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Abstract

The geometric, electronic, and optical properties of oligothiophenes of 2, 4, 6 and 8 units of head-to-head—tail-to-tail (HH—TT) regioselec-
tivity and substituted by methyl, thiol, and thiomethyl groups have been characterized in their neutral and p-doped states with quantum-chemical
calculations derived from semiempirical Hartree—Fock approaches and with the nonempirical valence effective Hamiltonian (VEH) method.
Such calculations provide a good insight into the electronic properties measured for electropolymerized chains.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last 20 years, considerable attention has been devoted
to organic conducting polymers as a new class of electronic
materials [1]. In part, this interest is based on the observation
that materials with a wide range of electronic properties could
be obtained through tailored synthesis of new polymers. Due
to their large increase in electrical conductivity upon doping
[2,3], conducting polymers are promising materials for use
in electrochromic devices, sensors, smart-windows, artificial
muscles, and photonic devices [1,4].

The electrical, optical, and mechanical properties of conju-
gated chains critically depend on the chemical structure of
their building blocks; the reactivity of the monomer units is
also an important factor governing the properties of the result-
ing polymer and is considerably influenced by the steric and
electronic properties of the substituents [5,6]. The impact of
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steric effects on the structural properties of oligomers and
polymers is generally well understood whereas the impact
on the electronic properties is often more difficult to assess [7].

In this context, theoretical studies prove successful to allow
a better understanding of the electropolymerization mecha-
nisms and of the role played by various experimental para-
meters; calculations are also helpful to relate the variation of
a given parameter to the changes expected in the experimental
measurements. It is thus of interest to investigate the changes
in the geometric, electronic, and optical properties of conju-
gated systems when going from the neutral to the oxidized
states, and especially the way these properties are affected
by various substitution patterns.

Polythiophene (PT) and substituted derivatives represent an
important class of conducting polymers [1]. The synthesis of
polythiophenes is generally achieved by electrochemical or
chemical oxidation of suitable monomers [1]. These polymers
are characterized by a high processability achieved via the
introduction of substituents in the 3 position [8,9] (see Fig. 1).
Among the various derivatives, alkyl-substituted polythio-
phenes are very attractive materials for the development of
high-performance solution processible electronic polymers
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R=SH, SCH,, CH,

v=0, 1, 2

Fig. 1. Molecular structure of the oligothiophenes investigated in this work.

[10,11]. In polyalkylthiophenes, the regiochemistry control is
an important factor to be considered since the nature of the
coupling controls the structural and electronic properties of
the chains. The substituted thiophene rings can be connected
via a tail-to-tail (TT) or head-to-head (HH) coupling (see
Fig. 1).

Hadziioannou and co-workers synthesized a number of
alkylated polythiophenes and showed photoluminescence and
electroluminescence color tuning through the variation of the
length of the HT sequences between HH connections [12].
They reported blue shifts in absorption larger than 100 nm
when increasing the steric hindrance in the polymer backbone.
The energies of the absorption and emission maxima were
found to scale linearly as a function of the inverse number
of thiophene units (1/n) between two consecutive HH links.
These results clearly demonstrate that the effective conjuga-
tion length is limited by the HH links along the polymer back-
bone. The presence of HH coupling in PTs induces an increase
in the torsion angle between the thiophene rings due to steric
effects and a loss of conjugation that leads to an increased
bandgap (i.e., a blue shift in the absorption and emission spec-
tra) and a reduced electrical conductivity. Regioregularity can
thus be exploited as a tool to tune the luminescence properties
of PT-based light-emitting diodes [13].

In electropolymerization, the stability of the radical cations
generated upon monomer oxidation plays a crucial role in con-
ditioning the degree of polymerization, and hence the length of
the m-conjugated backbone. The polymerization can be ham-
pered by: (i) the high reactivity of the radical cations which
may undergo rapid reactions with solvent or electrolyte
species to yield low molecular weight products rather than
to polymerize in chain propagation reactions [14]; and (ii)
the high stability of the reacted species which can diffuse
away from the electrode to form oligomers in solution.

