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ABSTRACT: The synthesis, electrochemical and spectroscopic properties of a series of thiophene-substituted
1,3-dithiole-2-ones is described. The derivatives Th-3,3, Th-2,2, Th-2,3, Th-3,3(2,2′-Me), and Th3,3-(2,5,2′,5′-
Me), have been successfully polymerized by cyclic voltammetry. From the UV-visible spectra of the neutral
films, it was determined that PTh-3,3, PTh-2,2 and PTh-2,3 have a bandgap of 2.04, 2.30, and 2.18 eV,
respectively. The voltammetric response of Th-3,3(2,2′-Me) was noticeably different from the other polymers.
The SNIFTIRS data suggested that Th-3,3(2,2′-Me) was formed by bonding via the �-positions of the thiophene
ring, resulting in a poorly conductive polymer. The in situ solid-state modification of PTh-3,3 to produce a new
TTF-derivatized polythiophene was carried out. The cyclic voltammetry of the modified polymer confirmed the
inclusion of TTF into the backbone of the film.

Introduction

The prospect of using conducting polymers in biosensors,1

molecular electronics,2 electrochromic displays,3 solar cells,4

or electrochemical storage systems,5 among other possibilities,
has increased the interest of researchers in this important field.6

In the search for commercially viable conducting polymers,
polythiophenes have been widely studied because they are
electroactive materials with high environmental and thermal
stability.7,8 They also exhibit high electrical conductivities in
the doped state, which results from the highly conjugated,
structurally regular nature of the polymer backbone.9 The vast
volume of research undertaken on polythiophenes has led to
their many applications, e.g., in electrochromic devices,10,11

polymer light-emitting diodes,12 sensors,13 and batteries.5 In the
present work, we report on the synthesis and study of the
physical properties of a series of thiophene-substituted 1,3-
dithiole-2-ones (Figure 1).

Apart from the preparation and study of new polythiophenes,
a great deal of effort has been directed toward modifying
existing conducting polymers to improve desirable properties
such as solubility, stability, strength, and conductivity.14 One
approach that is receiving increasing attention is functionaliza-
tion after polymerization, for example, the incorporation of
groups, such as tetrathiafulvalene (TTF) into the polymer
backbone. This process can give access to polymers that cannot
be directly obtained by electropolymerization of the correspond-
ing monomers, either because substituent groups were sensitive
to the oxidative conditions of film growth, or because they
inhibited the polymerization process.15

The first report of an electropolymerized TTF-derivatized
polythiophene was published in 1991 by Bryce and coworkers,16

describing the formation of a polymer film based on a thiophene
unit linked to the TTF redox active center via an ester group
linkage. This polymer was found to have short conjugation
length, which was probably due to distortion in the PT backbone

produced by the steric interactions between pendant TTF
groups.17 Subsequent to this, a wide range of polythiophenes
linked to TTF units via saturated spacer groups have been
synthesized.17-19 Even though the design of these polymers
provides for the close spatial proximity of the redox centers,
they cannot ensure a well-defined orientation of the TTF groups
relative to one another because the torsion around the bridging
bonds allows for a number of different conformations.

The electropolymerization of TTF-thiophene monomers in
which these two redox-active moieties are directly bonded to
each other is still seen to be a rather difficult process.20 For
instance, Charlton et al.21,22 produced a series of new thiophene-
functionalized TTF derivatives that could not be polymerized
because of disruption in the aromaticity of the dicationic TTF
core, generated in solution prior to the oxidation of the thiophene
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Figure 1. Structures of 4,5-bis-thiophen-3-yl-[1,3]dithiol-2-one (Th-
3,3), 4-thiophen-3-yl-5-thiophen-2-yl [1,3]dithiol-2-one (Th-2,3), 4,5-
bis-thiophen-2-yl-[1,3]dithiol-2-one (Th-2,2), 4,5-bis-(5-methyl-thiophen-
3-yl)-[1,3]dithiol-2-one (Th-3,3(2,2′-Me)), and 4,5-bis-(2,5-dimethyl-
thiophen-3-yl)-[1,3]dithiol-2-one (Th-3,3(2,2′5,5′-Me)).
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units. To avoid the problematic polymerization of the TTF-
derivatized thiophene monomers, the in situ solid-state modi-
fication of polymerized thiophene-substituted 1,3-dithiole-2-ones
using Wittig methodology was investigated. (Scheme 1).

Results and Discussion

The synthesis of the monomeric starting materials Th-3,3,23

Th-2,2,21,24 Th-3,3(2,2′-Me), and Th-3,3(2,2′,5.5′-Me) is shown
in Scheme 2. The first step in the synthesis of the three
substituted 1,3-dithiol-2-ones involves the benzoin condensation
of the requisite aldehyde 1 to give the R-hydroxy ketone 2.
Reaction of 2 with triphenylphosphine and carbon tetrachloride
leads to the chloride 3, which is immediately converted to the
more stable xanthate 4 by reaction with potassium ethyl xanthate
in acetone. Cyclization of 4 is achieved by treatment with HBr
in acetic acid, resulting in the formation of the required
monomers Th-2,2,23 Th-3,3,21,24 Th-3,3(2,2′-Me), and Th-
3,3(2,2′,5.5′-Me) 5. The structures of Th-3,3, Th-3,3(2,2′-Me),
and Th-3,3(2,2′,5.5′-Me) were confirmed by X-ray analysis.
(See the Supporting Information.)

