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ABSTRACT: High-quality freestanding and conducting
poly[3-(6-bromohexyl)thiophene] (PBHT) films with electri-
cal conductivity of 20 S/cm were synthesized electro-
chemically by direct anodic oxidation of 3-(6-bromohex-
yl)thiophene (BHT) in boron trifluoride diethyl etherate
(BFEE). The oxidation potential of BHT in pure BFEE was
measured to be only 1.2 V versus saturated calomel elec-
trode, SCE much lower than that determined in acetoni-
trile (ACN) (1.8 V vs SCE). The polymer films obtained
from this media were very shiny and flexible and can be
easily cut into various shapes. The structure and morphol-

ogy of the polymer films were investigated by UV-vis,
infrared, 1H-NMR spectroscopy, thermal analysis, and
scanning electron microscopy (SEM). All these results indi-
cated that the terminal bromide did not have negative effect
on the electrochemical polymerization of BHT. � 2008 Wiley
Periodicals, Inc. J Appl Polym Sci 109: 1570–1576, 2008
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INTRODUCTION

During the past 25 years, inherently conducting poly-
mers, such as poly(para-phenylene),1,2 polyaniline,3

and polypyrrole,4–6 have attracted great attention
due to their wide fundamental interest and potential
application in electronics, electrocatalysis, and phar-
macology. Among them, polythiophene and its de-
rivatives exhibited favorable electrochromic properties
and were currently the focus of large portion of
research in this field and a significant much of poly-
mers have already been obtained.7–16 However, the
oxidation potentials of thiophene in common electro-
chemical solvents such as acetonitrile and CH2Cl2,
are usually very high. The qualities of films obtained
from common media were very poor. To overcome
this so-called ‘‘polythiophene paradox,’’ boron trifluor-
ide diethyl etherate (BFEE) had been used for the elec-
trochemical polymerization of thiophenes. The interac-
tion between BFEE and the aromatic monomers can
lower the monomer oxidation potentials. Moreover,
the catalytic effect of BFEE facilitates the formation
of high-quality freestanding polythiophene films. A
set of freestanding films of polythiophene and its

derivatives with good mechanical, electrical and
thermal properties have been electrodeposited.17–25

Under these circumstances, BFEE serves not only
as the solvent but also as the supporting electrolyte,
and no other supporting electrolyte was needed
(ionic conductivity of freshly distilled BFEE was
� 400 mS/cm). Moreover, the substitution of thiophene
on the 3-positon with electron-donating substituents
can further decrease the monomer oxidation poten-
tials.26–35 The electron-donating ability of the substitu-
ents greatly affects the oxidation of the monomer.
According to the literature,24 there is a linear relation-
ship between the Hammet constant of the substituent
and the oxidation potentials of the monomer.
For example, the oxidation potential of thiophene in
BFEE was 1.37 V vs saturated calomel electrode
(SCE),17 which was lower than that of 3-bromothio-
phene (1.56 V vs SCE),27 monomer substituted with
electron withdrawing group. The substitution by elec-
tron-donating groups also led to the decreases of the
monomer oxidation potentials, such as 3-methylthio-
phene (1.30 V vs SCE)28 and 3-octylthiophene (1.17 V
vs SCE).30

To obtain more b-substituted monomers, 3-bromo-
hexylthiophene (BHT) may be a very interesting and
useful starting material. The terminal bromide atom
at the end of alkyl chain is a very active group and
can react with other functional groups. For example,
it can use the bridge bromide to connect with other
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monomers, such as fluorene36 and 3,4-ethylenedioxy-
thiophene methanol.37 So many new copolymers
with properties intermediate between the individual
polymers can be obtained. Furthermore, the long
alkyl chain can increase the solubility of polymer in
organic solvents. However, the electrochemical poly-
merization of BHT has not been reported yet. In the
present work, BHT was electrochemically polymer-
ization in BFEE and high-quality freestanding PBHT
can be obtained with conductivity of 20 S/cm. The
thermal stability and spectroscopic properties of the
polymer were also investigated in detail.

EXPERIMENTAL

Materials

3-(6-Bromohexyl)thiophene (BHT) was synthesized
by reaction of 3-bromothiophene with 1,6-dibromo-
hexane in hexane solution using BuLi as reducing
agent under the atmosphere of N2 as illustrated in
Scheme 1.38 Tetrabutylammonium tetrafluoroborate
(TBATFB, Acros Organics (Fair Lawn, NJ, USA) 95%)
was dried in vacuum at 608C for 24 h. Boron trifluor-
ide diethyl etherate (BFEE, Beijing Changyang
Chemical Plant, Beijing, People’s Republic of China)
was distilled and stored at �208C before use. Com-
mercial HPLC-grade acetonitrile (ACN) was made
by Tianjin Guangfu Fine Chemical Institute (Tianjin,
People’s Republic of China) and was used directly
without further purification.

