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Abstract

In situ attenuated total reflection Fourier transform infrared spectroscopy, ATR-FTIR and in situ conductance measurements offer
information on structure, electronic, and conductance changes during doping and electropolymerization of conducting polymers. In this
paper, we report the in situ recording of the conductance changes during cyclic voltammetry measurements (electropolymerization and
the subsequent doping) of N-methylaniline (NMA). The vibrational spectra of poly(N-methylaniline) (PNMA) show specific and char-
acteristic features not only related to its chemical structure, but also to the existence of free charge carriers delocalized along the m-elec-
tron network. Results from both in situ conductance and in situ ATR-FTIR have brought us a better understanding of electronic
properties and the nature of charge carriers of PNMA film synthesized in acidic aqueous solutions.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Conductance is an essential parameter when construct-
ing polyaniline-based microelectronic devices as diodes
and transistors [1-3]. New organic electronics can be
designed by functionalizing polyaniline (PANI) at the
nitrogen atom. N-grafting of PANI is also expected to
affect the electrical conductivity. Recently, Yasuda et al.
prepared N-substituted PANI with oligo-ether side chains
using ring-opening graft copolymerization of epoxide [4].
The resulting copolymers showed both electrochemical
and electrochromic activity during redox switching.

The mechanism of charge transport in conducting poly-
mers has been intensively studied since the report of an
insulator to metal transition in polyacetylene [5]. Many
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non-degenerate ground state polymers such as polythioph-
ene (PT) and polypyrrole (PPy) have also been studied in
this aspect [6,7]. PANI is different from these well known
conducting polymers in the following important aspects.
First, the Fermi level and the band gap of PANI are not
formed in the center of the band, resulting in asymmetric
valence and conduction bands. A single broad polaron
band appears deep in the gap instead of two, and another
very narrow band appears near the conduction-band edge
in PANI [8]. Second, in contrast to PPy, which nitrogen
atoms do not contribute significantly to the conjugation
[9], both carbon rings and nitrogen atoms are within the
conjugation path in PANI. Third, the electronic state of
PANI can be altered through variation of either the num-
ber of electrons or the number of protons. Monkman
et al. [10] concluded that the conduction mechanism in
PANI is mainly inter and intra chain hopping between
localized charge sites on the polymer backbone. One big
difference between PNMA and PANI is that PNMA is
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not that pH sensitive [11], which means only the oxidation
levels (applied potentials) alter the conductance in the
acidic media used.

One of the main tasks concerning conductivity of con-
ducting polymers has been to determine the nature of the
charge carriers responsible for the electronic conduction
in these materials. The conduction mechanism of PNMA
was explained by Lian et al. as variable-range hopping
(VRH) of the charge carriers. Their results were obtained
from studies of the broadband dielectric and conducting
properties of different poly(N-alkylanilines) [12]. The con-
ductivity was measured to 5.7 x 107> Sm™" of the emeral-
dine form of PNMA, in comparison to the value of
107Sm™" obtained for the same polymer in its non-
conducting form. The dependence of the length of the
N-substituted chain on the conductivity of the PANI deriv-
atives was studied by Yano et al. by measuring pellets made
from the polymers with the four probe technique [13].
Kankare et al. [14] proposed a theoretical model for the
conductance of a growing conducting polymer layer on a
double-band electrode. The instrument design of various
types of in situ conductivity measurements and their
application on electrochemically synthesized conducting
polymers, have been demonstrated in some publications
[15-18]. However, there are only a few reports on the
conductivity studies of PNMA [12,13,19,20]. In situ conduc-
tance measurements on PNMA carried out simultaneously
with voltammetric measurements in an electrochemical cell
have to the best knowledge of the authors, not earlier been
reported.

In situ ATR-FTIR was used to study the spectroelectro-
chemical behavior of PNMA films upon electrochemical p-
doping. The doping induced infrared active vibration
(IRAYV) bands, which rise in the infrared spectrum due to
charging, are caused by a strong electron—phonon coupling
in the conjugated polymers. The intensity of the IRAV
bands increases successively with increasing doping level.
New energy states will be created upon doping of conju-
gated polymers within the gap between the valence band
and the conduction band. Thus, at higher energy (wave-
numbers) electronic absorption bands appear, which are
correlated to transitions of newly created states of charged
quasi-particles, usually described as polarons in the band
gap [21]. In all the attempts to explain the origin of the
IRAYV pattern, there is a strong link between the effective
conjugation of the conducting polymer, effective delocal-
ization of the doping induced quasi-particle excitations,
and the signatures of the IRAV bands in the doping
induced infrared spectrum [21]. Therefore, the correlation
between conductance, the electronic absorbance and the
IRAV bands will offer a better understanding of the elec-
tronic properties in the polymer.