4,5-Bis-(5-methyl-thiophen-3-yl)-[1,3]dithiol-2-one Th-3,3(2,2′-
Me). 2-Methyl-3-thiophene carboxaldehyde25 (8.3 g, 65.9 mmol)
was dissolved in absolute ethanol (200 mL), whereupon
triethylamine (2.0 g, 20 mmol) and 3-benyl-5-(2-hydroxyethyl)-
4-methylthiazolium chloride (3.6 g, 10 mmol) were added, and
the mixture was refluxed for 5 h. After cooling, water (200 mL)
was added, and the reaction extracted dichloromethane (3 ×
100 mL). The combined organic fractions were washed with
brine (75 mL), dried (MgSO4), and evaporated. The crude
product was purified using silica gel chromatography eluting
(diethyl ether/petroleum ether 10:90 and 20:80) to give 2-hy-

droxy-1,2-bis-(2-methyl-thiophen-3-yl)-ethanone (2.3 g, 9.1
mmol, 28%). Rf 0.68 (20:80 diethyl ether/petrol). mp 83-86
°C. δH 6.9 (d, 2H, J 5.5 Hz, CH), 6.9 (d, 1H, J 5.5 Hz, CH),
6.6 (d, 1H, J 5.3 Hz, CH), 5.6 (d, 1H, J 5.4 Hz, CH), 4.5 (d,
1H, J 5.4 Hz, OH), 2.7 (s, 3H, CH3), 2.5 (s, 3H, CH3). δC 194.3,
152.4, 137.7, 134.8, 131.8, 127.4, 126.7, 122.7, 121.8, 71.1,
16.3, 13.1. νmax 2921 (C-H), 1666 (CdO), 1508 (CdC). HRMS
C12H16S2NO2 [M + NH4]: required, 270.0622; found, 270.0620.

The R-hydroxyketone (2.2 g, 8.7 mmol) was dissolved in
dichloromethane (10 mL) and added to a solution of triph-
enylphosphine (4.6 g, 17.5 mmol) in CCl4 (30 mL), and the
mixture was stirred in the dark for 18 h. The reaction was poured
onto a prewashed (with CCl4) column of silica gel (150 g) and
eluted with diethyl ether/petrol (50:50) to give the desired
chloride (1.9 g, 7.0 mmol, 81%) as a waxy yellow solid that
was used immediately in the next step. The chloride (1.9 g, 7.0
mmol) was dissolved in acetone (10 mL) and added to a stirred
solution of potassium ethyl xanthate (1.11 g, 7.0 mmol) in
acetone (70 mL), and the mixture was stirred for 15 min. Diethyl
ether (200 mL) was added, and the resulting precipitate was
removed by filtration through a pad of silica gel. The filtrate
was evaporated to give the xanthate (2.5 g, 7.0 mmol, 100%)
as an off-white solid. The xanthate (2.5 g, 7.0 mmol) was
dissolved in glacial acetic acid (15 mL); 45% hydrobromic in
acetic acid (15 mL) was then added, and the mixture was stirred
vigorously for 15 min. Dichloromethane (50 mL) and water (200
mL) were added, the resultant mixture was separated, and the
aqueous phase was extracted with additional dichloromethane
(3 × 25 mL). The combined organic fractions were washed
with sodium bicarbonate solution (sat. 3 × 25 mL), dried
(MgSO4), and evaporated in vacuo. The crude product was
purified by silica gel chromatography eluting with diethyl ether/
petroleum ether (3:97, 10:90, 30:70), followed by recrystalli-
zation from hexane/diethyl ether to give Th-3,3(2,2′-Me) (1.1
g, 3.5 mmol, 51%) as pale-yellow needles. mp 131-135 °C.
δH 7.0 (d, 1H, J 5.1 Hz, CH), 6.8 (d, 1H, J 5.5 Hz, CH), δ 2.1
(s, 6H); δC 191.1, 142.6, 128.4, 126.1, 124.9, 122.6, 13.9. νmax

2920 (C-H), 1653 (CdO), 1545 (CdC). HRMS C13H14NOS4

[M+NH4
+]: required, 327.9958; found, 327.9957.

4,5-Bis-(2,5-dimethyl-thiophen-3-yl)-[1,3]dithiol-2-one (Th-
3,3(2,2′,5.5′-Me). 2,5-Dimethylthiophene carboxaldehyde26 (4.9
g, 35.0 mmol) was dissolved in isopropanol (9.4 mL) together
with triethylamine (1.1 g, 11.0 mmol) and 3-benzyl-5-(2-
hydroxyethyl)-4-methyl-1,3-thiazolium chloride (5.8 g, 21.0
mmol), and the mixture was heated at reflux for 48 h. Water
(150 mL) was added, and the mixture was extracted with DCM
(3 × 30 mL). The combined organic residues were washed with
NaHCO3 (sat. 30 mL), dried (MgSO4), and evaporated in vacuo,
producing a brown solid that was purified by silica gel
chromatography eluting with diethyl ether/petrol (30:70) to give
1,2-bis-(2,5-dimethyl-thiophen-3-yl)-2-hydroxy-ethanone (0.76
g, 2.71 mmol, 16%). Rf 0.15 (20:80 diethyl ether/petrol). mp
144-146 °C. δH 6.8 (s, 1H, CH), 6.3 (s, 1H, CH), 5.5 (d, 1H,
J 5.5 Hz CH) 4.4 (s, 1H, J 5.5 Hz OH), 2.7 (s, 3H, CH3), 2.5
(s, 3H, CH3) 2.3 (s, 6H, 2 × CH3). δC 194.2, 150.7, 136.9, 135.6,
135.1, 134.4, 131.6, 124.9, 124.2, 70.9, 16.3, 15.1, 15.0, 13.0.
νmax 3097 (O-H), 2918 (C-H), 1659 (CdO), 1550 (CdC).
HRMS C14H16S2O2: required, 280.0592; found, 280.0592.

The R-hydroxyketone (2.2 g, 7.86 mmol) was dissolved in
dichloromethane (30 mL), a solution of triphenylphosphine (4.6
g, 17.5 mmol) in CCl4 (10 mL) was added, and the resultant
solution was stirred in the dark for 18 h. The crude reaction
mixture was poured onto a silica gel column (150 g, preloaded
with CCl4) and eluted with 50:50 diethyl ether/petrol. Fractions
containing the product (Rf ) 0.32 in 50:50 diethyl ether/petrol)
were combined and evaporated to give the chloride (1.9 g, 7.86
mmol, 81%). The chloride (0.6 g, 2.0 mmol) was dissolved in

Scheme 1. In Situ Modification of Polythiophene
1,3-Dithiole-2-ones at an Electrode Surfacea

a PT ) polythiophene chain.