Unsubstituted thiophene and 3-alkylthiophene yield suffi-
ciently reactive radical cations to form highly conjugated
polymers; the synthesis should be further facilitated by the
introduction of m-electron donating groups such as alkoxy
and thioalkyl substituents that decrease the oxidation potential
of the monomer units, thus increasing the energy of their
highest occupied molecular orbital (HOMO) level. However,
alkoxy and thioalkyl-substituted thiophenes cannot be easily
electropolymerized and are usually obtained by chemical po-
lymerization [15]. High-quality polymers were obtained only

when 4-4’-dialkoxy-2-2’-bithiophene or 4-4’-dimethylthio-2-
2'-bithiophene were used as starting monomers [16]. In a pre-
vious paper, we have reported the successful synthesis of
poly[4-4'-bis(butylsulphanil)-2-2’-bithiophene] starting from
a dimer unit both by chemical and electrochemical methods
[17,18] (see the chemical structure in Fig. 1). In addition to
the thermochromic, solvatochromic, and electrical properties
[18], the electrochemical properties of the electrogenerated
polymers were investigated in depth, with a particular atten-
tion paid to the charge—discharge processes and to p- and
n-doped states via spectroelectrochemistry [17].

According to the generally accepted model, charges in-
jected in conjugated polymers with a nondegenerate ground
state relax under the form of self-localized polarons, which
may couple to yield spinless bipolarons [19,20]. The termi-
nology of polarons and bipolarons used in solid-state physics
corresponds in chemical terms to radical cations and dications,
respectively; they can be generated upon chemical [21,22],
photochemical [23], and electrochemical oxidation/reduction
[24] of the neutral molecules. The properties of long conju-
gated chains can be derived in the very first approximation
from linear extrapolation to infinite chain length of the data
obtained for the corresponding oligomers [25]. The formation
of charged defects (polarons and bipolarons) in nondegenerate
ground-state polymers deeply modifies their one-electron
structure; electronic levels move inside the forbidden gap
and induce the appearance of new subgap absorption features
in the optical absorption spectra. Two subgap transitions are
observed for isolated polarons while a single peak prevails
in the presence of isolated bipolarons [26].

As a follow-up of the electrochemical study previously per-
formed [17], the present work aims at investigating at the the-
oretical level the modifications upon p-doping in the geometric
and optical properties of oligothiophenes built by repeating
from 2 to 4 bithiophene units in an HH configuration (see
Fig. 1). The impact of substitution by thiol and thiomethyl
groups has been also investigated in comparison to methyl
substituents.

2. Theoretical methodology

The geometries of neutral and charged oligomers contain-
ing 4, 6, and 8 rings have been optimized with the semiempir-
ical Hartree—Fock Austin Model 1 (AM1) method [27], which
is parameterized to reproduce the geometry and heat of forma-
tion of organic molecules in their ground state. The AMI1
approach has also been shown to provide a good description
of the torsional potential energy curve in bithiophene com-
pared to that obtained with sophisticated ab initio calculations
[28,29]. The geometry optimizations are performed on isolated
molecules, thus neglecting the effect of counter-ions for
charged oligomers (both singly and doubly oxidized mole-
cules). The restricted open shell Hartree—Fock (ROHF)
formalism has been adopted in the case of singly charged
oligomers, as in earlier works [30,31]. The calculations have
been carried out on oligothiophenes containing 4, 6, and 8
rings (denoted as 4T, 6T, and 8T in the following) substituted
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by SH, SCHj;, and CHj; groups with an alternated HH and TT
coupling, as shown in Fig. 1. In all calculations, the substitu-
ents are located in the same plane as the thiophene rings, as
expected from packing effects, with the hydrogen pointing
towards the ring (see Fig. 1).

The transition energies and associated oscillator strengths
have been calculated for the neutral and oxidized compounds
by means of the valence effective Hamiltonian method (VEH)
[32,33], as reported in Tables 3—5, which was shown to pro-
vide values in good agreement with the experimental data in
the case of the a-sexithienyl molecule [26]. The VEH tech-
nique does not deal explicitly with electron correlation effects
and is parameterized to reproduce the energies of the occupied
levels provided by ab initio calculations with molecular
orbitals expanded in a double { basis set.

3. Geometric structure

We report in Tables 1 and 2 the torsion angles between ad-
jacent rings, as calculated at the AM1 level, in 4T and 6T in
the neutral and both singly and doubly oxidized states. Similar
trends are observed for 8T. The results indicate that the neutral
unsubstituted oligomers are characterized by torsion angles on
the order of 25°, in agreement with ab initio calculations
[29,31]. The substitution by thiol and thioalkyl substituents
leads to a planarization of the backbone between the rings
involved in the head-to-head coupling, in full consistency
with the ab initio calculations performed on SCH3-substituted
oligothiophenes [15,34]. In contrast, large torsion angles are
calculated between the thiophene units upon methyl substitu-
tion due to the large steric hindrance induced by the substitu-
ents. Our results are different from those reported by Dos
Santos et al. who have reported an optimized twist angle of
90° for the head-to-head coupling at the AMI1 level [35].
The structure reported for the corresponding 4T oligomer