In this work, both in situ conductance and in situ ATR-
FTIR measurements were performed on PNMA in an
aqueous solution containing 1.0 M trifluoroacetic acid
(CF5COOH). Using CF;COO™ as counter ion in electro-
chemical doping is beneficial for IR spectroscopic measure-

ments because the absorption bands originating from the
anions are well separated from the absorption bands of
PANI [22]. We consider the same is valid for PNMA.

2. Experimental
2.1. Chemicals

N-methylaniline (NMA) (98.0%), was obtained from
Fluka and trifluoroacetic acid (CF;COOH) (99%) from
Aldrich. All chemicals were used as received. Solutions
were prepared from the deionized water purified through
a Maxima ultrapure water system (ELGA, 18.2 MQ cm).
All solutions were purged with nitrogen prior to use.

2.2. In situ conductance

The microarray working electrode (WE), which consists
of two closely spaced platinum (Pt) electrodes of comb
shape, was used for in situ conductance measurements of
electrochemically synthesized PNMA. The microarray
WE with a gap distance of 5 pm was separated from the
potentiostat by two 1 kQ resistors. A bias of 10 mV was
applied to the microarray and the potential was measured
at a third 1 kQ resistor. The conductance (S) can only be
measured when the conducting polymer covers the gaps
between the strips of the comb electrodes. Since the current
which flows additionally from one part of the comb to the
other part can be measured, the conductance of the PNMA
film on the microarray electrode was obtained using Ohm’s
law. The PNMA film was deposited on the two-band elec-
trode, which was introduced by Heinze et al. [23,24] and
the conductance was monitored simultaneously during cyc-
lic voltammetry measurements. The polymerization was
carried out in aqueous solution containing 0.5 M NMA
and 1.0 M CF;COOH in a three-electrode cell. Ag/AgCl
(Ag wire coated with AgCl) was used as reference electrode
(RE), and a Pt wire as the counter electrode (CE). The
polymerization potential range was set between —0.3V
and 0.6V, and 40 cycles were made, at a scan rate of
20mV/s. In situ conductance was also recorded during
the subsequent doping of the PNMA film. The doping
was done in a monomer-free aqueous solution containing
1.0 M CF;COOH, in the potential range of —0.3V to
0.3V or 0.5V (20 mV/s, 4 cycles). Since the area and the
film thickness were not known precisely, we did not convert
the conductance data into specific conductivities in this
work.

2.3. In situ ATR-FTIR

The spectroelectrochemical behavior of PNMA films
and the doping induced IRAV absorption bands arising
upon electrochemical p-doping were investigated by
in situ ATR-FTIR measurements, where a Bruker IFS66/
S spectrometer with an MCT detector was used. The spec-
tra were measured with a spectral resolution of 4 cm™'. The
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details of the set up have been described earlier [21]. A
ZnSe reflection element, sputtered with a thin layer of Pt,
was used as the WE and as a waveguide for the IR radia-
tion. Information about the structure of the PNMA film
deposited at the WE can be obtained due to the attenuated
reflectance of the ZnSe element of the IR radiation in the
ATR spectroscopy.

The PNMA film was electropolymerized in the same
way as in the conductance measurement from an aqueous
solution containing 0.5 M NMA and 1.0 M CF;COOH.
The potential was controlled by an Autolab (PGSTAT
20) potentiostat within an interval of —0.3V to 0.6 V.
The polymerization was made by 40 cycles with a scan rate
of 20 mV/s. A Pt foil was used as CE and Ag/AgCl as the
RE. After the polymerization, spectral changes of the
PNMA film were recorded simultaneously as the potential
was slowly scanned (5 mV/s) between —0.3 V and 0.5V in
1.0 M CF3COOH aqueous solution for 1-2 cycles. To dis-
tinguish between the characteristic spectral changes from
the specific electrochemical reaction process studied and
changes induced by the instrument or the electrolyte, a ref-
erence spectrum is chosen just before the potential where
the considered reaction takes place. In our case, a reference
spectrum was measured at —140 mV, where the PNMA
film was in its fully reduced leucoemeraldine form (LE).
The other spectra were related to this reference during p-
doping, and each spectrum covers the range of approx.
80 mV in the cyclic voltammogram.