Scheme 2. Preparation of Th-3,3, Th2,2, Th-3,3(2,2′-Me), and
Th-3,3(2,2′,5.5′-Me)a

a Reagents and conditions: (i) 3-Benzyl-5-(2-hydroxymethyl)-4-
methyl-1,3-thiazolium chloride, NEt3/EtOH; (ii) PPh3, CCl4/CH2Cl2,
RT; (iii) KSC(S)OEt, acetone, RT; (iv) HBr, AcOH. R1, R2 ) H, Me.
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dry acetone (50 mL), a solution of potassium ethyl xanthate
(0.5 g, 3.1 mmol) in acetone (20 mL) was added, and the mixture
was stirred for 30 min. Diethyl ether (80 mL) was added, and
the resulting precipitate was removed by filtration through a
silica pad. Evaporation of the filtrate gave the xanthate (0.6 g,
1.65 mmol, 78%) as a cream-colored solid that was immediately
used in the next step of the reaction. The xanthate (0.6 g, 1.65
mmol) was dissolved in glacial acetic acid (5 mL), hydrobromic
acid (5 mL, 45% w/v) was added, and the mixture was
vigorously stirred for 15 min. Water (50 mL) and dichlo-
romethane (50 mL) were added, the organic layer separated,
and the aqueous phase was extracted with further dichlo-
romethane (3 × 25 mL). The combined organic fractions were
washed with NaHCO3 solution (sat. 3 × 20 mL), dried (MgSO4),
and evaporated in vacuo. Silica gel chromatography (diethyl
ether/petrol, 3:97 and 10:90) gave Th-3,3(2,2′,5.5′-Me) (0.3 g,
0.8 mmol, 54%). mp 295-298 °C. δH 6.4 (s, 2H, CH), 2.3 (s,
6H, 2 x CH3), 2.0 (s, 6H, 2 × CH3). δC 191.4, 136.6, 132.6,
128.6, 127.6, 124.8, 32.2, 29.6. νmax 2920 (C-H), 1670 (CdO),
1545 (CdC). HRMS C15H12S4O [M+]: required, 337.9927;
found, 337.9913.

Following the electrochemical growth of PTh-2,3, PTh-3,3,
and PTh-2,2 films, their modification to the TTF derivatives
(Scheme 1) was attempted. The modification was performed
under Wittig conditions with the ylid 627 generated in situ in
diethyl ether, which was found to react with the polymeric film
deposited on the electrode. Initial attempts were made to react
the films with the phosphonate 728 under Wadsworth-Emmons
conditions; however, the solvent required for this (THF) was
found to destroy the deposited films after exposure for a short
time. Interestingly, the lithiated phosphonate reacts with the
monomeric Th-3,3 to give the TTF 8, the structure of which
was confirmed by X-ray crystallography (Scheme 3). (See the
Supporting Information).

2-(4,5-Dithiophen-3-yl-[1,3]dithiol-2-ylidene)-benzo[1,3]di-
thiole 8. n-BuLi (2.5 M in hexanes, 1.38 mL, 3.5 mmol) was
added to a stirred, cooled (-78 °C) solution of 7 (1.0 g, 3.45
mmol) in THF (15 mL). After 15 min, Th-3,3 (0.2 g, 0.67

mmol) dissolved in THF (10 mL) was added, and the reaction
was stirred at this temperature for 20 min and then slowly
warmed to rt and stirred for 1 h. The reaction mixture was
evaporated in vacuo, and dichloromethane (50 mL) and HCl
(50 mL) were added. The organic layer was separated, and the
aqueous layer was extracted with further dichloromethane (3
× 50 mL). The combined organic extracts were washed with
H2O (25 mL), dried (MgSO4), and evaporated. Purification by
silica gel chromatography (0:100, 5:95, 10:90 diethyl ether/
petrol) gave 8 (0.15 g, 0.36 mmol, 54%) as dark-orange crystals
from hexane/diethyl ether (3:1). Rf 0.64 (5:95 diethyl ether/
petrol). mp 101-104 °C. δH 7.3 (m, 4H, 4 × CH), 7.1 (m, 4H,
4 × CH), 6.9 (d, 2H, J 4.4 Hz, 2 × C-H). νmax 1657 (CdC),
3111 (C-H), 3098 (C-H). HRMS C18H10S6: required, 417.9107;
found, 417.9109.

Compound 8 was analyzed by cyclic voltammetry in a 0.1
M solution of TBATFB/MeCN showing a behavior typical of
TTF derivatives in which the characteristic TTF redox couples
appeared at Eox

1 + 0.68 V and Eox
2 + 1.07 V versus Ag wire.

These values are, as expected, shifted toward more positive
potentials compared with TTF itself.

Computational, Electrochemical, and Spectroelectrochemi-
cal Studies. Experimental Section. Gaussian B3LYP energy
calculations29 were done on Th-3,3, Th2,2, Th-2,3, and Th-
3,3(2,2′-Me). The B3LYP/6-31G(d) electronic energies of each
compound were calculated using the optimized structures.
Vertical ionization energies were calculated using the optimized
structure of the radical cations.

The electrochemistry of Th-3,3, Th-2,2, Th-2,3, and Th-
3,3(2,2′-Me) was investigated by cyclic voltammetry using an
electrolyte solution containing monomer units (0.01 M). The
electrolyte was made up of tetra-n-butyl ammonium hexafluo-
rophosphate (TBAPF6 purity >98%, Avocado Research Chemi-
cals; 0.1 mol dm-3) in acetonitrile (CH3CN purity >99.9%,
Riedel-de Häen; stored over molecular sieves). A silver wire
immersed in a solution of AgNO3 (0.01 M) in the same
electrolyte solution was the reference electrode (+0.32 V vs
SCE). The experiments were performed in a three-electrode
glass cell using a platinum disk as the working electrode
(electrode area ) 0.44 cm2), a platinum foil as the counter
electrode, and Ag/Ag+ as the reference electrode. All potentials
values presented in this report are quoted against the SCE.
Attempts to grow the polymeric films were carried out poten-
tiodynamically by cycling the electrode potential in an electro-
lyte solution containing the monomer units. All voltammetry
experiments were carried out using a potentiostat, and a
waveform generator (HI-TEK instruments PP R1). The output
was plotted using an X-Y recorder (LLOYD instruments PL3).