Electrochemical experiments

Electrochemical synthesis and examination were per-
formed in a one-compartment cell with the use of a
model 263 potentiostat-galvanostat (EG&G Princeton
Applied Research) under computer control at room
temperature. The working and counter electrodes
for cyclic voltammetric experiments were platinum
wires and stainless steel wires with a diameter of
0.5 mm and 1 mm, placed 0.5 cm apart, respectively.
For large-scale polymer film production, stainless
steel sheets with a surface area of 4 cm2 was em-
ployed as working electrode and counter electrodes,
which were carefully polished with abrasive paper
(1500 mesh) and subsequently cleaned by water and
acetone successively before each examination. The
polymers were deposited on an indium–tin–oxide
(ITO)-coated glass for UV-visible spectra measure-
ments. All potentials were referred to an SCE.

The typical solution was BFEE containing 0.05 mol
L�1 BHT. All solutions were deaerated by a dry ar-
gon stream and maintained at a slight argon over-
pressure during experiments. The amount of poly-
mer deposited on the electrode was controlled by
the integrated charge passed through the cell. To
remove the electrolyte and oligomers/monomer, the
polymer films were rinsed with ammonia and ace-
tone. For spectral analysis, the polymer was dried
under vacuum at 608C for 2 days.

Characterizations

The electrical conductivity of PBHT films was meas-
ured by conventional four-probe technique. UV-visi-
ble spectra were taken by using Perkin-Elmer Lambda
900 UV-vis-NIR spectrophotometer. Infrared spectra
were recorded using Bruker Vertex 70 FT-IR spec-
trometer with KBr pellets. The 1H-NMR spectra were
recorded on a Bruker AV 400 NMR spectrometer and
CDCl3 was used as the solvent. The thermogravimet-
ric (TG) analysis was performed with a thermal
analyzer of Netzsch TG 209. Scanning electron micro-
scopy (SEM) measurements were taken by using a
JEOL JSM-6700F scanning electron microscopy.

RESULTS AND DISCUSSION

Electrochemical polymerization

Figure 1 shows the anodic polarization curves of thi-
ophene derivates in pure BFEE and that of BHT in
ACN þ 0.1 M TBATFB. The oxidation onset of BHT
was initiated at 1.2 V [Fig. 1(A)], which was much
lower than that of BHT in ACN þ 0.1 M TBATFB at
1.8 V (Fig. 1, insert). This implied that the oxidation
of BHT in BFEE was much easier than that in ACN/
TBATFB. According to the Figure 1, the oxidation
onset of BHT was nearly equal to those of 3-octylth-
iophene at 1.17 V [Fig. 1(B)] and 3-methylthiophene
at 1.30 V [Fig. 1(C)] but obviously lower than that of
3-bromothiophene at 1.56 V [Fig. 1(D)]. The similar-
ity of the oxidation potentials of 3-octylthiophene
and BHT implies that the terminal bromide did not
affect the anodic oxidation of BHT, especially in
comparison with 3-bromothiophene.

The successive cyclic voltammograms (CVs) of
0.05 mol L�1 BHT on a Pt electrode in BFEE were
shown in Figure 2. It is clearly shown in Figure 2
that on the first CV cycle, the current on the reverse
scan was higher than that on the forward scan. The
formation of this loop was characteristic of nuclea-
tion processes and only appeared on the first CV
cycle.39 At the same time, with the potential scans
continues, a polymer film was formed on the elec-
trode surface. In BFEE, PBHT can be reduced and
oxidized between 0.35 and 0.9 V. The increases ofScheme 1 Synthesis route of BHT monomer.
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the redox wave currents implied that the amount of
the polymer on the electrode surface has increasing.
The potential shift of this maximum provided infor-
mation about the increase of the electrical resistance
in the polymer film and the over-potential was
needed to overcome the resistance. All these phe-
nomena indicated that high-quality PBHT films were
formed on the anode surface. On the contrary, the
successive CVs of BHT in ACN containing 0.1 M
TBATFB were not very successful. No apparent re-
dox waves were found, indicated only a trace
amount of polymer was formed. This can be mainly
ascribed to its high anodic oxidation potential to-
gether with the poor quality of as-formed polymer
films.

