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Abstract

The optical, morphological, thermal and redox properties of galvanostatically depositetiptiy( aniline) films are investigated.
Effects of monomer concentration and substrate resistance on film properties have been reported. At higher concentration (0.8 and 1.0 M), the
formation of a conducting phase with an absorbance maxima &40 nm is found to be more predominant. The substrate resistance also has
a profound influence on the film properties in terms of rate and selectivity in deposition of the conducting phase. These results are supported
by IR spectroscopy. The redox properties are affected by concentration of monomer while the substrate resistance contributes towards loss in
reversibility of the species formed, especially at higher monomer concentration. Also, the morphology of the films exhibits improvement in
quality with monomer concentration. The density of the fibres is affected by the decrease in substrate resistance. Thermal pattern also exhibits
variation in terms of the number of steps involved in decomposition as well as the final decomposition tempert29&Elsevier Science
Ltd. All rights reserved.
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1. Introduction techniques such as UV-Vis and IR spectroscopy, cyclic
voltammetry, scanning electron microscopy and thermogra-
Conductive electroactive polymers [1,2] are known to vimetry.
exhibit intriguing electrical, electrochemical, and optical
properties which have led to applications in various fields
such as display devices [3,4], microelectronics [5], light 2. Experimental
weight batteries [6,7], antistatic coatings and gas sensors
[8]. Polyaniline is one of the members of this class of poly- ~ A.R. grade chemicals were used for the experimental
mers. However, in certain applications the substituted deri- work. Different concentrations of monomer (0.4, 0.6, 0.8
vatives are found to have better candidature due to theirand 1.0 M) were prepared in 1.0 M HCI (doubly distilled
flexibility in chemical properties in comparison with poly- ~water) by adding the appropriate amount\séthyl aniline.
aniline. Some literature is available which accounts for the The electrochemical cell used for the polymerization
various properties of substituted derivatives [9—13]. In this comprised of Sn@F coated glass (25 1 cn) as the work-
respect, the ring substituted anilines have been studieding electrode, platinum as auxiliary electrode and SCE as
extensively. However, less attention has been paid towardsthe reference electrode. Sppfilms deposited on a corning
the N-substituted derivatives of aniline [14—18]. Hence, one glass substrate with two different sheet resistances (10 and
needs to explore these materials so as to control their physi-50Q cm™) were prepared by spray pyrolysis [19]. The
cal and chemical behaviour before utilizing them for large polymer films were deposited under galvanostatic condi-
scale applications. tions at a current strength of 0.5 mA using a potentiostat/
In the present work, efforts have been made to study the galvanostat (Elico CL 95). The film was deposited for a
influence of monomer concentration and substrate resis-period of 2 h at 0.4 and 0.6 M-ethyl aniline concentrations
tance on electrochemically synthesized phigthyl and 1 h at 0.8 and 1.0 M concentrations. Deposited films
aniline) films. The films have been examined using various were washed with distilled water, dried and then utilized
for characterization. An Hitachi 220 UV-Vis double beam
* Corresponding author. Fax:0091-212-353899. spectrophotometer was used for recording the optical spec-
E-mail addressaghbed@chem.unipune.ernet.in (A.A. Athawale) tra. FT-IR spectra were recorded on a Perkin Elmer (Model
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Fig. 1. UV-visible absorption spectra of poN{ethyl aniline) films depos-
ited as a function of monomer concentration. (Substrate resistance (a)
10Q cm tand (b) 500 cm™)

1600) FT-IR spectrophotometer in the range of 400-—
4000 cm!. The samples were scraped from the SO
electrode and prepared in pellet form using KBr. Cyclic
voltammetric studies were performed using a potentiostat
(Cypress Model, Omni 90). The dimension of the SO
glass electrode was 203 mm and the polymer was depos-
ited in a 3X 3 mm area. The potential was cycled between
— 0.2t0 1.2 V versus SCE at a scan rate of 100 mV/s. The
morphological features were examined using a Cambridge