Subtractively normalized interfacial Fourier transform infrared
spectroscopy (SNIFTIRS) measurements were performed using
a completely evacuated Bruker IFS 113v computer-controlled
FT-IR spectrometer. The optics bench was evacuated prior to
any experiment to eliminate interference from atmospheric CO2

and H2O. The spectrometer operates with a silicon carbide
source, which has a range of 6000-100 cm-1, an MCT
(mercury-cadmium-telluride) liquid-nitrogen-cooled detector,
and a Ge/KBr beam splitter. A silicon disk was used as the
infrared transparent window, separating the electrochemical cell
from the evacuated spectrometer. The instrument was setup to
allow external reflection by focusing the IR beam onto the
working electrode. The potential was applied to the working
electrode using a potentiostat, HI TEK type DT2101, connected
to a waveform generator (HI-TEK instruments PP R1). The
electrode potential was then allowed to stabilize before the IR
data were collected. The difference spectra were obtained by
subtracting two spectra (S2 and S1) collected at different
potentials (E2 and E1, respectively) and dividing by the spectrum

Scheme 3a

a Reagents and conditions: (i) dry Et2O, n-BuLi, 0 °C. (ii) n-BuLi,
-78 °C, rt 1 h, 54%.
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obtained at E1 (S1). The positive and negative bands in the
normalized difference spectra indicate decreased and increased
absorbances, respectively, at E2. Throughout these studies, 100
interferograms were collected at each potential. Because no
logarithm was applied, the difference spectra are shown as
reflectance units (∆R/R).

Computational Studies of Thiophene-Substituted 1,3-Dithiole-
2-ones. The optimized gas-phase minimum energy structure was
calculated for each 1,3-dithiole-2-one and respective radical
cation. The vertical ionization potentials (IPs) were calculated
by subtracting the absolute energy of the radical cation from
the absolute energy of the neutral compound (Table 1).

The results shown in Table 1 suggest that Th-2,2, having
the lowest vertical ionization energy, is expected to be easier
to oxidize than all of the other substrates. On the contrary, Th-
3,3 is predicted to have a high oxidation potential.

Electrochemical and Spectroelectrochemical Studies on
Th-3,3. A solution of Th-3,3 was analyzed by cyclic voltam-
metry; polymerization was successfully achieved by cycling the
electrode potential between 0.8 and 1.7 V, as shown in the
Figure 2a.

The growth of the polymer is typical of that of other
conducting polymers, and Figure 2b shows the voltammetric
response obtained between 0.3 and 1.35 V. Polymer oxidation
occurs when the potential is taken from 1.08 to 1.35 V. A clear
reduction peak can then be seen in the reverse scan at 1.22 V.
The film was cycled repeatedly between -1.5 and 2.1 V without
any significant loss of electroactivity. The switching of PTh-
3,3 between the neutral and oxidized state was accompanied
by a reversible color change from yellow (neutral polymer) to
black (oxidized polymer). The reversible change in color of
polythiophenes upon electrochemical doping has been well
documented.30-32 Whereas in the neutral state, the color is
determined by the band gap of the polymer, as electrons are
added or removed (doping), new electronic states are formed
in the band gap, giving rise to optical absorption at energies
lower than the original band gap.33

SNIFTIRS studies were carried out to investigate the changes
in the IR spectra of PTh-3,3 upon doping. To facilitate the
assignment of the IR absorption peaks present in the SNIFTIR
spectra, an IR spectrum of the monomer Th-3,3 was initially
recorded. In the FTIR spectrum of monomeric Th-3,3, peaks
at 3103 and 3081 cm-1 can be assigned to the CR-H and C�-H
stretching vibrations, respectively.34,35 The C-S asymmetric and
symmetric stretching vibrations can be found at 859 and 841
cm-1.36,37 A strong peak arising from the CdO stretching is
seen at 1630 cm-1.38 Smaller bands at 1571 and 1481 cm-1 are
assigned to the CdC ring vibration.39 Peaks at 703 and 784 are
due to the out-of-plane deformation of the CR-H and C�-H bonds,
correspondingly.40,41

Figure 3 shows the SNIFTIR spectra of PTh-3,3 collected
at successively higher potentials and normalized to the reference
spectrum taken at 0.3 V. Upon oxidation, new IR vibrations
can be seen at 1298, 1190, 1156, and 1013 cm-1. These bands
(IRAV: infrared active vibrations) appear at about the same
position in the FTIR spectra of doped PT and are due to the
selective enhancement of four thiophene ring modes caused by
the coupling of the movement of charge carriers with the
polymer lattice vibrations.7,42-44 In addition, the shape and
position of the IRAV bands are not changed upon p-doping,

indicating that the same type of charge carriers are responsible
for the conduction in the potential range studied. The spectra
of PTh-3,3 also reveal a very broad absorbance extending from
about 1950 cm-1 (0.24 eV) into the Near IR. This band is
believed to be due to the electronic transition between the
valence band and the lowest polaron or bipolaron state.45,46

The incorporation of anions, the main charge compensation
process during the oxidation of polythiophenes, can be
observed as an increasing negative band related to the
insertion into the film of PF6

- (anion present in the
electrolyte) at 839 cm-1.47,48 Other electrolyte bands are seen
pointing upward at 2250 cm-1 (acetonitrile CtN stretch) and
centered at 3000 cm-1 (TBA+).37

The absence of the CR-H stretching vibration peak at 3103
cm-1 indicates that the coupling of thiophene units mainly
takes place through the R-positions. It can also suggest the
occurrence of intramolecular cyclization during the polym-
erization process due to the proximity of the CR-H bonds in
the thiophene rings of each monomer molecule. Taking this
into account, a possible structure of PTh-3,3 is shown in
Figure 4.

