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Abstract The mechanism of the electrosynthesis of
poly(3-butylthiophene) (PBuT) was studied by cyclic
voltammetry and potential step methods in comparison
with polybithienyl. The anodic oxidation polymerization
of the 3-butylthiophene underwent two steps: oligomer
formation and further polymerization to form the
polymer. The doping level of the PBuT increases with
the cycle number of the potential sweeps during poly-
merization. The current responses to the potential steps
indicate a nucleation and nuclei growth process which is
repeated layer to layer. The differential capacity (Cy)
and photocurrent were measured at the PBuT films in
the aqueous electrolyte solution. The Cy 2 vs. E plot
shows two regions of linearity, one with a negative slope
and the other with a positive slope in different potential
regions, which give the same flat-band potential. This
indicates that the PBuT film exhibits both p-type and
n-type features of a semiconductor at differrent potential
regions. The cathodic photocurrent spectrum was anal-
ysed by the (jphhv)z/’7 vs. hv plots, giving band gap en-
ergies of 2.41 eV for n =1 and and 2.01 eV for n = 4.
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Introduction

Research on polythiophene (PT) and its derivatives has
rapidly developed owing to their good electrochemical
and electrical properties. Especially, the 3-alkylthio-
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phenes have attracted increasing interest [1-4]. To the
present, poly(3-alkylthiophenes) (PATs) with alkyl
chains containing 1-20 carbons have been reported.
However, most reports are about studies of poly(3-
methylthiophene) [5-8]. Poly(3-butylthiophene) (PBuT)
has been reported in several papers [9-11], but the
photocurrent and differential capacity of PBuT films
were rarely mentioned [12]. Quantitative analysis of the
PBuT electrosynthesis process is difficult owing to its
solubility in common organic solvents. Nevertheless,
PBuT films have higher electric conductivity and better
electrochemical stability in organic electrolyte solutions
than polybithienyl (PBT) films [13]. This is interesting
for the application of electrically conducting organic
polymers. Therefore, we have systematically studied the
electrosynthesis process of PBuT and obtained the op-
timal conditions for the formation of PBuT films having
compact structure and fine morphology. In the present
paper we report the results of a study in comparison
with the electrosynthesis mechanism for PBT films re-
ported in our previous paper [14]. The differential ca-
pacity and photocurrent at the PBuT film was measured
and analysed by means of the theory of the semicon-
ductor|solution interface.

Experimental

A potentio/galvanostat (EG & G) and a three-electrodes titration
cell (Metrohm) were used for the PBuT electrosynthesis and
electrochemical measurements. The working electrode (WE) was a
Pt rotating disc (0.071 cm?). A twisted Pt wire served as the counter
electrode (CE) and the reference electrodes were Ag/AgCl for or-
ganic solutions and a SCE for aqueous solutions, respectively. A
two-phase lock-in amplifier (278 EG & G) was used for the ca-
pacity measurements. Photocurrent measurements were carried out
in a three-electrode photoelectrochemical cell with a quartz win-
dow. A xenon lamp with a power of 150 W served as the light
source connected to a monochromator with wavelengths from
250 nm to 1500 nm and a light chopper working at a frequency of
0.1 Hz. The results were recorded by a x-y- recorder (Linseis).
Commercial 3-butylthiophene (BuT) (99.2%) and acetonitrile
(MeCN) (HPLC grade) were used as monomer and solvent for the



electrosynthesis, respectively. LiClO4 was the supporting electrolyte
for all experimental solutions. The experimental solutions were
deoxygenated by argon (99.999%).

Results and discussion
Study of the electrosynthesis of PBuT film

It is difficult to deposit PBuT film upon the surface of a
metal electrode because of its solubility in common
solvents such as CHCI;, CH,Cl, and THF. An attempt
to electrosynthesize PBuT on a Pt electrode in a pro-
pylene carbonate electrolyte solution at room tempera-
ture failed, which was not investigated further. However,
it has been reported that, at 5 °C, PBuT film can be
electrochemically prepared in propylene carbonate
electrolyte [10]. Under a N, (99.999%) atmosphere we
have obtained only soluble oligomers instead of PBuT at
a Pt electrode in MeCN + 0.1 M LiClO4 + 0.05 M
BuT. The corresponding cyclic voltammograms (CVs)
show only anodic currents without any cathodic current,
because the soluble oligomers diffused to the CE surface
where they were reduced. It is notable that PBT elec-
trosynthesis was very successful under a N, atmosphere
[13, 14]. Under an Ar (99.999%) atmosphere the PBuT
electrosynthesis was successful. The conditions for gal-
vanostatic synthesis of PBuT films are more critical than
that of the CV method. In order to obtain a compact
PBuT film with a fine morphology, the applied current
density has to be higher than 10 mA cm 2. When the
current density is smaller than 1 mA cm™', almost no
PBuT was deposited on the WE surface in spite of the
high BuT monomer concentration of 0.5 M.