Table 1
Torsion angles in the oligothiophene containing four rings with different
substituents in the neutral and doped states

Substituent R =H R=SH R=SCH; R=CH; Torsion angle
4T 154.15  179.78 179.75 66.00 a
156.15  150.27 149.8 154.00 b
153.82 179.92 179.78 66.00 c
4T +1 179.99  179.87 179.00 58.91 a
180.00  180.00 175.00 178.00 b
180.00  179.92 179.00 56.80 c
AT +2 17998  176.34 179.00 38.90 a
179.99  179.96 180.00 177.02 b
179.98  176.34 179.00 38.00 ¢

All calculations are performed at the AM1 level. A torsion of 180° implies that
the two adjacent rings are coplanar and point in opposite directions.

Table 2
Torsion angles in the oligothiophene containing six rings with different
substituents in the neutral and doped states

Substituent R=H R=SH R=SCH; R=CH; Torsion angle
6T 152.98  180.00 179.00 65.84 a
154.05 147.22 149.00 154.84 b
154.06  179.68 179.00 66.13 c
154.15  146.97 148.00 156.23 d
153.11 179.88 179.00 66.00 e
6T + 1 179.96  179.89 179.00 65.74 a
180.00  179.91 173.00 177.19 b
179.99  179.92 179.00 30.75 c
179.99  179.67 172.00 177.87 d
179.88  179.90 179.00 65.68 e
6T +2 180.00  179.99 177.00 179.00 a
180.00  179.97 179.00 178.98 b
180.00  179.87 179.00 15.00 c
179.99  179.89 179.00 178.00 d
179.99  179.78 177.00 179.00 e

All calculations are performed at the AMI1 level. A torsion of 180° implies that
the two adjacent rings are coplanar and point in opposite directions.

substituted by CH; groups in CH;Cl solution is actually char-
acterized by a cis—trans—cis conformation, with a torsion be-
tween the two central rings on the order of 40°, in agreement
with our calculated values [36]. We stress that packing effects
tend to make the conjugated backbone more planar, as re-
vealed by the X-ray structure of tetrathiophene substituted
by methyl groups which is characterized by a quasi-planar
conformation, with slight torsions of the terminal rings [36].
The AMI-optimized geometry of the unsubstituted oligo-
mers in the singly charged state, assumed here to be fully
planar, shows that the polaron is mostly located at the center
of the molecule [26,37]. The semi-quinoid geometry induced
upon doping mostly affects the four central rings [38,17]
and is not affected by an increase in the chain length. The larg-
est change in the C—C bond length (Ar) when going from the
neutral to the singly charged state is +0.04 A, as illustrated in
Fig. 2 for 8T. We report in the same figure the charge distribu-
tion per site (defined as a carbon atom plus the attached hydro-
gen atom if present) in the singly charged eight-ring oligomer,
as calculated with a Mulliken population analysis. The results
show that the carbon atoms of the two central rings present
a marked decrease in electron-density upon doping, which is
consistent with the observation that most of the positive charge
is localized in the central portion of the oligomer. The with-
drawal of a second electron to form bipolarons gives rise to
a geometry relaxation process which induces a strong quinoid
character and a strong charge depletion in the central part of
the chain regardless of the chain length. On the basis of the
AMI results, we estimate that the charge distribution and
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Fig. 2. Left: differences in the AM1-optimized C—C bond lengths (in A) of 8T (a neutral molecule is reported on the top of the graphic) going from the neutral to
the singly charged state. Right: charge per each site (C—H atoms) in the singly charged 8T (a singly charged molecule is reported on the top of the graphic), as
obtained from a Mulliken population analysis. Charges on the sulfur atoms are not reported in the figure.

geometric distortions associated to the polaron (bipolaron)
mostly spread over three (four) thiophene rings, with the
two central rings being the most affected (Ar value on the or-
der of +0.08 A, see Fig. 3).

When no constraints of planarity are imposed, the AMI1-
optimized geometry of the oxidized oligomers shows a ten-
dency towards the planarization of the chain segments affected
by the lattice distortions; however, we note that the large
torsion angles (>50°) prevailing in the neutral oligomers
substituted by CH; groups are progressively attenuated upon
single and double oxidation, without reaching the fully planar
conformation. The extent of the charged defect in the
substituted derivatives is found to be slightly reduced with
respect to that in the corresponding unsubstituted oligomers.