In the SNIFTIRS spectra of PTh-3,3, low intensity bands
appearing at 1524, 1363, and 939/855 cm-1 can be assigned
to the stretching vibrations of CdC, C-C, and C-S,
correspondingly.37,47,49 Another important region to highlight
is that around 1700 cm-1. This spectral region is especially
informative about the effect of the doping process on the strength
of the CdO bond. This bond is affected by the electronic
changes within the polymer backbone, as reported by Beyer et
al.48 Upon p-doping the positive charge on the carbonyl carbon
atom increases, which creates a polarized bond resulting in
increased bond strength. This will be manifested by a shift in
the carbonyl group frequency to a higher wavenumber (blue
shift). Experimental evidence of this phenomenon is indeed
observed upon p-doping, with the peak corresponding to the
neutral carbonyl group at 1664 cm-1 being gradually lost
(positive band) and the peak associated with the oxidized
polymer at 1710 cm-1 becoming increasingly dominant (nega-
tive band).

UV-visible spectroscopy has been used to examine the
optical behavior PTh-3,3 upon doping. In situ spectroelec-
trochemical measurements were performed in a monomer-
free electrolyte solution using the same range of potentials
as those applied during the characterization of the film by
voltammetry. A series of UV-visible spectra were taken at
successively higher doping levels. Figure 5 shows the in situ
absorbance spectra recorded for a PTh-3,3 film grown on ITO.

Neutral PTh-3,3 exhibits an absorption maximum centered
at 410 nm that can be assigned to the π-π* transition.50 The
electronic bandgap of the polymer, defined as the onset for
the π-π* absorbance, is approximately 2.04 eV. The oxidation
of PTh-3,3 is characterized by the emergence of a new band
at λmax ) 655 nm (onset at 1.64 eV) corresponding to the
formation of the (bi)polaronic state.51 An isosbestic point is
observed around 525 nm, implying the coexistence of two
regions in doped PTh-3,3: a neutral region where the π-π*
transition is unchanged and localized regions surrounding the
charge storage configuration (fully doped polymeric
chains).52-55

Using SNIFTIRS, a second subgap electronic transition
has been previously identified at 0.24 eV (Figure 5); therefore,
two electronic transitions took place below the bandgap energy
level upon electrochemical oxidation. It has been recognized
that the formation of the bipolaronic and polaronic states leads
to two and three subgap electronic transitions, respectively.56,57

Therefore, because PTh-3,3 displays only two new optical
transitions upon doping, it can be assumed that bipolarons are

Table 1. Calculated Vertical Ionization Energies for Th-3,3,
Th-2,2, and Th-2,3

(i) optimized B3LYP
energy (eV)

(ii) radical cation
B3LYP energy (eV) ∆(i)/(ii) (eV)

Th-3,3 56 892.21 56 884.94 7.264
Th-2,2 56 892.14 56 885.08 7.065
Th-2,3 56 892.19 56 885.02 7.165
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most likely the charge carriers, as shown in the energy level
diagram of Figure 6

Electrochemical and Spectroelectrochemical Studies on
Th-2,2. The electrochemistry of Th-2,2 is similar to that of Th-
3,3, with the irreversible oxidation of Th-2,2 occurring at 1.56

V. This derivative has been successfully polymerized, and the
voltammetric behavior of the obtained PTh-2,2 resembles that
of PTh-3,3, indicating that the different mode of attachment of
the thiophene rings in the monomer units does not have a
significant effect on the electrochemistry of the resultant
polymers. Similar to the observed behavior of PTh-3,3, the
PTh-2,2 film exhibited a reversible color change from yellow
to black upon oxidation and showed a reproducible electro-
chemical response when cycled from -1.1 to 2.1 V.

The spectroelectrochemical investigation of PTh-2,2 was
performed by employing a monomer-free electrolyte solution
and using the same range of potentials as those applied during
the characterization of the film by CV. Figure 6 shows the
acquired SNIFTIRS spectra collected at successively higher
potentials and normalized to the reference spectrum taken at
0.3 V.

Analysis of the spectra between 800 and 1600 cm-1

confirms the presence of the IRAV bands. A very broad
absorbance (∆ν ) 2000 cm-1) attributed to the electronic
transition between the valence band and the lowest polaron
or bipolaron state is observed at 2500 cm-1. Solvent bands
can be seen pointing upward at 2250 cm-1 and centered
around 3000 cm-1. The incorporation of electrolyte anions
(PF6

-) as a means of maintaining charge neutrality of PTh-
2,2 upon p-doping should give rise to an increasing negative
band, as occurred in the case of PTh-3,3. Nonetheless, the
analysis of the SNIFTIR spectra presented in Figure 7 shows
that the band associated with PF6

- at 845 cm-1 is positive,
implying a decrease in the anion absorbance when the polymer
is being oxidized. Such behavior has been reported for polya-
niline58 and many other polymers59,60 and can be attributed to
the formation of a complex between the PF6

- and the polymer
or PF6

- and the electrolyte (acetonitrile), which would absorb
at a different wavenumber or might also be due to the screening
of the absorbance of the PF6

- anions in that spectral region by
the polymer. An increase in the intensity of the SNIFTIR band
at 1725 cm-1 can also be seen. This peak is, as previously
observed for PTh-3,3, related to the effect of the doping process
on the strength of the CdO bond.

The absence of the CR-H stretching vibration peak around
3103 cm-1 indicates that Th-2,2 polymerizes via the available
R-positions in the thiophene rings. This is in agreement with
the higher reactivity of the CR-H radical in relation to the one
formed in the �-position.7,46 Considering this, the most likely

Figure 2. (a) Voltammograms of the polymerization of Th-3,3 recorded at 0.1 V s-1 (1st, 2nd, and 5th cycles) and (b) cyclic voltammogram of
PTh-3,3 in monomer-free solution recorded at υ ) 0.1 V s-1 using a Pt disk working electrode (0.44 cm2).

Figure 3. SNIFTIRS spectra of PTh-3,3 taken from 0.8 to 1.4 V.
Reference spectra collected at 0.3 V.