In order to study the mechanism of the BuT anodic
polymerization, the CV at a rotating Pt disc electrode
(1000 rpm) and potential step experiments at a station-
ary Pt electrode were performed in MeCN + 0.1 M
LiClO4 + BuT with variable concentrations, deoxy-
genated by Ar. The cyclic votammograms (CVGs) are
shown in Fig. 1. The oxidation potential EF\; of BuT
monomer in MeCN was determined as being 1.25 V. In
the first cycle the anodic current initially increases
(E < 1.5 V) very slowly, then it rises rapidly and lin-
early until the potential sweep reverse. In the backward
sweep this current drops, but it is higher than that in the
forward sweep at the same electrode potential (Fig. 1a).
This means that the current-potential polarization curve
(j vs. E) is in the Tafel region instead of the diffusion
region. Assuming this electrode process is a single re-
action, then the Tafel equation can be used to analyse
the current behaviour in order to obtain kinetic infor-
mation [15, 16]. The E vs. log j plot of the first anodic
forward sweep shows two linearities with different
slopes: (ba); at £ =1.3-1.5V and (ba), at 1.6-1.8 V,
where (ba); > (ba),. This indicates that the polymer-
ization by anodic oxidation of the BuT monomer un-
derwent two steps: oligomer formation and then
polymerization to form the polymer, i.e.
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Fig. 1a Cyclic voltammogram and b change of the charges during the
potential sweep at a Pt rotating disc electrode (1000 rpm) in
MeCN + 0.1 M LiCIO; + 0.1 M BuT; v= 50 mV s

Monomer 1, Oligomer S, Polymer (1)

The oligomer has a lower oxidation potential and is
more easily oxidized than the BuT monomer. The cur-
rents of the monomer oxidation and oligomer oxidation
overlap each other, so that the anodic current in the
backward sweep is higher than the one in the forward
sweep at the same potential in the first cycle, as men-
tioned above.

The first cycle of the cyclic voltammogram (CVG)
shows a cathodic current peak which is repeated in the
second cycle and is coupled with an anodic current peak
at a potential lower than the oxidation potential E§; of
the BuT monomer. This pair of current peaks corre-
sponds to the reduction and oxidation of the PBuT,
which has a lower oxidation potential than the BuT
monomer. They cannot be removed by electrode rota-
tion or by high monomer concentration. This indicates
that the pair of current peaks can be caused only by
diffusion of the dopant ClO, anions in the solid state
PBuT film during its reduction and oxidation process in
the cyclic potential sweeps, which is similar to that in
PBT electrosynthesis [14].

The redox charges of the PBuT film, Qyx = Q,eq, and
the chain growth charge Q,, (defined in Fig. 1b) are
proportional to the cycle number of the potential
sweeps, respectively (Fig. 2a, b). However, the ratio of
Qox/Qg defined as the doping level of the PBuT film
according to the R-R mechanism of thiophene poly-



76

Fig. 2 Changes a of the PBuT > %0
oxidation charge Q,y, b of the . . a . b
chain growth charge Q,, ¢ of 2. ::im / 30+ —¢—at otating WE /
the ratio of Quy/Qgr With the ¢ g sty WE /’
cycle number of the potential ./ v
sweeps for PBuT electrosyn- 154 / Q 204 ./
thesis by CV (v =50 mVs™) @ . E ya
at a Pt rotating disc electrode g 104 ,/ o 1 /’
(1000 rpm) and a Pt stationary ./ ¢
electrode, respectively, in / 100 ./ J—
MeCN + 0.1 M LiClO, + 5 ¢ e 501 v T
0.1 M BuT /./+/+/+/~+' el
04— , : ; 0 . l : . :
0 2 4 6 8 10 0 2 4 6 8 10
cycle number cycle number
8
Cc
74 e U
-
6 —
s / T
$ ¢ .
S
o v
3 /-
4 .
3. */ —e— at rotating Wi
—+— at tationary WE
2 T T T T T

