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a b s t r a c t

Structural and vibrational properties of thiophene oligomers up to the dodecamer have been investigated
by first principles calculations. The main goal is to provide more detailed interpretations of the infrared
and Raman spectra, extending the insights to odd-sized polythiophenes, which have not been treated so
far. The calculated electronic, geometric, and vibrational features show better consistency and agreement
with experimental data than previously published theoretical results.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The very special characteristics of p-conjugated polymers make
them suitable for optical and electronic applications, such as
Organic Light-Emitting Diodes (OLEDs) [1–3], field effect transis-
tors (FET) [4], and photovoltaic devices [5,6], motivating the efforts
for deeper insight into their fundamental physical and chemical
properties [7].

Polythiophenes can be seen as prototypes of organic p-conjugated
polymers and their study has gained considerable momentum due to
their semiconducting [8] and non-linear optical properties [9]. In par-
ticular, hexathiophene was used to fabricate thin film transistors with
promising performances for large area electronic circuits.

In order to optimize the growth process and morphology, as
well as the optical and electronic properties of thin films based
on thiophene oligomers, a comprehensive study of the physical
and chemical properties of the polymers is required. A central role
is played by the vibrational properties, which, being most sensitive
to conformational changes induced, for example, by doping, may
provide important structural information susceptible to be useful
in developing new applications.

The intramolecular vibrations of the three smallest even-sized
polythiophene oligomers have been studied in detail by Zerbetto
et al. [10] by combining Inelastic Neutron Scattering (INS), infrared
(IR) and Raman experiments, and calculations. Through refinement
of ab initio force fields at Hartree Fock level, the three types of
vibrational spectra of each oligomer have been fairly well repro-
duced. The fitting procedure implied iteration over: (1) calculation
of vibrational frequencies and assignment on the basis of the exper-

imental IR and Raman activity; (2) fitting of the INS profile; (3) cal-
culation of IR and Raman spectra with the new normal modes and
the ab initio derivatives of the dipole moment and the polarizabil-
ity. This preliminary work relied on the accurate assignment of the
vibrational features of the dimer and tetramer and on the transfer-
ability of the model to higher oligomers. In a more recent paper, De-
gli Esposti et al. [11] present highly resolved experimental IR and
Raman spectra of a-T6 (alpha hexathiophene) single crystal and
their calculations using a scaled ab initio force field at Hartree Fock
level. Insight into the molecular phonons is gained, including vibra-
tions which are silent in optical spectroscopies.

In the present paper we present detailed calculations of struc-
tural and vibrational properties of polythiophenes up to the dode-
camer based on higher level first principles methods than the
ones employed previously in similar studies and extend the
investigations from the hitherto considered even-sized to odd-
sized oligomers. One of the aims has been to discriminate size
and symmetry-specific trends in the electronic structure and IR
and Raman spectra of the studied polythiophenes.

The article is structured as follows: Section 2 gives an outline of
the Density Functional Theory (DFT) methodology used, including
the rationale for choosing the exchange–correlation functional
and the basis set; Section 3 presents the optimized molecular struc-
tures and the vibrational analysis, with detailed comparisons with
experimental and theoretical IR and Raman spectra from the litera-
ture; in Section 4 the main conclusions of this work are presented.

2. Theoretical methodology

As already mentioned, the present study focuses on the accurate
first principles calculation of theequilibrium structures,normal modes,
and vibrational spectra of the 12 smallest polythiophene oligomers.
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Whereas previous similar work concerned only even-sized molecules
[10], we have considered equally the odd-sized ones.

All implied DFT calculations, both structural and vibrational,
have been carried out using the GAUSSIAN 03 package [12]. An ini-
tial preparatory phase consisted in the systematic assessment of
various combinations of exchange–correlation functionals and ba-
sis sets with a view to optimally reproduce experimental structural
and vibrational features. Specifically, we have employed the popu-
lar B3LYP exchange–correlation functional [13] and for comparison
the PBE gradient-corrected correlation functionals of Perdew et al.
[14]. In terms of basis sets, we have used the all-electron polarized
basis set 6-31G(d) and, as less expensive variant, the effective core
potential basis-set CEP-31G(d). For all considered oligomers, the 6-
31G(d) basis set requires significantly more computational re-
sources, but provides considerably more accurate vibrational spec-
tra. The papers we relate our results to have reported without
exception data obtained at Hartree–Fock level, using either the 3-
21G(d) or 6-31G(d) basis sets [11,15].

Even though we considered basis sets which are generally con-
sidered suitable for the present type of molecules, we encountered
convergence difficulties for the larger oligomers, fact which was al-
ready mentioned in the literature [10].