Instruments stereoscan S 120 scanning electron microscope

(SEM). Before exposure to SEM the films were coated with
a thin layer of gold (thickness- 20 nm) using a Bio Rad E
5000 sputter coater unit. Thermograms of the polymer were
recorded on a thermogravimetric analyzer (Perkin Elmer,
Model TGA-7) in an Q atmosphere at a scanning rate of
10°C/min.
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3. Results and discussion

The UV-Visible spectra of poly-ethyl aniline) films
deposited as a function of monomer concentration on
substrates with a sheet resistance of 10 an@%tn * are
given in Fig. 1. The magnitude of absorbance shows an
increasing trend on going from 0.4 to 1.0 M monomer
concentration. It is worth noting that a minimum concentra-
tion of ~ 0.4 M of N-ethyl aniline is needed at which
polymerization takes place yielding films with measurable
absorbance. As seen in Fig. 1, the spectra after electroche-
mical oxidation of 0.4 and 0.6 MN-ethyl aniline on both
types of substrates are broad in nature. On the other hand, at
higher monomer concentrations of 0.8 and 1.0 M the spectra
shows a sharp peak corresponding to the conducting emer-
aldine phase (delocalized polaron/bipolaron transition). The
degree of selectivity in the formation of conductive phase is
greater in the case of films deposited on substrate with sheet
resistance of 500 cm ™. The other peaks appear 320 and
420 nm, respectively, representing the formation of leucoe-
meraldine phasen{-w transition) and radical cations
(polarons) [20,21].

These results can be explained on the basis of the varying
rate of reaction as well as the competitive products formed
during deposition. At 0.4 and 0.6 M monomer concentration
the polymerization reaction is hindered strongly due to the
formation of a large fraction of benzidines via a nitrene
cation intermediate [22]. The nitrene cations having suffi-
ciently long lifetime are formed more preferably in highly
acidic medium and low monomer concentration. These are
later attacked by other monomer molecules and nucleo-
philes present in the solution thereby giving benzidines as
the major product. Apart from this, it is obvious that the tail
to tail coupling of the molecules would be a more favoured
reaction rather than head to tail or head to head coupling in
N-ethyl aniline as a result of steric hindrance caused by the
bulky ethyl group.

RADICAL CATION NITRENE CATION

-0-0,

When the monomer concentration is increased to 0.8 and
1.0 M the rate of reaction is expected to increase since the
collision of molecules would take place at a faster rate in
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terminal phenyl group [24]. The intensity of the above two

67.54F (2) bands is drastically reduced in the polymer spectra, contrary
to this, an intense band is observed 820 cm * which is
characteristic of the paradisubstituted aromatic ring through
which polymerization proceeds [25]. Further, the polymer
shows two intense peaks- 1120 and ~ 620 cm * repre-
senting the in-plane and out-of-plane C—H bending motion

. ; . L of quinoid and benzenoid rings [26]. The C—N stretching
50-48 () bands which are characteristic of an aromatic amine are
observed in the region of 1230 and 1350 ¢mThe peak
~ 1314 cm corresponds to aromatic C=Nstretching
while the C—N stretching of secondary amine is represented
by the peak ~ 1230 cm* [26]. In the C—H stretching
region the aromatic C-H is easily identified at
~2923 cm ! [27]. Bands at ~ 1500 and ~ 1600 cm*

4 ! are assigned to the non-symmetrie @ng stretching
modes. The higher frequency vibration has a major contri-
bution from the quinoid rings, while the lower frequency

50.73 )

