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Scheme 1. Proposed mechanism for polymerization of 2,3,5,6-tetrafluoroaniline.
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Fig. 2. Cyclic voltammograms of PTFA film as a function of scan rate in a solution containing 50 mM TFA and 2 M HClO4. Insert graphs show plots of cathodic peak current
versus � and �1/2.
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Fig. 3. Cyclic voltammograms of PTFA film deposited on ITO as a function of scan
rate  in 2 M HClO4 aqueous solution.

PTFA has considerable influence on the properties of the polymer
[16]. Voltammetric characterization of the PTFA films deposited on
ITO glass was performed in the same solution used for film for-
mation, over the potential range −0.2 V and 1.0 V to avoid further
monomer oxidation. The polymer was characterised in the pres-
ence of the monomer as the voltammetric response deteriorated
in solutions containing only background electrolyte. The resultant
cyclic voltammograms (Fig. 2) exhibited a similar response to that
obtained during polymer deposition (Fig. 1). On the cathodic sweep,
the peak currents were well defined, while upon oxidation the peak
potentials shifted towards more positive values with increasing
scan rate. The ratio of jpa to jpc should be close to one for an ideal
thin layer system, but the rate of the oxidation process was slow
and jpa could not be measured (Fig. 2). Cyclic voltammograms of
films in the presence of monomer displayed an increase in the oxi-
dation peak potential with increasing scan rate and also a slight
shift in the peak potentials with increased scan rate. The inset in
Fig. 2 shows that the polymer does not display thin layer behaviour,
instead displaying behaviour corresponding to bulk diffusion. The
linear plot of jp vs �1/2 can be ascribed to slow ion movement arising
from the hydrophobic nature of the film [17].

On transferring the electrode to monomer-free solution con-
taining 2 M HClO4 a dramatic change in response was  observed
(Fig. 3). The anodic peak currents were significantly reduced and the
peaks broadened, possibly indicating that ion incorporation during
the polymer oxidation/reduction process was slow. It is obvious
that the absence of the monomer caused a decrease in the peak
currents which are three times lower in 2 M HClO4 compared to
those in the monomer solution. The electrochemical response of
PTFA in background electrolyte alone is in contrast with other con-
ducting polymers such as polypyrrole and polythiophene which
have large capacitive currents [18,19]. In general, for conducting
polymers the conductivity correlates with the capacitance of the
film [20]. In aqueous 2 M HClO4 the decrease in current densities is
due to a loss in conductivity of the film.

The addition of tetrahydrofuran to the aqueous 2 M HClO4 solu-
tion changes the electrochemical behaviour of the polymer (Fig. 4).
Tetrahydrofuran (THF) is a polar aprotic solvent characterised by a
low dielectric constant of 7.5 [21]. In the presence of THF, the peak
currents increase, possibly indicating that the hydrophobic poly-
meric layer is more open and allows counter ions to move in and out
more readily during the redox cycle. In contrast to the data in Fig. 2,
the reduction peak current increases linearly with scan rate, indica-
tive of thin layer behaviour [22] (Fig. 4). Increasing the amount of
THF resulted in increases in the peak current which are associated
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Fig. 4. Cyclic voltammograms of a PTFA film on ITO in 2 M HClO4 aqueous solution
with  16.66% THF.

with increased ion mobility into and out of the film during the redox
cycle [23] (Fig. 5).

3.3. Spectroelectrochemistry of the PTFA polymer

Spectroelectrochemical analysis was performed in the presence
and absence of THF to investigate the optical properties of the poly-
mer. There is a uniform increase in absorbance as a function of
potential over the wavelength range 420 nm to 730 nm (Fig. 6). In
addition the spectral band is particularly broad, covering this entire
wavelength range. This is reflected in the change from a delicate
orange to a much deeper orange colour as the potential is increased
[12].

The changes in absorbance (Fig. 6) due to the electronic transi-
tion corresponding to a neutral to a polaron state, similar to that
seen for monofluorinated anilines [10]. The isosbestic point related
to a simple two stage system is not present as the neutral poly-
mer  electronic transition is at lower wavelengths below 420 nm.
The band-gap (�–�*) transition for aniline is generally observed
around and sometimes below 300 nm which represents a limita-
tion for electro-optical applications [24]. Compared to spectra of
polyaniline, the range of wavelengths associated with the transi-
tion in PTFA is very wide, which is due to the presence of fluorine
electron withdrawing group. The PTFA films did not exhibit large
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Fig. 5. Cyclic voltammograms of a PTFA film cycled at 100 mV s−1 in 2 M HClO4

aqueous electrolyte while increasing the tetrahydrofuran concentration.
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Fig. 6. UV–Vis spectra of PTFA film in 2 M HClO4 aqueous solution as a function of
applied potential.

absorbance changes on oxidation/reduction, even on addition of
THF.

3.4. Electrochromic switch

The response time measured upon switching the polymer film
between its neutral and oxidized states was monitored at 450 nm
(Fig. 7). The polymer thickness was controlled by adjusting the
number of potential cycles. The film used for this study was a
thin film as the charge passed through during deposition was
13.6 × 10−4 C cm−2. The colouration efficiency (CE) is an impor-
tant characteristic for electrochromic materials and corresponds
to the amount of charge injected in the polymer as a function of the
change in optical density. The coulombic efficiency (�) is related
to the performance of the electrochromic device and is defined
as the ratio between the change in optical density (�OD) and the
injected/ejected charge per unit area of the electrode at a specific
wavelength (�max) [23]. Absorbance variations with time under a
step potential oscillating between the oxidized and reduced states
of the polymer at �max in the visible range are essential for an
electrochromic material. The absorbance change as the polymer
is cycled between oxidized and reduced state provides details of
the optical contrast and electro-optical stability [25].

The polymer film on ITO does not display dramatic colour varia-
tions, changing from orange in the oxidized form to a more bleached
orange colour in the reduced form. Consequently, the colouration
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Fig. 7. Plot of absorbance (� = 450 nm) vs time of a PTFA film as the potential was
switched between 0 V and 1.2 V. The solution contained 2 M HClO4 and 50 mM
monomer. Switching interval of 40 s.

efficiency had a value of 36.6 cm2 C−1 at 450 nm, which is low when
compared to other electrochromic materials. A dual electrochromic
system containing poly(3,4-ethylenedioxythiophene) and poly(3-
methylthiophene) had a high colouration efficiency of 460 cm2 C−1

at 665 nm [26] where the colours ranged between deep red and
deep blue.

The colour changes recorded at 450 nm wavelength require
longer times, due to the increasing difficulty of inserting ions into
the polymer matrix. The hydrophobic nature of PTFA polymer
makes the injection of ions on oxidation more difficult in aque-
ous media, while upon reduction they are more easily released. As
stated in the literature the polymer colour depends on the polymer

Fig. 8. (A) SEM image of PTFA polymer from aqueous solutions; (B) SEM image of
PTFA polymer from solutions with tetrahydrofuran (20%); (C) SEM cross-section
image of PTFA film run in aqueous solution.
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