Figure 4. Proposed structure for PTh-3,3.
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structure of the polymer formed upon electropolymerization of
Th-2,2 is shown in Figure 7 (top structure).

In-situ UV-visible measurements were carried out on PTh-
2,2 films deposited on an ITO-coated glass working electrode.
The films revealed a certain degree of photosensitivity given
that a few minutes of exposure to UV-visible radiation would
result in loss of electroactivity. Previous reports on the photo-
reactivity of thiophene 1,3-dithiole-2-ones have shown that the
1,3-dithiole-2-one unit is susceptible to photochemical irradia-
tion, leading to ring cleavage and elimination of carbon
monoxide to generate a reactive diradical.61,62 Given that
contrary to the observed response for PTh-3,3 the electrochemi-
cal behavior of PTh-2,2 is affected by UV-visible radiation,
it can be suggested that in this polymer, the 1,3-dithiole-2-ones
unit is directly involved in the mobility of charge upon oxidation
(Figure 7, lower structure). Consequently, the disruption of the
1,3-dithiole-2-one moiety would reduce the electroactivity of
PTh-2,2. Because PTh-3,3 does not appear to show photosen-
sitivity when subject to UV-visible radiation, it can be
concluded that the 1,3-dithiole-2-one unit is only partially
involved in the conduction mechanism, which would essentially
occur through the polythiophene backbone of the polymer.
Figure 8 shows the spectra recorded for PTh-2,2 as the potential
was stepped from 0 to 1.2 V.

The UV-visible absorption spectra of PTh-2,2 at 0 V is
characterized by an intense broad absorbance band with a

Figure 5. UV-visible spectra of PTh-3,3 taken at 0, 1, and 1.4 V (left). Band diagram showing the gap state and allowed transitions (CB: conduction
band, VB: valence band) (right).

Figure 6. (a) SNIFTIRS spectra of PTh-2,2 taken from 0.9 to 1.2 V.
(b) SNIFTIRS spectra of PTh-2,2 expansion of region between 800
and 1400 cm-1 taken from 0.9 to 1.2 V. Reference spectra collected at
0.3 V.

Figure 7. Proposed Structures for PTh-2,2.
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maximum at 440 nm related to the π-π* transition.63 The onset
of this band is observed at approximately 540 nm, which means
that the polymer has a bandgap of 2.3 eV. Upon oxidation, a
gradual increase in the absorbance around 650 nm reveals the
formation of the charge carrier’s typical p-type conducting
polymer.64

Prompted by electrochemical doping, two new electronic
subgap transitions have been identified by UV-visible spec-
troscopy (Figure 8) and SNIFTIRS (Figure 6). The existence
of two midgap transitions is consistent with charge storage,
predominantly in bipolarons, as observed in the study of PTh-
3,3.

Electrochemical and Spectroelectrochemical Studies on
Th-2,3. Polymerization of Th-2,3 was achieved by cycling the
electrochemical potential up to the irreversible oxidation peak
at 1.7 V. The cyclic voltammetry studies on PTh-3,3 showed a
polymer with electrochemical characteristics resembling those
of PTh-3,3 and PTh-2,2 with the redox switching of PTh-2,3
being accompanied by a reversible color change from yellow
(neutral state) to black (oxidized state). It is clear that all three
of the polythiophene 1,3-dithiole-2-ones investigated can be
reversibly (and easily) p-doped, yet none of the films undergo
n-doping within the potential range studied. We analyzed the
stability of PTh-2,3 by extending the potential limits in the
positive and negative directions. The polymer showed a
reproducible electrochemical response when cycled from -1.3
to 2.1 V. The SNIFTIRS spectra taken during the stepwise
oxidation of PTh-2,3 are presented in Figure 9.

As the film is oxidized, the distinct bands that are charac-
teristic of conducting polymers are observed: a broadband above
2500 cm-1 (onset at 0.23 eV) and several bands in the 1500 to
800 cm-1 region. The potential range at which these main
spectral changes occur coincides well with the potential where
the current peak of the PTh-2,3 film is observed in the cyclic
voltammogram. Once more, the increase in the CdO bond
strength upon p-doping is manifested by the shift in the carbonyl
group frequency to a higher wavenumber. The development of
a sharp peak at 795 cm-1 assigned to the C�-H out-of-plane
deformation implies that the bonding between thiophene units
occurs mainly through the R-position.

Even though the three polythiophene 1,3-dithiole-2-ones
investigated have shown very similar SNIFTIR spectra, the
observed subtle differences between them can give insight into
their structures. One major distinction lies in the fact that the
relative change of reflectance (∆R/R) in the PTh-3,3 and PTh-
2,2 spectra (Figures 3 and 6) was found to be about 5 times
larger than that for PTh-2,3 (Figure 11). This different IR
behavior seen for the polythiophene 1,3-dithiole-2-ones is clearly
illustrated by plotting the change in reflectance of the broadband

centered around 3000 cm-1 normalized against charge as a
function of the applied potential.

From Figure 10, it can be seen that contrary to the response
observed for PTh-2,3, the oxidation of PTh-3,3 and PTh-2,2
induces a strong increase in the intensity of the IR electronic
absorption, prompting a higher slope in the regression curves.
One possible explanation is that in these two polymers, and
according to their previous suggested structure, all thiophene
rings are involved in the movement of electrons. Also, and
especially in PTh-2,2, there is an important contribution from
the 1,3-dithiole-2-one group in the conduction mechanism,
leading to increased levels of conductivity. In the case of the
monomer Th-2,3, polymerization probably occurs via the only
thiophene ring with two R-positions available for bonding.
Therefore, in the resultant PTh-2,3 polymer, just a small part
of the molecule participates in the transport of charge across
the polythiophene backbone. Taking this into account, Figure
11 shows the proposed structure for PTh-2,3 and the expected
quinoid form of this polymer generated upon oxidation.

Figure 8. UV-visible spectra of PTh-2,2 taken at 0 (neutral film), 1,
and 1.4 V (doped film).

Figure 9. SNIFTIRS spectra of PTh-2,3 taken from 0.6 to 1.3 V.
Reference spectra collected at 0.3 V.

