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Abstract. Poly(o-toluidine) (POT) polymer was synthesized by chemical method and RF plasma
polymerization at a radio frequency (RF) power input of 15 W on ultrasonically cleaned glass and
silicon wafer substrates. These samples were characterized by DC conductivity measurements,
UV–visible, XRD and FTIR techniques. The DC-conductivity was measured at 410 K, which was
found to increase by two orders of magnitude for thin film as compared to pellet samples. It has
been observed that the activation energy increases for RF plasma-polymerized POT. Transmission
and reflectance spectra were studied for measuring optical constants like absorption coefficient (α),
extinction coefficient (K), optical band gap (Eg ), Urbach energy (Ee ), and refractive index (n).
From XRD studies, one can infer that the samples grown by both the methods are amorphous in
nature. The results indicate that the structures of plasma-polymerized POT are rather different
from polymers synthesized by conventional chemical methods, due to a higher degree of crosslinking and branching reactions in plasma polymerization. This makes them suitable for various
electroactive devices. A higher and more stable conductivity can be obtained with RF plasmapolymerized POT which is much smoother and more uniform.
Keywords. RF plasma polymerization; poly(o-toluidine); Fourier transform infrared; UV–visible
absorption spectrum.
PACS Nos 99.10.jk; 01.30.−y; 01.10.Hx

1. Introduction
In the past few decades, the synthesis and characterization of conductive polymers have
become one of the most important research areas in polymer sciences [1,2]. Traditionally these polymers are synthesized by chemical and electrochemical polymerization.
Recently, plasma polymerization is recognized as another important method to obtain
thin films of conductive polymer [3,4]. As reported earlier, the chemical structures of
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plasma-polymerized conductive polymers are rather different from conventional polymers
and are dependent on the plasma polymerization conditions [2,3,5]. Plasma-polymerized
conductive polymer films are of high quality, can be used as adherents and are pinhole-free
with a high degree of cross-linking and branching [4,6,7]. Polyaniline, one of the most
promising conducting polymers, is inherently brittle and insoluble in common organic
solvents [8,9]. This problem has been overcome to some extent by using substituted
derivatives of anilines such as toluidines, anisidines, N-methyl or N-ethyl anilines etc.
[10–12]. The polymers of the substituted aniline exhibit greater solubility but the conductivity is found to be slightly low. However, in recent years, efforts have been made to
improve the utility of these polymers, using a functionalized protonic acid, which makes
polyaniline conductive. The resulting polyaniline complex is soluble in organic solvents
like toluene, chloroform, xylene, m-cresol etc. [13,14]. In order to obtain additional
insight into polyaniline, a methyl substituent has been used to block the ortho position
of the aromatic ring of aniline. It may be remarked that methyl-substituted aniline called
poly POT is found to have added advantage over polyaniline due to its fast switching
time between the oxidized and reduced states. It can be ascertained at this juncture that
the thickness and orientation of polymeric molecules play a role on the electroactivity of
POT films [15,16]. This aspect of polymeric films is important with respect to their potential applications, e.g., as electrodes and membranes for electrochemical energy conversion
and storage, as organic diodes, etc.
Several authors have carried out their studies on substituted derivatives of polyaniline
[10–12,17–21]. Although different authors have already reported on the electrical and
optical properties of poly(o-toluidine) [22–24], in particular as blends and fibres, no one
has yet discussed how the synthesis and kinetics of RF polymerization and properties of
poly(o-toluidine) can be correlated to each other. Aiming to fulfill this gap, we discuss
the mechanism of chemical polymerization and RF polymerization of o-toluidine in order
to understand the general aspects of polymerization of aniline and its derivatives [25–27].
The comparative results of these polymers are presented here. The samples are characterized by DC conductivity, UV–visible, Fourier transform infrared (FTIR) spectroscopy
and X-ray diffraction (XRD) spectroscopy.
2. Experimental
All the chemicals and the monomer o-toluidine used are of AR grade and all the solutions are prepared using distilled water. Ammonium persulphate ((NH4 )S2 O8 ) and hydrochloric acid (HCl) are used as-received in this study.
2.1 Chemical synthesis of poly(o-toluidine)
The polymerization was initiated by the drop-wise addition of the oxidizing agent ammonium persulphate ((NH4 )S2 O8 ) to an acidified solution (HCl) of the monomer o-toluidine
under constant stirring at 0–5◦ C. The monomer to oxidizing agent ratio was kept as
1 : 1. Once the addition of the oxidizing agent is complete, the reaction mixture was
continuously stirred for 4–6 h. At the end of the reaction, a bluish black precipitate
of the polymer was formed. This was again cooled down to 4◦ C for 24–36 h. After
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filtration, it was washed with ammonia until the filtrate became colourless. The dark
coloured polymer so obtained, was dried thoroughly in an oven at 90◦ C until a constant
weight was attained, then ground and sieved.
2.2 RF plasma polymerization of poly(o-toluidine)
Plasma-polymerized thin films of poly(o-toluidine) on ultrasonically cleaned glass and
silicon wafer substrates have been prepared by polymerizing o-toluidine monomer under
radio frequency (RF) plasma discharge in a home-built set-up. This is a custom manufactured glass deposition chamber, coupled to a vacuum system and an RF amplifier. For
controlled feeding of monomer vapours, a special feed-through set-up has been designed
[28]. During a typical experiment, the glass and silicon substrates were placed on the
lower electrode. Next, the system was evacuated to a pressure lower than 10−3 Torr and
argon gas was introduced into the chamber for plasma pre-treatment for 20 s. In this pretreatment stage, the flow rate of argon gas was fixed and the RF power was 15 W. After
the pre-treatment, argon gas was bubbled through a reservoir of the respective monomer
at room temperature. The argon gas flow rate and pressure in the chamber were kept
the same as the conditions in the pre-treatment stage. The polymerization time is fixed
at 1 h. Power inputs were employed for igniting the glow discharge. After the plasma
polymerization process, the films were air dried and stored.
2.3 Characterization
The DC conductivity of chemically synthesized POT pellets was measured by mounting
them between two steel electrodes in a specially designed metallic sample holder. The
temperature was measured using a calibrated copper–constantan thermocouple mounted
near the electrodes [29]. These measurements were done at a pressure of about 10−3 Torr.
A stabilized voltage of 1.5 V was applied across the sample and the resultant current was
measured with a pico-ammeter. The powder was made into pellets of 1 cm diameter and
2 mm thickness. The pellets were kept between the electrodes in such a way that the
thickness of the pellets is equal to the gap between the electrodes.
X-ray diffraction (XRD) spectroscopy studies were done by using a panalytical (PW
3710) X-ray powder diffractometer with Cu Kα radiation. The sample was scanned at an
angle of range 0–70◦ with a scan speed of 0.01◦ /s under similar conditions.
The UV–visible spectroscopy studies of the samples have been carried out using Camspec M550 double beam UV–visible spectrophotometer. A spectrometer (Avantes 2048)
was employed for the preliminary investigations of the absorbance and thickness of the
polymer films. These parameters were also evaluated using a variable angle spectroscopic
ellipsometer (model M-2000, J A Woollam Co., Inc.).
3. Results and discussion
3.1 Film thickness and surface properties
The dependence of film thickness on the deposition time was studied on samples (four
samples for each deposition time). Film of 184.7 nm thickness obtained at a deposition
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time of 60 min, shows a linear thickness dependence on deposition time. From these
measurements, it can be stated that a desired film thickness can be obtained by controlling
the time of deposition and the material can be tailored for a given application.