Since the typical experiments deal with molecular crystals,
bonded by van der Waals forces, the measured vibrational spectra
include at low frequencies features due to the corresponding lattice
phonons. Our calculations, however, are carried out for isolated spe-
cies and, thus, account only for the IR and Raman-active vibrations.

3. Results and discussion

3.1. Geometries

With a view to analyze consistently and with manageable com-
putational effort also larger oligomers than the hexamer, we have

initially carried out calculations using the CEP-31G(d) basis set,
taking advantage of the reduced computational costs involved by
modeling the core electrons with an effective potential. However,
already the optimized bond lengths turned out to be affected by er-
rors as compared to those obtained with the 6-31G(d) basis set
and, moreover, showed a level-out tendency, not differentiating
between the in-ring CAC bonds. Given the already appreciable geo-
metrical inaccuracies, the vibrational spectra departed even more
from the superior 6-31G(d) results. Consequently, we performed
all structure and spectroscopy calculations reported here using
the 6-31G(d) basis set.

Among the technical aspects which define our work in compar-
ison to other publications, we mention the consistent application
of symmetry constraints and the critical assessment of the perfor-
mance of different exchange–correlation functionals. Specifically,
imposing symmetry conservation, namely C2h for even-size oligo-
mers and C2v for the odd-size ones, lead to improved convergence
and increased computational efficiency. On the other hand, the
B3LYP and PBE exchange–correlation functionals turn out to favor
a cancelation of errors, though in different spectral regions (as will
be discussed below), in such a way that there is no need of scaling
the vibrational frequencies to match them with published experi-
mental data.

Concerned with the degree to which different exchange–corre-
lation functionals prove appropriate for the particular case of poly-
thiophenes, we performed comparative calculations with the
B3LYP and PBE functionals. The optimized geometrical structure,
the atom numbering, as well as the HOMO and LUMO orbitals,
have been depicted in Fig. 1 for the pentamer (as prototype of
odd-size oligomer) and in Fig. 2 for the hexamer (as prototype of
even-size oligomer). In geometrical terms, as seen from. Table 1,
where the relative deviations of several bond lengths of hexathi-
ophene from experimental values [10] are listed, there emerged a
slightly better ability (typically amounting to 0.01 Å) of the
B3LYP functional to reproduce the inter-cycle CAC bond [16,17]

Fig. 1. Numbering scheme and HOMO–LUMO orbitals for pentathiophene obtained with the PBE functional.
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and CAS bonds [18]. On the other hand, the PBE-based calculations
provided closer agreement with the experiments for the in-ring
double C@C bonds and the bonds in between, particularly for the
ones opposed to the sulphur atoms S2, S12, and S16 (ex. C4C5,
C9C10, and C18C19). Overall, the experimental bond lengths are
fairly reproduced by both functionals, with the largest deviations
amounting to about 2% and occurring for bonds involving sulphur
atoms. Previous calculations on pure polythiophenes [10] have
been performed at the Hartree Fock level with two different basis
sets, 3-21G(d) and the 6-31G(d) (depending on the length of the
molecular chain), and agree less with the experimental geometrical
features.

As for the HOMO and LUMO orbitals, Figs. 1 and 2 show them to
be always oriented transversely and, respectively, longitudinally to

the main chain axis, both for even and odd-size oligomers alike.
Moreover, we found that similar vibrational modes (discussed in
more detail in the next section) develop with increasing size not
only, separately, for even or odd-size polythiophenes, but also for
the consecutive ones.

As can be seen in Fig. 3, the bandgap calculated with the B3LYP
functional is in asymptotic agreement with data published by other
authors [18–20] and agrees fairly with the experimental bandgap of
2.21 eV reported for hexathiophene by Chung et al. [21].

3.2. IR and Raman spectra

The straightforward way of understanding the vibrational fin-
gerprints of oligothiophene chains is to compare the experimental
data with the results of ab initio calculations. A significant aspect
of the present calculations is that they assume molecular systems

Fig. 2. Numbering scheme and HOMO–LUMO orbitals for hexathiophene obtained with the PBE functional.

Table 1
Representative in and inter-cycle CAC and CAS bond lengths of hexathiophene
resulted from experiments [10] and calculated with the B3LYP and PBE exchange–
correlation functionals.