Transmittance ———>

l (c
mode depicts the presence of benzenoid ring units. The
46.01F ' @ relative intensity of these bands points towards the oxidation
state of the material [25—-28]. In addition to this, the
bt N presence of both these bands clearly shows that the polymer
is composed of amine and imine units. Furthermore, it gives
support to the earlier prediction for the presence of different
oxidation states of the polymer.
32.66F ' At higher monomer concentration and substrate with
sheet resistance of 30 cm™* the higher relative intensity
ratio of quinoid to benzenoid ring Models 1500|1500 Of
~ 1.29 can be attributed to the predominant formation of
/ conducting reduced phase. On the other hand, at lower
,x monomer concentrations and substrates with sheet resis-
tance of 10 and 500 cm ™! the ratio is found to be-1.02.
This can be attributed to a large contribution of quinoid
pertaining to the higher oxidized phase.
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Fig. 2. FT-IR absorption spectra of monomer (a) and polgthyl aniline)

. H H
films deposited at different monomer concentrations. ((b) 0.4 M and (c) rz 5 Tzﬂs r" 5 T2H5
1.0 M on 100 cm™* substrate and (d) 0.4 M and (e) 1.0 M on@&m™* N — N - —
substrate.) + o+ = w
QUINOID(IMINE) BENZENOID(AMINE)

such a medium. Furthermore, there is an appreciable
decrease in the concentration of nitrene cation and hence, The redox properties of polijethyl aniline) were inves-
benzidines. Instead, predominantly radical cations are tigated using cyclic voltammetry (CV) as a function of
formed, followed by polymerization. The higher degree of monomer concentration on substrates with sheet resistance
selectivity in the formation of conducting phase in the film of 10 and 50 cm™*. The effect of monomer concentration
deposited on substrate with sheet resistance 61 6h " in on the voltammetric features bfethyl aniline on substrates
comparison with that deposited on @0cm ™! substrate can  with sheet resistance of X0 cm™* are depicted in Fig. 3.
be attributed to the optimum rate of deposition contributing Optimum scan rate for the polymerization process has been
towards the efficient conversion of pernigraniline to emer- determined by varying the scan rate. Fig. 3 shows the
aldine salt [23]. presence of two reversible redox couples: 0.42 and
Fig. 2a and Fig. 2b—e represent the FT-IR spectrdl-of  0.52 V along with an additional cathodic peak 0.31 V.
ethyl aniline together with the politethyl aniline) films The peak ~ 0.31V is related to the oxidation of nitrogen
deposited on substrates with sheet resistance of 10 andatom of the monomer molecule, i.e., formation of polaron as
50Q cm ! at 0.4 and 1.0 M monomer concentrations. A proposed by the electrochemical reaction mechanism for
comparison of the spectra of the polymer with that of the substituted polyanilines [29]. The couple~ 0.42V is
monomer reveals the presence of two strong barndg49 assigned to the formation of emeraldine salt (head to tail
and 692 cm* in the monomer spectra corresponding to the coupling) together with soluble benzidine derivatives (tail to
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Fig. 3. Cyclic voltammograms df-ethyl aniline recorded as a function of monomer concentration. ((a) 0.4 M, (b) 0.6 M, (c) 0.8 M and (d) 1.0 M, substrate
resistance 10 cm™)