3.2 DC conductivity studies
The DC conductivities of RF plasma-polymerized thin films of poly(o-toluidine) and
chemically synthesized poly(o-toluidine) were measured in the temperature range 312–
435 K. The DC conductivities of POT (pellet sample) and POT (thin film) are in good
agreement with the relation in eq. (1).


(1)
σ = σ0 exp −E/kB T .
The measured values of σDC and E at 410 K of pellet samples and plasma-polymerized
thin films are given in table 1. The Arrhenius plot of conductivity is given in figure 1
which shows a good straight line behaviour, implying that the charge transport is mainly
by band conduction. The plasma-polymerized thin film of POT shows a higher conductivity (1.65 × 10−9 S/cm) than the pellet samples of POT (3.2 × 10−11 S/cm). This may be
due to the fact that during RF plasma polymerization, a large amount of energy is
deposited on the target system within a small period of time along the ion path (track).
The energy is so high that it can break all the chemical bonds along the track. The
energy dissipates to the surrounding regions within a few nanoseconds. This energy
leads to bond breaking, chain scissoring, cross-linking, radical formation, etc., which
in turn causes molecular rearrangements in the polymer. Collective excitation (plasmons), which produces a large excited volume resulting in coercive interaction among
the ions and radical pairs produced in the adjacent chains within the volume as a
result of an electron stopping mechanism, is responsible for cross-linking of the polymer chains. Interchain electron hopping required for conduction between two chains
is facilitated due to the cross-linking of the polymer chains after RF plasma polymerization [30]. Defect sites in the molecular structure of the polymer chain created by
RF plasma polymerization also contribute to higher DC conductivity as charge accumulation takes place, which produces charge carriers. In POT, the dominating charge
carriers are polarons and bipolarons [31]. DC conductivity of POT (thin film) increases by two orders of magnitude as compared to pellet samples, and the activation
energy also increases. DC conductivity of POT (thin film) increases due to collective
excitation (plasmons) because the conductivity of polymers depends on various parameters such as collective excitation (plasmons), formation of polarons and bipolarons
[32], etc.