3. Results and discussion
3.1. In situ conductance

The conductance of the PNMA film was first recorded
during the polymer formation by cyclic voltammetry in
the potential range between —0.3 V and 0.6 V. As the poly-
merization proceeds, the conductance increases due to the
deposition of polymeric materials on the electrode.

Fig. 1 shows that the conductance is higher in the
reverse scan (reduction) than in the forward scan (oxida-
tion) during the electropolymerization. Earlier results
reported on the potentiodynamic electrosynthesis of PPy
and polybithiophene, showed that the formed oligomers
were soluble during oxidation, while during discharging
they were immediately deposited at the electrode [25].
The studied oxidized oligomers have as stated by Heinze
et al. [25] a higher solubility than the neutral species.

Previous investigations in the group of Heinze [26] using
a quartz micro balance showed that the decrease of mass
during discharging start at very positive potentials. This
is caused when ions and solution molecules were leaving
the film matrix during the cathodic sweep. The structure
is getting more compact and the electron hopping is
improved. As a result we get higher conductance values
during the discharging of the film.

The reason for the lower conductance in the consecutive
forward scan in comparison to the previous reverse scan
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Fig. 1. In situ conductance measurement recorded during electropoly-
merization of 0.5 M NMA in water containing 1.0 M CF;COOH. The
conductance changes, dashed line (--), were recorded during cyclic
voltammetry: —300 mV to 600 mV, 20 mV/s, and 40 cycles. Solid line
shows the CV response.

can be from the difference in charge distribution in the film.
The charge distribution is time dependent and may not
reach an optimum during the forward scan. The difference
in conductance between charging and discharging of the
film has been observed in other conducting polymers as well
[27]. It should also be noted that, the synthesis and doping
occurs simultaneously with electrochemical techniques.
Therefore, it may be difficult to separate the contributions
originating from the doping and the polymerization espe-
cially in the latter cycles of the polymerization.

In Fig. 2, the conductance is shown as a function of
potential during electrochemical doping of a PNMA film
in aqueous solution containing 1.0 M CF;COOH. PNMA
is considered to exist in three redox states [28], i.e. the fully
reduced leucoemeraldine (LE) form, the only conducting
emeraldine (E) form and the fully oxidized pernigraniline
(PN) form. The structures of the different forms of PNMA
are drawn in Scheme 1 [29,30].

The LE and the PN will be the predominant forms at the
potential range below —0.2 V and above 0.5 V, respectively.
The peak potentials of the reversible conversion of the
LE/E forms can be observed at Ep ox=—15mV and
E,i rea = —218 mV. Thus, the LE to E transition takes place
approximately at the average potential, Ep; 1, = —117 mV.
The middle pair of peaks in the cyclic voltammogram is
attributed to the degradation and formation of by-products
[31]. Since the redox peaks from the reversible E/PN transi-
tion appear at E,» ox =422 mV and E) ;g = 321 mV, the E
to PN transition potential (E,z;/2) is approximately
371 mV. At a potential range between —117mV and
371 mV, the E form will dominate, which will cause a big
increase in conductance. Based on the theory of a hopping
process reported for charge carriers in different conducting
polymers, it is stated that the number of free places for
charge carriers on the polymer chain decreases with increas-
ing charging level for systems with short conjugation length,
which is the case for electrosynthesized conjugated
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Fig. 2. In situ conductance measurement recorded during doping of the PNMA film, which was performed by cyclic voltammetry in 1.0 M CF;COOH
aqueous solution at a scan rate of 10 mV/s, —300 mV to 300 mV, and 4 cycles (a) and at a scan rate of 10 mV/s, —300 mV to 500 mV, and 4 cycles, the first

and last scans are indicated (b).
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Scheme 1. The structure of the different forms of PNMA, leucoemeraldine
(LE), emeraldine (E) and pernigraniline (PN).

polymers. When the potential is high enough, all energeti-
cally equivalent sites are occupied and the conductance
decreases.