cycle number

merization [14, 17], increases with the cycle number
(Fig. 2¢). This is different from that of PBT films, where
the doping level of PBT is kept constant during the
overall polymerization process [13, 14]. The PBuT films
formed at the rotating disc electrode have higher doping
levels than those formed at the stationary electrode
(Fig. 2¢). The doping levels of the PBuT films are gen-
erally lower than those of PBT films. Nevertheless,
PBuT film has a better electrical conductivity than
PBT film formed under the same conditions [13]. This
can be attributed to the butyl group at the f-position of
the thiophene ring, which has a steric effect on the
conjugated w-system and on the chain structure, leading
to an increase in electron mobility in the PBuT film
[18, 19].

Several potential steps from 0 Vup to 1.2V, 1.4V,
1.6 V and 1.8V, respectively, were carried out at a
stationary Pt electrode in MeCN + 0.1 M LiClO4 +
0.5 M BuT solution. The current response curves are
shown in Fig. 3. The current response for the potential
step of 1.2 V, lower than the oxidation potential of BuT
(E¥ST), is almost zero and no PBuT film was obtained
(curve 1 in Fig. 3). The anodic currents for 1.4 V and
1.6 V (curves 2 and 3 in Fig. 3) at first drop with time
rapidly to a minimum, then rise with time, following the
power law:

Joc(t—to)” (2)

and finally they increase slowly (where ¢, is the time at
the current minimum; x = 0.31 for the potential step of
1.4 V). This current behaviour indicates a nucleation
and nuclei growth process by a layer-to-layer mechanism
similar to PBT formation [14]. This process is concluded

from the micrographs of the PBuT films (Fig. 4). The
current at 1.8 V (curve 4 in Fig. 3) increases directly
with time. This indicates that the anodic BuT polymer-
ization was kinetically controlled, which is in agreement
with the behaviour of the anodic currents of the CVG
in Fig. la and is different from the case of the PBT elec-
trosynthesis where the current of the high potential step
dropped with time, following the Cottrell equation [14].

The PBuT film can be reversibly reduced and oxi-
dized. Figure 4 shows an oxidized PBuT film (a) and a
reduced PBuT film (b). The former is green with inserts
of a yellow-red colour and the latter has a yellow-red
colour with green points, which implies that the redox
reactions of PBuT were not completely carried out, i.e.
PBuT films are a mixture of the polymer cations and
neutral polymer molecules. The PBuT cations are
dominant in the oxidized form and a minor component
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Fig. 3 Current—time response curves to the potential steps from 0 V
to: 7 12V, 214V 316V, 418V at Pt in MeCN + 0.1 M
LiClO; + 0.5 M BuT



Fig. 4a,b Micrographs of the PBuT films: a in oxidized form, b in
reduced form (enlargement: 930)

in the reduced form. This is different from the case
of PBT, where the oxidized PBT film is blue and the
reduced PBT film is red [13, 14].

Semiconductor properties of the PBuT films

From experience, the PBuT films formed by the CV
method have a more compact structure and a finer
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Fig. 5 Potential dependence of the differential capacity at a PBuT
film (thickness 10 pum, doping level 1.2%) in H,O + 0.2 M LiClOy;
modulation frequency 1 kHz. b C;2 vs. E plot corresponding to a
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morphology than that obtained by the galvanostatic
method. Therefore, all PBuT films used for the differ-
ential capacity and photocurrent measurements were
prepared by the CV method. The semiconductor
properties of PBuT were proved by the results of the
differential capacity C4q and photocurrent j,,. The Cy4
vs. E curve and corresponding C;? vs. E plot for a
PBuT film with a thickness of 10 um are shown in
Fig. 5. The differential capacity has a similar order of
magnitude to the space charge capacity of the inorganic
semiconductor in the electrolyte solution [20]. The Cy 2
vs. E curve shows two regions of linearity with a neg-
ative slope and a positive slope, respectively, in different
potential ranges. According to the Mott-Schottky