Table 1. Electrical parameters in POT (pellet and thin film) at T = 410 K.
Sample
POT (pellet)
POT (thin film)
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E (eV)

σDC (−1 cm−1 )

σ0 (−1 cm−1 )

0.52
0.60

3.20 × 10−11
1.65 × 10−9

8.00 × 10−5
3.95 × 10−2
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Figure 1. Plot of DC conductivity vs. 1000/T for POT pellet and POT thin film.

3.3 Optical properties
The optical parameters of the plasma-polymerized thin film of o-toluidine deposited
on glass substrate and POT pellet samples have been calculated using the UV–visible
spectrophotometer (190–1100 nm). The relation between the optical band gap (Eg ),
absorption coefficient α and the energy hν of the incident photon is given by [32–34]
n

(αhν) ∝ hν − Eg ,

(2)

where n = 1, 2, 3,. . ..
This system obeys the rule of indirect transition with n=2. The transmittance spectra
of the thin film and the pellet sample of o-toluidine were measured at different values of
wavelength as shown in figure 2. Transmission increases in the case of pellet sample as
compared to the thin film of o-toluidine. Transmission spectra show oscillatory behaviour
due to the interference between the reflected wave fronts from the two surfaces of thin
films [35]. The absorption coefficient of thin films of o-toluidine is calculated using the
relation [36]
α=

A
,
d

(3)

where α is the absorption coefficient, A is the absorbance and d is the thickness of the film
material. The change in absorption coefficient with photon energy is shown in figure 3
for thin film and pellet sample of POT; the corresponding values are given in table 2
at 570 nm. From the figure it is clear that the absorption coefficient (α) increases for
thin films of POT with increase in photon energy. For thin films of POT, the absorption
coefficient (α) is very high, as compared to POT pellet sample. This may be due to a
higher degree of cross-linking and branching reactions in plasma polymerization [37].
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Figure 2. Plot of transmission vs. wavelength (nm) for POT pellet and POT thin film.

Furthermore, the reflectivity (R), the optical constants like the extinction coefficient (K)
and the refractive index (n) at certain constant wavelength (λ) are related through the
following equations [38]:
K=

αλ
,
4π

1/2
 

1+R
(1 + R)2 
2
±
n=
−
1
+
K
.
1−R
(1 − R)2

(4)



(5)

Figure 3. Relation between the optical absorption coefficient (α) and photon energy
(eV) for POT pellet and POT thin film.
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Table 2. Indirect band gap (Eg ), Urbach energy (Ee ), absorption coefficient (α),
extinction coefficient (K), reflectance (R), refractive index (n), real part of dielectric constant (εr ) and imaginary part of dielectric constant (εi ) for POT (pellet and thin
film) at 570 nm.
Sample

POT
(pellet)
POT
(thin film)

Eg (eV) Ee (eV) α × 104 (cm−1 )

K

R (%)

n

εr

εi

π –π *
band (nm)

1.82

0.72

38.2

0.0069 12.41 2.08 4.36 0.029

312

1.66

0.58

26.9

0.0950 10.19 1.93 3.72 0.369

330

Using these relations, the values of K and n have been calculated at different input wavelengths by measuring T and R. The extinction coefficient is a measure of fractional loss
due to absorption and scattering per unit distance of the participating medium. Figure 4
shows the normality dispersion for thin film of POT and POT pellet samples. This is in
full agreement with the amorphous materials [39]. Absorption exponentially depends on
the photon energy and is given by the relation [40]
α = α0 exp

hν
Ee

,

(6)

where Ee is the Urbach energy, as the width of the tail of localized states in band gap
and α0 is a constant. In amorphous materials Urbach energy represents the degree of
disorder. It is attributed to the exponential tail of states in the conduction and valence
bands [41]. Figure 5 shows the ln α dependence on the photon energy (hν). In this
figure, the exponential behaviour of absorption edge demonstrates the value of Urbach

Figure 4. Plot of extinction coefficient (K) vs. photon energy (eV) for POT pellet
and POT thin film.
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Figure 5. Plot of ln α vs. photon energy (eV) for Se100−x Hgx thin films.