4. Electronic structure and optical properties
4.1. Neutral molecules

We focus here on the one-electron structure obtained at
VEH level in order to analyze how the energies of the
HOMO and LUMO levels of 4T are affected by the different
substitution patterns; this is illustrated in Fig. 4 where we
have also reported the VEH-calculated lowest transition
energy of the oligomers associated to the HOMO—LUMO
transition. The results show that the breaking of the conjuga-
tion induced upon introducing CHj; substituents leads to a sig-
nificant blue shift of the lowest optical transition; in the other
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cases (R =SCH3;, SH), a red shift prevails due to the joint ef-
fects of the charge transfer between the substituents and the
thiophene rings and of the concomitant planarization of the
backbone. The SCHj substitutions give rise to the lowest op-
tical transition and oxidation potential (when estimated as
the opposite energy of the HOMO level within Koopmans’ ap-
proximation) among the various derivatives. A linear relation-
ship is observed between the VEH-calculated optical transition
energies for the unsubstituted and substituted chains (see Table
3 for unsubstituted and SH-substituted oligomers) and the in-
verse chain size, as found for many other conjugated organic
systems [37]; this is explained by the delocalized nature of
the HOMO and LUMO wavefunctions.

The VEH-calculated lowest transition energy is estimated
to be 1.77 eV for the SH-substituted octathiophene, which is
expected to be a good representative of the corresponding
polymer. This has to be compared to the experimental value
of 2.38 eV reported for the corresponding polymer in aceto-
nitrile [17]. The lowest band maximum is red-shifted with
respect to that typically measured for unsubstituted polythio-
phene chains in solution (2.87 eV) [39], in agreement with
the trends provided by the VEH calculations. This evolution
is primarily driven by the planarization of the chain upon thiol
or thioalkyl substitution. This demonstrates that the study of
oligomers is a good strategy to shed light into the properties
of the parent polymers. In contrast, the CHj substituent
efficiently breaks the conjugation. This behaviour could be uti-
lized for tuning optical properties, as achieved by

0.2

0.1 1
0 -
-0.1 1

-0.2 4

charge/site

-0.3 4

-0.4 -

-0.5 1 4

-0.6 — T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

site number

Fig. 3. Left: differences in the AM1-optimized C—C bond lengths (in A) of 8T going from the neutral to the doubly charged state. Right: charge per each site (C—H
atoms) in the doubly charged 8T, as obtained from a Mulliken population analysis. Charges on the sulfur atoms are not reported in the figure.
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Fig. 4. Evolution of the electronic structure of 4T upon substitution and
relative oscillator strength (in parenthesis), as obtained at the VEH level. The
corresponding energy of the HOMO and LUMO levels is collected in the table
above.

Hadziioannou and co-workers [12]. In their case, they have
studied structures in which the conjugation of the polymer
main chain is regularly interrupted to generate blue emitting
compounds.

4.2. Singly oxidized molecules

We primarily focus hereafter for the charged systems only
on the unsubstituted and thiol-substituted oligomers. The VEH
calculations indicate that the formation of polarons leads to
the appearance of two subgap absorption features. The lowest
energy absorption feature corresponds to a transition between
the HOMO level and the lower polaronic level, while the sec-
ond absorption originates from an excitation between the two
polaron levels within the gap (POL1—POL2). The transition
energies calculated for the unsubstituted and thiol-substituted
oligomers are reported in Table 4. A linear relationship is
observed between the calculated transition energies and the
inverse chain size. According to the calculated oscillator
strengths, the most intense transition occurs between HOMO

Table 3

VEH-calculated transition energy and oscillator strength for the lowest optical
transition of neutral oligothiophenes without substituents and substituted by
thiol groups

Number of rings Substituent Transition Oscillator
energy (eV) strength

4 R=H 2.53 0.36
R=SH 2.30 0.33

6 R=H 222 0.47
R=SH 1.91 0.41

8 R=H 2.02 0.56
R=SH 1.77 0.49

Table 4

VEH-calculated transition energy and oscillator strength for the lowest two
optical transitions of singly charged oligothiophenes without substituents
and substituted by thiol groups