equation

1 2 kT
—=—"—|E— Ep| —— 3
Ci  eeeN | | e (3)

where ¢, ¢y, ¢, N, Ep, k and T are semiconductor di-
electric constant, vacuum dielectric constant, elementary
charge, doping level of the semiconductor, flat band
potantial, Boltzmann constant and absolute tempera-
ture, respectively; the negative slope represents a p-type
semiconductor and the positive slope is valid for an
n-type semiconductor. This implies that this PBuT film
exhibits both p-type (at —0.4 to —0.1 V) and n-type (at
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Fig. 6 Analysis a of the differential capacity and b of the C3? vs. E
plot in Fig. 5, where the solid curves are taken from Fig. 5 and the
dotted curves are analyses of these curves
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Fig. 7a,b j vs. E curves at a PBuT film in H,O + 0.2 M LiClOy: /
illuminated by monochromatic light, A = 450 nm, 2 without illumi-
nation; b photocurrent obtained from a

0.4-0.6 V) features of a semiconductor. The intercept
points of both linearities of the C;? vs. E plot at the E
axis give the same flat-band potential, Er, = 0.27 V for
25 °C (Fig. 5b). The C4 and Cd’2 curves may be con-
sidered as an overlapping of two single partial curves of
the p-type and n-type, as shown in Fig. 6a and b. In the
neighbourhood of the flat-band potential the accumu-
lation state of the n-type is overlapped by the depletion
state of the p-type (E < Ep,), whereas the accumulation
state of the p-type is overlapped by the depletion layer of
the n-type (E > Ep), leading to a transition from p-type
to n-type semiconductor like an n-p junction of a clas-
sical semiconductor.

A xenon lamp was used to illuminate the PBuT film
during the electrode polarization. The current obtained
under the illumination is obviously higher than the dark
current (Fig. 7a). The difference between the illumina-
tion current and the dark current represents the photo-
current due to a photoeffect of the PBuT film under
illumination (Fig. 7b), where the cathodic photocurrent
shows a limit in the potential range of —1.0 V to —=0.6 V,
similar to that of PBT films [12, 13] and to the photo-
current of hydrogen evolution at a GaAs p-type semi-
conductor [21]. A small anodic photocurrent is clearly
seen. This means that the PBuT film in this potential
range behaved as an n-type semiconductor.
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Fig. 8 a Cathodic photocurrent spectrum of a PBuT film in
H,O + 0.2 M LiClO, at 0.0 V; b (jpuhv)"? vs. v and (jpnhv)* vs. hv
plots, taken from a

Figure 8a gives a cathodic photocurrent spectrum,
obtained at a PBuT film which was preserved in the air
for three months before measurement of the photocur-
rent. The photocurrent spectrum was analysed by using
the Gaertner-Butler model [22, 23] on the basis of the
theory of the semiconductor|solution interface suggested
by Gerischer [20, 21]. The Uphhv)z/” vs. hv plots, taken
from the photocurrent spectrum, show two linearities at
A =440-500 nm for n =1 and at 1 = 480-600 nm for
n = 4, respectively (Fig. 8b). This photocurrent behav-
iour of the PBuT films is similar to that of PBT films
[24]. According to the equation

Gonhv)" = (e@oWA, )" (hv — Ey) (4)

the intercept points of the linearities at the Av axis give
the band gap energies of 2.41 eV for n =1 and 2.01 eV
n =4 (Fig. 8b), where h, v, ®,, W and E, are respec-
tively Planck’s constant, frequency, total photon flux,
thickness of the depletion layer and band gap energy of
the semiconductor; A, is a constant essentially repre-
senting the electronic transition probability and is in-
dependent of the illumination. The numbers » = 1 and
n = 4 represent a direct transition and an indirect tran-
sition, respectively.



Conclusion

The conditions of PBuT electrosynthesis are critical. A
good PBuT film should be prepared by the CV method
in MeCN electrolyte solution. The doping level of the
PBuT film can be controlled by the cycle number of the
potential sweeps, because the doping level increases with
the cycles. The differential capacity and photocurrent
indicate that the PBuT film has both p-type and n-type
features of a semiconductor in different potential re-
gions, like the p-n transition in a classical semiconductor
which is applied in solar cells or in rectifiers.
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