Figure 10. Normalized change in reflectivity as a function of potential
for PTh-2,3, PTh-3,3, and PTh-2,2.
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The electrochemical switching of PTh-2,3 between the neutral
and oxidized states was investigated by UV-visible spectros-
copy. The in situ absorbance spectra recorded at successively
higher doping levels are shown in Figure 12.

Contrary to the spectroscopic behavior of PTh-2,2, the
electroactivity of PTh-2,3 was not affected by the UV-visible
radiation. Because the 1,3-dithiole-2-one group is known to
be susceptible to photochemical irradiation, this result confirms
the proposed structure of PTh-2,3, where the 1,3-dithiole-2-
one unit is not directly involved in the movement of electrons
(Figure 12).

The analysis of the spectra obtained during the stepwise
oxidation of the film in the range of 350 to 700 nm shows a
small decrease in the intensity of the broadband centered at 400
nm (assigned to the π-π* transition). The band gap of PTh-2,3
is estimated to be 2.18 eV from the onset of the absorption of
neutral polythiophene. The doping process is accompanied by

the appearance of a new broadband at around 585 nm (onset at
1.86 eV), which is characteristic of the presence of free carriers.
The presence of an isosbestic point around 525 nm can be
interpreted as a two-phase behavior of fully doped and
completely undoped chains.54 In the same way as that suggested
by the spectroelectrochemical studies of PTh-3,3 and PTh2,2,
the presence of two subgap transitions at 1.86 and 0.23 eV
indicates that bipolarons are the charge carriers that are most
likely formed upon p-doping of PTh2,3.

Electrochemical and Spectroelectrochemical Studies on
Th-3,3(2,2′-Me) and Th3,3-(2,5,2′,5′-Me). As previously sug-
gested, the coupling of Th-3,3, Th-2,2 and Th-2,3 monomer
units essentially occurs through the R-position. To confirm this
premise, the polymerization of both Th-3,3(2,2′-Me) and Th-
3,3-(2,5,2′,5′-Me), in which both R-positions are successively
blocked, was studied. Polymerization of thiophenes through the
�-position has been reported to lead to poor quality films.46 The
electrochemical behavior of Th-3,3(2,2′-Me) was investigated
by CV. Because the potential was taken above 1.5 V (Eox )
1.67 V), blue-colored species, normally associated with the
cation radical of thiophene,22 could be observed to be streaming
away from the electrode surface. Polymerization could only be
achieved by prolonged cycling (i.e., 2 h) of the monomer
solution between 0.7 and 1.9 V, leading to a poor quality film.
Similar experiments on the tetramethylated monomer Th-
3,3(2,2′,5.5′-Me) demonstrated that this compound also did not
undergo polymerization.

Solid-State Chemical in Situ Modification of Thiophene
1,3-Dithiole-2-ones. As discussed earlier, previous studies have
shown that the polymerization of thiophene-substituted TTFs
was problematic, 24 and to circumvent this, the solid-state
modification of the thiophene 1,3-dithiole-2-ones polymers was
attempted under Wadsworth-Emmons conditions. Initial efforts
to chemically modify the electropolymerized PTh-3,3, PTh-
2,2, and PTh-2,3 using the phosphonate anion derived from 7,
which had been employed in the synthesis of 8, proved to be
ineffective; however, the ylid 6 proved to be effective.

The electrolyte used during the electropolymerization of
thiophenes can have a direct influence on the structure of the
obtained films. A different supporting electrolyte (0.1 M of
TBABF4 instead of 0.1 M TBAPF6 in acetonitrile) was used
during the growth of the thiophene 1,3-dithiole-2-ones. It was
envisaged that, as suggested by Marque et al.,65 the presence
of a different anion in the growth electrolyte would affect the
morphology and electrochemical properties of the polythiophene
1,3-dithiole-2-one films, enabling their chemical modification.
The first outcome of this change in electrolyte was the
considerably faster growth of the polythiophene derivatives.

Figure 11. Proposed structure for neutral and oxidized PTh-2,3 (R )
2-thienyl).

Figure 12. UV-visible spectra of PTh-2,3 between 0 (neutral film)
and 1.3 V (doped film).

Figure 13. Cyclic voltammogram of TTF(PTh-3,3) in monomer-free
solution recorded at υ ) 0.1 V s-1 using a Pt-disk working electrode
(0.44 cm2).
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The chemical modification of the electropolymerized poly-
thiophene derivatives was attempted. The Wittig reaction carried
out on PTh-2,3 and PTh-2,2 was once again ineffective.
However, PTh-3,3 could be successfully modified, and the
characteristics of the new polymer were investigated by CV
and SNIFTIRS. Figure 13 illustrates the voltammogram of the
modified film TTF(PTh-3,3), showing considerable differences
in comparison with the CV of the unmodified polymer.

The voltammetric response of TTF(PTh-3,3) shows two
redox processes (E1

ox ) 0.79 V/E1
red ) 0.51 V and E2

ox ) 1.12
V/E2

red ) 0.95 V) that are characteristic of TTF redox couples.
The calculated half-wave potentials, E1

1/2 ) 0.62 V and E2
1/2 )

1.03 V, are more positive compared with the standard literature
potentials for the TTF unit (E1

1/2 ) 0.34 V and E2
1/2 ) 0.71

V)66,67 under similar electrochemical conditions. This difference
between the half-wave potentials of TTF(PTh-3,3) and TTF
had been expected because of the introduction of substituents
to the TTF unit. The more positive values for the half-wave
potentials of TTF(PTh-3,3) indicate that this is a relatively less-
strong donor system than TTF.

The SNIFTIRS spectra of the TTF(PTh-3,3) taken upon
stepwise oxidation are shown in Figure 14 alongside with the
SNIFTIR spectrum of PTh-3,3 at 1.2 V.

