymer film were reversible and with each cycle the color of the electrodeposited film
changed alternatively from pale yellow at—0.2 V to green at 0.4 V and then to blue and
violet at 0.7 V. The potential diference between first and second redox process for PANi
in2 M HCl is [J0.6 V. For POT this difference is significantly lower ({10.4 V). In com-
parison to PAN1, the potential for the first redox process is higher for POT and lower for
the second one. This indicates that the electroactivity of POT occurs in a shorter poten-
tial region than the electroactivity of PANi.

Comparing the voltammograms and the Raman spectra of PANi and POT, the
structure and redox reactions in POT, for various applied potentials, can be postulated.
The Raman spectra show the existence of p-disubstituted benzene rings, as well as
semiquinones and quinones rings.

Analogoes with aniline, radical cations of o-toluidine are formed, in the first posi-
tive scan, leading to the formation of dimer products adsorbed on the electrode surface.
These dimer products react with the monomer units of o-toluidine and form polymer-
ized segments of’

CH3

CH3z
H H
N N},

The first redox waves A/a correspond to the removal of electrons from the nitro-
gen atoms of the amine between the benzene rings, i.e. conversion of amine units to rad-
ical cations (semiquinones):

CII3 CH3 Cll3 CH3

11 H e H H
N N}y —= N N7
- —n e - ot

The second redox waves B/b can be assigned to the oxidation/reduction of the
semiquinone radical cation (polarone state) to quinone imine (bipolarone state), veri-
fied by Raman bands at 1261 cm~1, 1478 cm~! and 1518 cm1:

Cll3 CH3 CH3 CHj
11 Ho _-c H
N N S N

+Z T
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Therefore, the second redox process is attributed to the conversion of radical cat-
ions to the fully oxidized form (quinoidal structure).

From the Raman spectra, it is evident that the electropolymerization and redox re-
actions in POT film proceed by head-to-tail coupling. A Raman band, located at 1404
cm1, characteristic for N=N stretching vibrations, is not observed. This indicates that
there is no head-to-head coupling in the polymer chain. The polymer chain consists
mainly of para-coupling of semiquinone, quinone and benzene rings, in the ratio de-
pending on the applied potential.

CONCLUSIONS

The following conclusions can be drawn from the voltammetric, impedance and
in-situ Raman spectroscopical measurements:

— Potentiodynamic electrosynthesis of poly(o-toluidine) in HySO4 and HCI, for
potential range between —0.2 V and 0.7 V vs. SCE, leads to the formation of uniform
and electroactive films. For regular film thickness growth on the electrode surface, dur-
ing cycling, the concentration of o-toluidine in the supporting electrolyte must be at
least five times higher in HCI than in H,SOy4.

— The cyclic voltammograms consist of two pairs of well-resolved redox peaks,
the first corresponding to the conversion of amine nitrogens to radical cations, and the
second to the conversion of the radical cations to imine nitrogens.

—The conductivity of POT is about an order of magnitude lower than the conduc-
tivity of PANI. The steric effects of the alkyl-substitutent (POT) are probably responsi-
ble for the decrease in its conductivity.

— The Raman measurements show that PANi and POT, prepared under identical
experimental conditions have similar spectra. The existence of para-disubstituted ben-
zene rings, semiquinoid radical cations and quinoid rings in the polymer chain are sug-
gested, by the Raman assignment.

— Finally, the voltammetric and Raman spectroscopical measurements showed
identical mechanism of electropolymerization, as well as redox processes in the PANi
and POT films.

Acknowledgment: We thank the Ministry of Science of the Republic of Macedonia for their fi-
nancial support of this work.
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EJJEKTPOXEMUJICKA CUHTE3A ITOJIN(2-METUII AHUIIMHA): ETIEKTPOXEMUNIJCKA 1
CIIEKTPOCKOIICKA KAPAKTEPU3ALIMJA

AJIIEKCAHJIPA BY3APOBCKA, IPEHA APCOBA n JbYBOMUP APCOB
Texnonowko-meitianypuiku gaxyaitieiti, Yuusepauteiu "Kupua u Mewioouj" Ckotije, Makedonuja

ITomu(2-MeTHa aHWIMH), KaO CYNCTHTOBAaH JAepHBAT aHWIMHA, CHHTETH30BaH je ele-
KTPOXEMHMjCKIM IyTeM Ha Pt elIeKTpoay y pacTBOpUMa CyMIIOPHE U XJIOPOBOJIOHUYHE KUCEITHHE.
Kapakrepusanyja je n3BefjeHa IMKINYHOM BOJITAMETPHjOM, IMIIEJAHCHOM 1 PaMaHOBOM criek-
TPOCKONHjOM. YTopehrBameM IUKIMYHOT BOJITAMETPHjCKOT TOHAIIAKA MONU(2-METHIT aHU-
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JVHA) W TONM(AHWIIMHA), TPEVIOKEH je MICHTHIaH MeXaHM3aM eJIEeKTPOXeMUjCKe ITOIIIMe-
pu3anmje. Ha ocHOBY PamMaH CIIEKTPOCKOIICKHX Mepema, IIPEIosKeHe Cy CIIMIHE PEfJOKC peak-
uje y noreHnujanHoM noppyyjy usmeby —0,2 u 0,7 V vs. (3KE). ViMnenancHa mepema cy
HOKas3aja /1a je HPOBOAJBIBOCT NOJH(2-METHII aHIINHA) 33 LeO Pel BEIMUIHE HIDKA Off OHE KOJ
MOJIMAHUIINHA.

0NN AW~
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AN DA WN—=OWVWWIANWUNDAWND— OO

(ITpumsbeHo 21. jyna, pesugupano 31. okro6pa 2000)
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