tail coupling). The presence of hydrolysis products benzo- substituent. The above fact is confirmed by the differences
quinone/hydroquinone couple is associated with the peakin the magnitude of current in the two species, whereby
~0.52 V [30]. The benzoquinone thus formed is solubilized polyaniline exhibits a current magnitude almost 10 times
partly in the reaction vessel while the remainder is adsorbedgreater than that for polethyl aniline). This in turn
on the electrode surface. Presence of an anodic peakproves the faster rate of reaction and formation of a greater
~0.65V associated with a diradical dication is more fraction of conducting phase in polyaniline than pdly(
distinctly observed in the presence of 0.8 and 1.0 M mono- ethyl aniline).
mer concentration [29]. The huge, irreversible oxidation  The redox properties are seen to strongly depend on the
peak ~ 0.9V represents the polymer growth. The anodic reaction rate prevailing during polymerization. The fact that
peak ~ 0.42 V is seen to disappear with increasing mono- the reaction rate in poli{-ethyl aniline) is expected to be
mer concentration. At a concentration of 0.4 M the peaks are lower in comparison with polyaniline and other substituted
well distinguished and reversible. With increase in concen- derivatives such as polg{anisidine), polyg-toluidine) [23,
tration from 0.6 to 1.0 M, loss in reversibility is observed, 32] etc. is confirmed from the range of monomer concentra-
however, magnitude of the current is seen to be enhanced.tions at which this polymer is obtained. At 0.4 and 0.6 M
On comparing the cyclic voltammograms of pdlyéthyl concentrations, the rate of reaction being relatively slower,
aniline) with polyaniline [31] a significant shift{ 0.1 V) is the fraction of monomers available for autocatalysis mechan-
observed in the peak position of the radical cation. The shift ism [22] would be less since a part of them would be utilized
in peak potential to a higher value in padN#ethyl aniline) for generating competitive reaction products, hence, a small
arises due to the steric hindrance caused by the bulky ethylshoulder is observed at- 0.65 V. In contrast to this, the
group present on the nitrogen atom in the monomer. The reaction rate is accelerated at higher monomer concentrations
second peak for the hydrolysis product, i.e. benzoquinione, simultaneous to inhibition in the formation of benzidines. As a
is also affected suggesting that the mechanism involved inresult, the formation of diradical dication is expected to take
the formation of this species is influenced by the position of place in the initial stages, favouring the polymer growth. The
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Fig. 4. Plot of ip and ip versus monomer concentration at peak potentiat-c3.42 V. (ip, = Substrate resistanee (a) 10Q cm *and (b) 500 cm™. ip, =
Substrate resistance (c) 100 cm™* and (d) 500 cm ™)

plot of ip,and ip ( ~ 0.42 V) versus monomer concentration Another significant parameter of interest is the influence
as shown in Fig. 4 supports the above explanation. It shows anof sheet resistance of the substrate on the polymerization
increase in peak currentup to 0.6 M in the case of CV taken on process, especially at higher monomer concentrations (Fig.
substrates with sheet resistance of56m*, while the peak 5). At lower concentrations, the cyclic voltammograms
~0.42 Vis absentin the CV obtained on substrates with sheetexhibit differences in the rate of polymer deposition in
resistance of 100 cm ™. terms of the magnitude of all the peak currents when a
comparison is made between substrates with sheet resis-
tance of 10 and 500 cm * [19,33]. However, at 1.0 M
o5 oH5 concentration the cyclic voltammograms recorded on
T T substrates with sheet resistance of50m™* show a drastic
"'Gﬂ”@ﬁ_ shift in anodic peak potentiak~ 0.54 V (~ 20 mV at the
2nd cycle to 110 mV at the 12th cycle) whereas saturation is
observed at the cathodic side. This distortion with loss in
reversibility is due to a combined effect of ohmic drop asso-
ciated with the monomer concentration and sheet resistance
of the substrate.
Fig. 6 represents the cyclic voltammograms taken at
———-<:_____>:0 ——-—f—eG‘ ""Q—Oﬂ various scan rates between 25-200 mV/s at two extreme
concentrations of 0.4 and 1.0 M on substrates with sheet
BENZOQUINONE resistance of 10 and 30 cm™’. The reversibility of peak