The highest conductance value during p-doping appears
at approximately 190 mV. Similarly as in the polymeriza-
tion, the conductance is higher during the reductive cycles
than during the oxidation cycles. It should be noted that
the voltammetric measurements have been carried out in a
strongly acidic solution. Consequently, a protonated LE
form of the polymeric system has been oxidized during
the voltammetric scan which induces a positive shift of
the oxidation potential. After oxidation the polymer will
be partly deprotonated leading to the highly conducting

emeraldine form. During the reverse scan the conductivity
increases again. Its highest value lies at more negative
potential than that of the oxidation scan. A reason for this
shift may be that the P/E transition occurs at a lower poten-
tial due to the fact that a deprotonated species will be
reduced first. In Fig. 2a, the potential cycling is made within
a potential range (—0.3 V to 0.3 V) where neither the tran-
sition of E/PN nor the degradation takes place. A slight
decrease in conductance at high potentials is observed
mainly due to charge carrier localization. The conductance
curve is reproducible upon consecutive cycling of the film.
In Fig. 2b, the potential range is extended to 0.5 V. In the
end of the scan the PN form of PNMA is dominating,
and the conductance is decreasing, because all energetically
equivalent sites are occupied. The measured conductance is
growing with every potential cycle. As explained before, this
may be due to the time-dependent charge distribution and
the polymer backbone rearrangement. During the conver-
sion of E to PN, it is well known that some degradation
processes also take place [32]. Degradation leads to a by-
product formation. The presence of these species can be
seen as a third peak in the voltammogram in between the
redox peaks from the LE/E and E/PN transitions of
PNMA. The part of the film that undergoes this degrada-
tion looses its conjugation, but is still redox active giving
rise to faradaic currents. In the conductance measurements,
the current between the comb electrodes is measured, and
the measured current keeps growing with increasing num-
ber of doping cycles (—0.3 V to 0.5 V) due to the progressive
formation of redox active degradation products formed
during consecutive cycling. In order to further study the
effective conjugation length during doping, in situ ATR-
FTIR measurements were performed.

3.2. In situ ATR-FTIR

The doping response of the PNMA film deposited on
the ZnSe reflection element with a sputtered Pt surface is
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shown in Fig. 3 (inset). The results of the in situ ATR-
FTIR measurements (8000-500 cm™ ') from p-doping of
PNMA are displayed in Fig. 3. The spectra measured at
different potentials have been separated from each other
and in order to clarify the changes only chosen spectra
are displayed. An enlargement of the IRAV region (1700-
650 cm ™) is shown in Fig. 4.

Upon charging, a broad electronic absorption maximum
at approx. 6500 cm ', associated with the presence of free
charge carriers [33] is growing until the applied potential
exceeds 180 mV as shown in Fig. 3. At higher applied
potentials the intensity of the electronic absorption band
decreases indicating that the free charge carriers are gradu-
ally localized. The absorption maximum centred at around
7710 cm~! appears when the applied potential exceeds
340 mV. The shift of the maximum to higher energy is
due to the transition from the conducting E form to the
non-conducting PN form of PNMA. This is in good agree-
ment with the transition potential (Ep 1/,) estimated from
Fig. 2, which is approximately 371 mV. The absorbance
bands become negative after 420 mV, this may be due to
the thickness and electrochromic properties of the PNMA
film, which itself influences the reflectance from the film in
the ATR geometry.

Simultaneously as the electronic absorbance starts to
develop, the vibrational spectra of the PNMA film, in the
region below 2000 cm ™', show strong effects during the
doping process. This is due to strong electron—phonon cou-
pling within the polymer backbone. Doping induced IRAV
bands grow in intensity with the degree of oxidation of the
PNMA film. As discussed above, there are two different
electrochemical doping processes for PNMA in acidic
aqueous solutions. The first occurs via conversion of the
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Fig. 4. Enlargement of the IRAV region for the in situ ATR-FTIR spectra
of PNMA film with wavenumbers 1700-650 cm™".

LE form into the conducting E form. In this process, some
of the benzenoid structures change into quiniod structures.
The characteristics of the IR bands between 1450 cm ™' and
1700 cm ' in Fig. 4 indicates an aromatic ring transforma-
tion from a benzenoid to a more quinoid structure [34]. The
absorption intensities at 1321 cm™ !, 1383 cm ™!, 1490 cm ',
and 1625 cm ™' appear to be more pronounced when the
potential was increased to 180 mV. At higher potentials,
the bands still increase in intensity and become sharper.
The band at 1321 cm ™! is characteristic of the C-N stretch-
ing and C-H bending vibrational transitions. A direct
transformation of aromatic rings giving rise to the band
at 1541 cm™', into an alternating benzenoid—quinoid ring
sequence, typical for the E form of PNMA can be
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Fig. 3. In situ ATR-FTIR spectra of the PNMA film in 1.0 M CF3;COOH aqueous solution during p-doping by anodic potential sweep from —300 mV to
500 mV. The scan rate was 5 mV/s and the reference spectrum was taken at —140 mV. Inset: cyclic voltammogram of the PNMA film in 1.0 M CF;COOH