Electrochemistry of PBHT films

The electrochemical behavior of PBHT films depos-
ited electrochemically from pure BFEE were studied
in BFEE [Fig. 3(A)], ACN þ 0.1 M TBATFB [Fig. 3(B)]
and concentrated sulfuric acid [Fig. 3(C)], re-
spectively. Similar to the results in the literature, the
CVs represented broad anodic and cathodic peaks
[Fig. 3(A)]. Peak current densities were both propor-
tional to the scan rates (Fig. 3, insert), indicating the
reversible redox behavior of the polymer. Further-
more, the anodic and cathodic peak potentials of the
polymer films were independent on the scan rates,
which suggested that the redox reactions were both
reversible. These films could be cycled repeatedly
between the conducting (oxidized) and insulating
(neutral) states without significant decomposition
of the material indicating the high stability of the

polymer. Similar results can be observed for the
electrochemistry of PBHT in ACN [Fig. 3(B)] and con-
centrated sulfuric acid [Fig. 3(C)]. According to
Figure 3A, the films obtained from pure BFEE can be
oxidized and reduced from 1.0 to 0.35 V. However,
much higher potentials (1.25–1.05 V) were needed to
oxidize or reduce the films in ACN þ 0.1 M TBATFB.
In concentrated sulfuric acid, the anodic and cathodic
peaks located at � 0.8 and 0.32 V, respectively. All
these results indicated the good stability of PBHT
films in BFEE, ACN and even in concentrated sulfuric
acid.

Structural characterizations

As-formed PBHT films were very smooth, compact,
black in the doped state and dark red in the
dedoped state. The doped polymer film did not dis-
solve in common organic solvents, such as CH2Cl2,
THF, DMSO. In contrast, the solubility of the de-
doped film was also very little in these organic sol-
vents as same as poly(3-octylthiophene). This is a
great disadvantage of the application of PBHT
because of its low solubility. However, this also
implies the high quality of as-formed PBHT films
prepared from BFEE solution.

The UV-visible spectra of BHT monomer (insert)
recorded in CH2Cl2 solution and PBHT films ob-
tained on the ITO electrode were illustrated in
Figure 4. The UV spectrum of the monomer showed
a main peak at 235 nm. The spectrum of the polymer
film has a much broad band with fine structure at
400 nm and 750 nm. The overall absorption tails off
to about 780 nm. The longer wavelength indicated
longer polymer sequences.40 The band at 400 nm can
be ascribed to the valence band-conduction band

Figure 1 Anodic polarization curves of BHT (A), 3-octylth-
iophene (B), 3-methylthiophene (C), 3-bromothiophene (D)
in BFEE solution and BHT in ACN þ 0.1 M TBATFB (insert)
containing 0.05 M monomers. Potential scan rate: 20 mV s�1.

Figure 2 Cyclic voltammograms of 0.05 M BHT in pure
BFEE (A) and in ACN þ 0.1 M TBATFB (B). Potential scan
rates: 100 mV s�1.
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(p–p*) transition. In contrast, the broad band from
580 to 782 nm is the characteristic of conductive spe-
cies such as the existence of polaron or bipolaron.
During the doping process, the originally filled
valence band of PBHT becomes partially empty. The
Fermi level lowers the valence band, which ensures
a metallic behavior to the PBHT.41,42 In this circum-
stance, it could be expected that at higher doping
level, more empty the valence band would become
of PBHT film. As a consequence, the polaron (or
bipolaron) concentration will increased together with
the conductivity increases.

Vibrational spectra can provide structural informa-
tion on neutral and doped conducting polymers,
especially for those insoluble and infusible. BHT
monomer and PBHT films prepared potentiostati-
cally from pure BFEE solution containing 0.05 mol
L�1 BHT were analyzed by Fourier transform infra-
red (FT-IR) spectroscopy. According to the spectrum
of the monomer [Fig. 5(A)], the bands at 2925 and
2855 cm�1 can be ascribed to the aliphatic C��H

stretching vibration. The bands at 1513 and 1458
cm�1 were the skeleton vibration of thiophene ring.
The absorption of the aromatic C��C emerged at
1640 cm�1. The bands at 1080, 640 and 561 cm�1 were
the C��Br stretching vibration. Absorption vibration
band at 823 cm�1 were assigned to Cb��H out-of-plane
deformation mode. The Ca��H out-of-plane deforma-
tion vibration is at 775 cm�1 [Fig. 5(A)].43,44 After
polymerization, the Ca��H out-of-plane deformation
vibration at 775 cm�1 disappeared [Fig. 5(B)], confirm-
ing the polymerization of BHT at the a position.

Figure 6A was the 1H-NMR spectrum of the
monomer. There were eight groups of protons:
7.2456 (1H), 6.9380–6.9256 (2H), 3.4210–3.3892 (2H),
2.6539–2.6159 (2H), 1.8776–1.8416 (2H), 1.6404–1.6217
(2H), 1.4856–1.4500 (2H), and 1.3769–1.3594 (2H).
The assignments of the NMR were shown in the
insert of this spectrum. Figure 6B presented the 1H-
NMR spectrum of PBHT. Due to its little solubility
in CDCl3, the chemical shifts of PBHT were much
lower than those of CDCl3 at 7.2654 and H2O at

Figure 3 Cyclic voltammograms of PBHT films in pure BFEE (A), ACN þ 0.1 M TBATFB (B) and concentrated sulfuric
acid (C), respectively. Potential scan rates: 25 mV s�1 (a), 50 mV s�1 (b), 100 mV s�1 (c), 150 mV s�1 (d), 200 mV s�1 (e),
250 mV s�1 (f). The polymer films were synthesized electrochemically in BFEE at a constant applied potential of 1.43 V.