Number Substituent Transition Oscillator  Transition Oscillator

of rings energy (eV) strength energy (eV) strength

4 R=H 1.39 0.49 1.82 0.42
R=SH 1.11 0.27 1.72 0.36

6 R=H 0.93 0.67 1.48 0.59
R=SH 0.77 0.57 1.40 0.51

8 R=H 0.71 0.81 1.31 0.72
R=SH 0.62 0.72 1.24 0.64

The third column corresponds to a transition between the HOMO level and the
lower polaronic level, while the fifth column corresponds to the second absorp-
tion that originates from an excitation between the two polaron levels within
the gap.

and POL1; note, however, that the relative intensities might
be changed when dealing with quantum-chemical approaches
going beyond the one-electron picture. The calculations also
show that all the substitution patterns lead to a substantial
decrease in the intensity of the two polaronic transitions. Inter-
estingly, the lowest polaronic transition calculated at 0.62 eV
for the SH-substituted 8T oligomer closely matches with the
absorption peak observed at 0.64 eV in the experimental
absorption spectrum of the oxidized polymer [17]. The second
subgap feature predicted at 1.24 eV by the VEH results cannot
be unambiguously distinguished in the experimental spectrum,
thus suggesting that this second feature has not a strong one-
electron character. This is consistent with the trends calculated
with configuration interaction (CI) calculations in phenylene-
vinylene oligomers [40].

The transition described at the one-electron level by an
excitation between the lower polaronic level and the LUMO
level (or between the HOMO level and the upper polaronic
level) has often been considered to provide a third subgap
feature in the absorption spectra [30]. However, this transition
has a very low intensity due to the selection rules imposed by
the C,y, or quasi-C,y, symmetry of the chain segments support-
ing the charged defect [38]. We emphasize that the intensity
of the absorption originating from the HOMO — POL2 or
POL1 — LUMO transitions would remain negligible if the
symmetry is slightly lowered, for instance by small torsions
leading to a departure of planarity.

4.3. Doubly oxidized molecules

The generation of bipolarons in oligothiophenes generates
the appearance of a single subgap absorption feature that is
red-shifted with increasing chain length; this also induces
a complete bleaching of the neutral t—7* transition, as ob-
served in the experimental spectrum of the doped polymer
[17]. The new absorption peak results, at the one-electron
level, from an excitation between the HOMO and the lower bi-
polaronic level (BIP1). As emphasized in earlier works [29],
the transition between the HOMO and the upper bipolaronic
level is optically forbidden due to selection rules. On the basis
of these calculations, we assign the absorption band observed
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Table 5

VEH-calculated transition energy and oscillator strength for the lowest two
optical transitions of doubly charged oligothiophenes without substituents
and substituted by thiol groups

Number of rings Substituent Transition Oscillator
energy (eV) strength

4 R=H 1.60 0.52
R=SH 1.33 0.34

6 R=H 1.13 0.73
R=SH 0.95 0.64

8 R=H 0.90 0.93
R=SH 0.78 0.84

at 0.85 eV in the UV—vis—near IR spectrum of the thioalkyl-
substituted polymer to the lowest bipolaronic transition esti-
mated at 0.78 by the VEH calculations on the SH-substituted
eight-ring oligomer (Table 5). The methyl substitution (data
not shown) leads to larger optical transitions than those
calculated for the corresponding SCH;-substituted oligomers
(1.46 eV for CHs-substituted versus 1.14eV for SCHj3-
substituted chains); this can be attributed to the lack of planar-
ity of the chain segment supporting the bipolaron in the
CHj;-substituted chains, thereby implying a stronger confine-
ment of the bipolaron that translates into a larger H — BIP1
transition energy.

5. Conclusions

We have investigated by means of quantum-chemical calcu-
lations the influence of thiol, thioalkyl, and alkyl (R = SH,
SCH3;, and CH3;, respectively) groups on the geometric, elec-
tronic, and optical properties of oligothiophenes. The SH and
SCHj; substitutions lead to a red shift of the lowest optical tran-
sition with respect to the corresponding unsubstituted oligo-
mers. In contrast, alkyl substitutions increase the bandgap of
the chains as a result of conjugation breaking driven by steric
effects. The role of the conformation effects on the calculated
optical properties is attenuated in oxidized chains due to the fact
that the relaxation processes tend to planarize the conjugated
backbone. The experimental absorption features observed in
the spectra of neutral and electrochemically oxidized thio-
alkyl-substituted polymer chains match very well with the tran-
sition energies calculated at the VEH level; in particular, the two
dominant subgap peaks observed at 0.64 eV and 0.85 eV have
been assigned to the optical signature of the intense polaronic
transition and the bipolaronic transition, respectively.
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