aqueous solution: —300 mV to 500 mV, 5mV/s, 1 cycle.
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observed. Bands at 1572 cm ™! (ring stretching), 1625 cm ™!
(N=ring vibrations) and 1172 cm~' (C-H in plane bending
vibration) indicate the formation of a para-substituted
semiquinoid form [19,35]. The E to PN transition is charac-
terized by the further creation of quinoid structures with
bands at 1172cm™ !, 1572 ecm™!, 1625 cm™! and the C-H
out of plane bending vibration at 850 cm~'. When the
applied potential exceeds 180 mV, all these bands become
continuously more pronounced, which indicate that more
quinoid structures are formed in the PNMA backbone.

After the reduction scan, the PNMA film reaches again
its original neutral state. On subsequent p-doping with an
extended potential window (—0.3V to 0.6V), similar
behaviour can again be observed. The free charge carrier
absorbance band at 6500 cm™!' starts to decrease when
the applied potential exceeds 192 mV. This is in good
accordance with the potential value (190 mV) where the
highest p-doping currents are obtained in the in situ con-
ductance measurements as shown in Fig. 2. Monkman
et al. [10] observed the first clear evidence of semiquinone
(polaron) formation at an oxidation potential of ca.
200 mV vs. Ag/AgCl. Our critical potential at ca. 190 mV
matches this polaron formation potential.

4. Conclusions

In the field of conjugated polymers, doping means
charge transfer, no matter it is by oxidation (p-type dop-
ing) or reduction (n-type doping). Doping induces modifi-
cations in both the chemical structure and the electronic
properties of the polymer. The doped polymers show
increased electrical conductance due to doping induced
charge carriers in the polymer chain.

PNMA is a non-degenerate conducting polymer. Gener-
ally speaking, two possibilities of the charge carriers, pola-
rons and bipolarons, may exist in non-degenerate
conducting polymers like PNMA. Debates whether the
optical spectrum for the conducting form of PANI/PNMA
results from the presence of bipolarons or a polaron lattice
has been going on. Later, it was found later that it largely
depends on different methods of preparation [36].

The sole optical spectroscopic measurement cannot
clearly distinguish polarons and bipolarons, since both
charge carriers generate quinoid structures. However, it
may provide a new way to figure out the most possible
charge carrier created for PANI type material when com-
bining in situ ATR-FTIR with the conductance measure-
ments. In the higher energy region of in situ ATR-FTIR
spectroscopy, the information on conductance can be
acquired. It offers the opportunity to observe the induced
charge carriers by doping. In the lower energy region, IRAV
bands will give us structure information of the formed
PNMA film. Both in situ conductance and in situ ATR-
FTIR measurements show that the potential where most
free charge carriers were created during p-doping is at ca.
190 mV. At this potential the generation of semiquinones
(polarons) was reported [10]. Specific absorption bands like

1172 cm ™! were observed at this potential in the ATR-FTIR
spectrum that can be considered as evidence for formation
of semiquinoidic structures. At higher potentials, more qui-
none structure will be generated, and the charge carrier will
become localized, thus the conductance goes down. High
conductance occurs only when the conjugated polymer
contains both charged and uncharged sites, so that the
charge species can hop along the polymer backbone.

For electrochemical doping of PNMA film in solutions,
two different processes should exist. The first oxidation
process converts LE form to E form resulting in the highly
conductive polaron lattice state. It is accompanied by the
generation of free charge carrier absorption ~6500 cm ™.
The second oxidation process converts the E form into
PN form, and the free charge carrier absorption vanishes
simultaneously. The development of degradation products
during the conversion of the material to the PN form influ-
ences the effective conjugated length and may interfere the
in situ conductance measurement due to their own redox
response giving rise to Faradaic currents as shown in
Fig. 2b. Our study showed that the conducting E form of
PNMA will dominate in the potential region between
around —117mV to 371 mV in 1 M CF;COOH aqueous
solution.
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