DIRADICAL DICATION (BIPOLARON)

lHydronsis
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Fig. 5. Cyclic voltammograms df-ethyl aniline recorded as a function of monomer concentration. ((a) 0.4 M, (b) 0.6 M, (c) 0.8 M and (d) 1.0 M, substrate
resistance 50 cm ™)

is seen to diminish as a function of scan rate. The redox sheet resistance of X0 cm™* demonstrates a purely fibril-
couples are clearly seen up to a scan rate of 125 mV/s.lar nature, the fibres are seen to be bunched together which
However, a further increase in the scan rate leads to a distor-must be the nucleation zone. On the other hand, on
tion in the cyclic voltammograms which might be due to an substrates with sheet resistance of(56m?, it is noted
increase in the thickness of polymer film along with a large that long thin fibres are grown on the upper surface below
contribution of non-faradaic current. which are present islands interconnected to each other.
The scanning electron micrographs of the deposited films Further increase in concentration to 1.0 M results in a still
(Fig. 7 and Fig. 8) reveal differences in patterning with different kind of morphology. The morphology gives the
concentration of monomer. Density, as well as quality of appearance of two dimensions comprised of closely spaced
the film, is observed to improve with increasing monomer flat islands. The growth is seen to progress in a layer-by-
concentration and decreasing sheet resistance of substratdayer fashion (Figs. 7 and 8d).
At 0.4 and 0.6 M concentration the morphology shows These results can be attributed to the varying rate of
coral-like growth (Figs. 7 and 8a and b) bearing three deposition as a function of concentration of monomer
dimensions. The overall development of the structure is together with the sheet resistance of the substrate. Quality
seen to take place through joining up of small tiny fibrils of film exhibits an improvement at higher concentrations
which are formed at the earlier stages of deposition at speci-since the formation of competitive products is eliminated
fic nucleation centers. The nucleation centers are nothingcompletely.
but the grain boundaries of the Spb lattice [32,34]. On Similar to the above-mentioned properties, the thermal
increasing the monomer concentration to 0.8 M the properties of the film also seem to vary with monomer
presence of thin long fibres is distinctly observed (Figs. 7 concentration and sheet resistance of substrate. Fig. 9
and 8c). However, the film deposited on substrates with depicts the thermograms of polNHethyl aniline) films
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Fig. 6. Cyclic voltammograms df-ethyl aniline recorded as a function of scan rate 25—200 mV. (Substrate resistafaai0 = (a) 0.4 M and (c) 1.0 M
and 500 cm™* = (b) 0.4 M and (d) 1.0 M.)

deposited at 0.4 and 1.0 M concentration on substrates withmonomer concentration, mixed phases are formed and a
sheet resistance of 10 and 8xm *. The weight losses  broad distribution of molecular fragments could be possible.
taking place in individual steps and the corresponding Due to this, the intermediate step is split into two. At higher
temperature ranges are given in Table 1. From the table, itmonomer concentration a greater fraction is lost in the 1st
appears that at lower monomer concentration the films step in the case of films obtained on substrate with sheet
deposited on both types of substrates show a similar natureresistance of 50 cm ™%, since the fraction of conducting
except for minor changes in the individual weight losses. phase formed is greater in this case than the film deposited
Contrary to this, a significant difference in weight loss (1st on substrate with sheet resistance of(l®6m . Also, the
step) is observed at higher monomer concentration whennegative shift in the final decomposition temperature with
compared to substrates with sheet resistance of 10 andnonomer concentration arises due to greater fraction of
500 cm L. These results are in agreement with the optical conducting phase.

spectra discussed earlier. At lower monomer concentration

the thermograms demonstrate a four-step decomposition

pattern while at higher monomer concentration the polymer

undergoes decomposition in three steps [35]. The loss4. Conclusion

observed (0.4 M) in the 1st, 2nd and 3rd steps is attributed

to the loss of water molecules along with volatilization of  Quality of the film and selectivity in the formation of
CI™ as HCl or C}, loss of substituted groups and low mole- conducting phase is found to be enhanced in the presence
cular weight fragments followed by breakdown and degra- of higher monomer concentration and sheet resistance of
dation of polymer matrix. In the presence of 0.4 M substrate.
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Fig. 9. Thermograms of poljethyl aniline) films deposited at different monomer concentrations. (Substrate resistéack0 cm *and (b) 500 cm™1.)
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