Journal of Applied Polymer Science DOI 10.1002/app

LOW POTENTIAL ELECTRODEPOSITION OF HIGH-QUALITY AND FREESTANDING PBHT FILMS 1573



1.5678. The PBHT spectrum showed only seven
groups of protons, and the a-H protons of thiophene
ring have been eliminated due to the ring coupling
reaction that occurred during the polymerization
process. The chemical shift of b-H moved to much
lower fields at 9.8023 than that of monomer at

7.2456. The extension of conjugation length of conju-
gated polymers usually leaded to the chemical shifts
move to lower field.45 Therefore, the shifts of Cb-H
of PBHT to lower fields further confirmed the forma-
tion of a conjugated delocalization structure. The
protons of 6-bromohexyl remained unchanged, indi-
cating that long chain was very stable during the

Figure 7 TGA curve of dedoped PBHT films potentios-
tatically prepared at 1.43 V from BFEE solution containing
0.05 M BHT.

Figure 6 1H-NMR spectra of BHT (A) and dedoped PBHT
(B). Solvent: CDCl3.

Figure 5 Infrared spectra of BHT monomer (A) and
dedoped PBHT films (B) prepared at 1.43 V from BFEE so-
lution containing 0.05 M BHT.

Figure 4 UV-visible spectra of BHT monomer (insert)
and doped PBHT films. The polymer films were electrode-
posited from BFEE solution on ITO electrode containing
0.05 M BHT at a constant potential of 1.43 V.
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electrochemical polymerization. These results im-
plied that the terminal bromine atom is very stable
during the electrochemical polymerization of BHT.

Thermal analysis

The thermal stability of conducting polymers is very
important for their potential application. Therefore,
the thermal analysis of PBHT was determined by
thermogravimetric analysis as shown in Figure 7.
The thermal analysis was performed under a nitro-
gen stream in the temperature range of 293-1158 K
with a heating rate of 10 K/min. As can be seen in
Figure 7(A), the first weight loss occurred from 460
K to 660 K, up to 31.11%. This degradation may be
ascribed to the decomposition of the Br atom from
terminal long chain, which is satisfied with the theo-
retical value at 37.56%. The second decomposition
up to 29.41% occurred between 660 K and 850 K.
This weight loss can be attributed to the degradation
of the skeletal PBHT backbone chain structure.
From Figure 7B, in the temperature range of 460.8
and 743 K, the decomposition rate of PBHT films
was fastest. These results indicated that thermal
stability of PBHT films obtained from BFEE was
fairly good.

Conductivity and morphology

The conductivity of the PBHT film obtained from
BFEE was measured to be 20 S/cm, which is much
lower than that of poly(3-methylthiophene) (80 S/cm)28

and higher than that of poly(3-chlorothiophene)

(0.1 S/cm).31 The PBHT film deposited on the elec-
trode surface was homogeneous and smooth as con-
firmed by its scanning electron microscopy images
[Fig. 8(A)]. In addition, the polymer film is flexible
and has a fairly good mechanical strength. It can be
peeled off from the electrode surface as a freestand-
ing film and can be cut into various desired struc-
tures with a knife or a pair scissors [Fig. 8(B)]. It
should be noted that the larger anode used for the
electrochemical synthesis of PBHT in a large scale
was a stainless steel sheet instead of the platinum
electrode used for cyclic voltammetric measure-
ments. The size of the polymer films were controlled
by the electrode size and larger polymer films could
be prepared when larger anode was used.

CONCLUSIONS

High-quality freestanding PBHT films with conduc-
tivity of 20 S/cm were electrochemically synthesized
in BFEE. The film prepared from these conditions
was shiny and very flexible. It can be easily cut into
any shapes with conventional mechanical methods.
In addition, the polymer film showed good redox ac-
tivity and good thermal stability property. As for-
med polymer films were also characterized by FT-IR,
UV-visible, 1H-NMR spectroscopy, SEM. Doped
PBHT was insoluble in all organic solvent and
dedoped PBHT can be dissolved very little in THF,
DMSO, etc. The terminal bromine atom does not
have a negative effect on the electropolymerization
of BHT.

Figure 8 (A) Scanning electron microscopy of doped PBHT film deposited on the electrode surface from BFEE. (B) Photo-
graph of the PBHT film and fibers.
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