The spectra reveal an apparent decrease in the conductivity
level of PTh-3,3 upon chemical modification because the shifts
observed for doped conducting polymers (IRAVs and broad
absorbance band extending into the near IR) are absent in the
spectrum of TTF(PTh-3,3). Bands at 763, 827, and 932 cm-1

arise from the C-S ring vibrations.37,68 The positive absorption
band at 1040 cm-1, related to the insertion of the BF4- into the
film, is also observed.36,69 The presence of peaks at 1673 and
1263 cm-1, assigned to the stretching vibration of the CdC bond
in TTFs,70,71 confirms the chemical modification of PTh-3,3 to
TTF(PTh-3,3).

Conclusions

Polythiophene 1,3-dithiole-2-ones have been electrochemi-
cally prepared, and their properties have been evaluated by
cyclic voltammetry, SNIFTIR, and UV-visible spectroscopy.
The voltammetric investigation of Th-3,3, Th-2,2, and Th-2,3,
three thiophene 1,3-dithiole-2-ones that differ only in the
substitution pattern on the thiophene ring, showed an irreversible
oxidation at roughly the same potential for all compounds, owing

to the formation of radical cations. The voltammograms of the
electrosynthesized polymers were similar and resembled those
of many polythiophenes. It was clear that all three polythiophene
1,3-dithiole-2-ones could be reversibly (and easily) p-doped,
but none showed stability toward n-doping. They also exhibited
an electrochromic effect with the color changing from yellow
in the neutral state, to black in the oxidized state.

The spectroelectrochemical investigation of these polymers
was performed using the same range of potentials as those
applied during the characterization by cyclic voltammetry. The
films exhibit IR spectra that are comparable to those of other
conducting polymer systems reported in the literature during
p-doping. As expected, the spectra were dominated by the
appearance of IRAV bands and by a broadband attributed to
electronic transitions between the valence band and new subgap
states formed upon doping, extending toward the near IR. The
SNIFTIRS spectra also revealed the effect of the doping process
on the strength of the CdO bond. Upon oxidation, the positive
charge on the carbonyl carbon atom increases, which creates a
polarized bond, resulting in increased bond strength. This
phenomenon was evident in the IR spectra that showed a band
associated with the carbonyl group being progressively lost and
the peak associated with the oxidized polymer becoming
increasingly dominant. The absence of the CR-H stretching
vibration peak was indicative of the presence of R,R-coupling
between thiophene rings. Also, the analysis of subtle differences
between the SNIFTIR spectra of PTh-3,3, PTh-2,2, and PTh-
2,3, specifically, the change in reflectivity upon doping, gave
insight into their structures. It is possible that whereas in PTh-
2,2 and PTh-3,3, almost all of the molecule can participate in
the conduction mechanism, in the case of PTh-2,3, only one
of the thiophene rings is involved in the transport of charge
across the polythiophene backbone.

UV-visible spectroscopy has been used to examine the
optical behavior of the polythiophene 1,3-dithiole-2-ones. The
UV-visible spectra of the neutral polymers exhibited an
absorbance band assigned to the π-π* transition. From the onset
of this transition, it has been determined that PTh-3,3, PTh-
2,2, and PTh-2,3 have bandgaps of 2.04, 2.30, and 2.18 eV,
respectively. Oxidation of the polymer films was accompanied
by the appearance of a new broad absorption band characteristic
of the presence of free carriers. Because the electrochemical
doping of PTh-3,3, PTh-2,2, and PTh-2,3 has triggered the

Figure 14. SNIFTIRS spectra of TTF(PTh-3,3) taken from 1.0 to 1.3 V. Reference spectra collected at 0.3 V. Spectra were shifted for clarity.
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appearance of two new electronic subgap transitions revealed
by UV-visible spectroscopy and SNIFTIRS, it has been
suggested that bipolarons are the charge carriers that are most
likely formed upon p-doping of the polythiophene 1,3-dithiole-
2-ones.

The solid-state modification of the synthesized polymers was
attempted using standard Wittig conditions. Chemical modifica-
tion was achieved for PTh-3,3 but only when using TBABF4

instead of TBAPF6 as the electrolyte salt; however, the
voltammetry of the two polymers films was identical. Cyclic
voltammetric studies on TTF(PTh-3,3) showed the presence
of the characteristic TTF redox couples corresponding to the
TTF unit of the modified film. SNIFTIRS data also confirmed
the presence of the TTF group (CdC vibrations at 1263 and
1668 cm-1).

Experimental Section

Chemicals were obtained from the Aldrich Chemicals Company,
Lancaster, or Avocado and were used without further purification.
Solvents were dried using the standard conditions detailed in the
literature. Proton NMR spectra were recorded in CDCl3 unless
otherwise stated and were run on a Bruker AC250 spectrometer at
250 MHz unless otherwise stated. 13C NMR spectra were recorded
in CDCl3 unless otherwise stated, run on a Bruker AC250
spectrometer at 62.5 MHz unless otherwise stated, and were all
decoupled. J values are given in hertz, and chemical shifts are
reported as δ values in relation to tetramethylsilane as internal
standard. Infrared spectra were recorded as thin films on a Perkin-
Elmer 1600 FT-IR spectrometer with absorption frequencies
reported in wavenumbers, ν, and recorded at a resolution of 4 cm-1.
Elemental analyses were obtained using a Carlo-Erba model 1106
CHN analyzer. Electron impact (EI) and chemical ionization (CI)
were recorded on a VG Masslab model 12/253 spectrometer and
on a VG analytical ZAB-E spectrometer at the EPSRC Mass
Spectrometry Service Centre in Swansea, MA. measurements are
reported in Daltons. All glassware used for synthetic purposes was
oven dried (250 °C). Glassware used for electrochemical procedures
was left in a H2SO4/HNO3 (1:1 mix) bath for 1 h and rinsed with
ultra pure water (Elegastat UHQ). The glassware was then steamed
for 10 min and dried in an oven (60 °C). All experiments were
conducted under blanket coverage of argon unless otherwise stated.
n-Butyllithium was titrated against diphenylacteic acid in THF or
diethyl ether immediately before use. All yields given along with
number of moles refer to the pure isolated compound. The
electrolyte tetrabutylammonium tetraflouroborate (TBATFB) was
dried in a vacuum oven at 60 °C.
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