energy (Ee ). The values of Ee for POT thin film and POT pellet samples are given in
table 2. The optical transitions take place between the localized tail and extended band
states. The decrease in Urbach energy for thin film of POT is due to the decrease in
disorder of the films. The behaviour of (αhν)1/2 with incident photon energy hν for thin
film and pellet samples of POT is shown in figure 6. The value of Eg is calculated by
taking the intercept of hν on the x-axis in figure 5 [42,43]. The UV–visible absorption
spectra show the variation of optical density with wavelength of the incident photon which
is given in figure 7. It shows that the absorption bands are centred at 312 and 330 nm.
The absorption bands are usually attributed to π –π * electronic transitions of the aromatic
ring, because the first transition takes place around these wavelengths, which corresponds

Figure 6. Plot of (αhν)1/2 vs. photon energy for POT pellet and POT thin film.
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Figure 7. Plot of UV–visible absorption spectra for POT pellet and POT thin film.

to the band gaps. In comparison, the optical band gaps are found to increase [44,45],
while the absorption coefficient α decreases and the extinction coefficient k increases for
thin films. The values of Eg , Ee , reflectance and n are given in table 2. The electron
excitation peaks at 312 nm in pellet samples and at 330 nm in thin films range between
290 and 390 nm wavelengths.

3.4 XRD and FTIR studies
XRD patterns provide information on the relation of the nature and structure of the samples. XRD patterns of POT pellet samples and POT thin film samples exhibit amorphous

Figure 8. Plot of XRD for POT pellet and POT thin film.
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nature which are shown in figure 8. XRD pattern of POT pellet sample shows an amorphous hump around 15◦ –26◦ and the POT thin film sample shows a hump at 25◦ –36◦ . The
broadening of the amorphous hump observed in POT thin film sample, shows an increase
in the amorphous nature of the polymer. There is no change in the XRD spectrum except
for the increase in the width of the amorphous peak. The optical band gap also increases.

Figure 9. Plot of FTIR for (a) POT pellet and (b) POT thin film.
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Figure 10. Plot of SEM micrograph for (a) POT pellet and (b) POT thin film.

Figures 9a, 9b show FTIR spectrum of the pellet and film samples. The medium intensity band at 1619 cm−1 for POT pellet sample and at 1592 cm−1 for POT thin film is
assigned to the C–N stretching of secondary aromatic amine. The band at around 426
cm−1 observed for POT pellet sample and POT thin film is the characteristic peak of C–H
out-of-plane blending vibration of benzene ring [46,47].
3.5 Scanning electron microscopy (SEM) studies
Figure 10a shows the SEM micrograph of POT in its base form, which gives a uniform,
smooth and homogeneous appearance. It shows a globular morphology and the structure
contains prominent globules distributed all over the material. The surface of each globule
shows single cluster morphology. There seems to be a cohesive bonding as no distinct
phase separation is observed. The grain size is observed from SEM images within the
range of 140–180 nm. Figure 10b shows the SEM image of RF plasma-polymerized thin
film grown on glass substrate. The film has uniform morphology. The line seen in the
middle of the image pertains to the crack formed due to the other measurements (DC
conductivity) carried out on this sample.
The aim here is to see the apparent changes in the polymers prepared by two different
techniques, namely the RF plasma polymerization method and the chemical oxidation
method. It makes an interesting study to see the difference in surface energies of these
polymers by carrying out AFM [48] which will be taken up in our future studies.
4. Conclusions
POT was successfully synthesized using the chemical polymerization method and thin
films were prepared by the RF plasma polymerization. The DC conductivity of the film
was found to increase by two orders of magnitude in RF plasma-polymerized thin films.
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The conduction mechanism was found to be band conduction. The absorption coefficient
(α) increases with increase in photon energy. Indirect transition (m=2) is found to be
most suitable to calculate the band gap. The optical band gaps of the thin films decrease
as compared to the POT pellet sample. This indicates that the change in the electronic
band structure of the polymer, the release of the methyl group and various gases lead
to the formation of clusters along the path of the beam. This leads to the formation of
intermediate states causing a decrease in the optical band gap. Cluster formation makes
the polymer inhomogeneous, which in turn favours the increase in conduction. The exponential behaviour of absorption edge demonstrates the value of Urbach energy (Ee ). The
decrease in Urbach energy (Ee ) for POT thin film may be due to the decrease in disorder
of the films. The refractive indices of these materials change which make their use possible in optical recording of information data storage and other devices. XRD and FTIR
spectra of POT pellet sample and POT thin films indicate the cross-linking of POT π conjugation system. The grain size of POT pellet sample is observed from SEM images
within the range of 140–180 nm. The film has uniform morphology.
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