Exp. (Ref. [10]) Å B3LYP error (%) PBEPBE error (%)

C1C10 1.445(9) �0.4 �0.6
C3C8 1.45(1)�1.46(1) �1.0 �1.2
C11C15 1.45(1) �0.40 �0.6
C1S2 1.730(7)�1.731(7) 1.6 1.8
S2C3 1.733(8)�1.739(8) 1.3 1.4
C11S12 1.729(7)�1.733(7) 1.5 1.7
C8S12 1.733(7)�1.742(8) 1.2 1.4
C15S16 1.719(8)�1.726(8) 2.0 2.2
C17S16 1.704(9)�1.711(9) 1.6 1.6
C1C5 1.37(1)�1.38(1) 0.5 1.4
C3C4 1.36(1) 1.5 2.4
C8C9 1.36(1) 1.5 2.4
C10C11 1.38(1) �0.1 0.8
C15C19 1.38(1)�1.40(1) �0.8 0.1
C17C18 1.31(1)�1.32(1) 3.9 4.7
C4C5 1.40(1)�1.41(1) 0.6 0.4
C9C10 1.40(1) 0.9 0.8
C18C19 1.41(1)�1.42(1) 0.5 0.5

Fig. 3. HOMO and LUMO energies for the thiophene oligomers up to the
dodecamer.
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in gas phase, while the experiments are typically performed in con-
densed phase. As mentioned before, our calculations are able to
reproduce the experimental vibrational modes and give better
results in cases where the natural symmetry of the considered com-
pounds (C2h and C2v) is imposed and conserved.

We present comparatively in Figs. 4 and 5 our calculated IR and
Raman spectra for the oligothiophenes up to the hexamer, as well
as for the 11-mer and 12-mer. Larger oligomers present obviously
more crowded spectra. As in the case of the geometry optimization,
the results obtained with the 6-31G(d) basis set provide the closest
agreement with the experiment, and are exclusively referred to in
the following.

In order to simplify the subsequent discussion and to establish
links with certain categories of vibrational modes, we divide con-
ventionally the whole IR and Raman spectral range for the consid-
ered polythiophenes into three distinct regions. The first region
extends up to 1000 cm�1, is characterized mainly by out-of-plane
vibrations, but also by in-plane modes at the blue1 end, is quite
crowded in terms of IR-active vibrations, but only moderately
populated with Raman features. The second region ranges between
1000 cm�1 and 1400 cm�1 and is moderately occupied by IR

spectroscopic features, while Raman modes are better represented,
especially for the monomer and the large oligomers. The third re-
gion spreads up to 1600 cm�1, is well populated both with IR and
Raman-active modes, which correspond mostly to in-plane
motions.

As a preliminary general remark emerging from Figs. 4 and 5 is the
fair agreement of our calculations for the three smallest even-size

Fig. 4. IR spectra for the oligotiophenes obtained with the basis set 6-31G(d)
imposing symmetry conservation and experimental peaks with drop lines [10].

Fig. 5. Raman spectra for the oligotiophenes obtained with the basis set 6-31G(d)
imposing symmetry conservation and experimental peaks with drop lines [10].

Fig. 6. Out-of-plane IR modes of the tetramer corresponding to the experimental
peak located at 702 cm�1 [10], calculated with the B3LYP functional.
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oligomers with the available experimental peaks from the literature
(represented with vertical drop lines) [10].

According to the conventional subranges mentioned before, the
600–1000 cm�1 region is characterized mainly by out-of-plane ring
deformations, bendings involving the CAS bonds, and pyramidal-
izations [10].

In the 600–700 cm�1 subrange a very different response for the
first three even oligomers is observed. The dimer, in particular,
exhibits in the IR experimental spectrum of Zerbetto et al.
[10,23,24] two well-separated features, with the first peak, higher
in intensity, situated at 695 cm�1 and the second one at 705 cm�1.
The peaks are very well reproduced by our B3LYP calculations
(Fig. 4) both in terms of position and relative intensity. The out-
of-plane vibrational mode corresponding to the more intense peak

activates predominantly the H-atoms and conserves the inversion
symmetry, with the symmetric H-atoms close to the S-atoms
vibrating with the largest amplitudes. The B3LYP frequency for
the corresponding trimer mode was found to exactly coincide with
the experimental frequency of the dimer.

By increasing the thiophene chain length, the discussed peaks
tend to collapse into a unique broad band which implies mainly
ring deformations. The calculated IR band of the tetramer peaks
approximately at the experimental dimer frequency, while for
the hexamer the band is slightly blue shifted, as mentioned by
Zerbetto et al. [10]. The normal mode is well reproduced with
the B3LYP functional and from Fig. 6 it is seen to be a pure out-
of-plane vibration, which involves in-phase, similarly with the di-
mer, almost exclusively the H-atoms connected to the terminal cy-

Fig. 7. Out-of-plane IR modes of the teramer and hexamer corresponding to the experimental peaks located at 794 and 791 cm�1 [10], obtained with the B3LYP functional.

Fig. 8. In-plane IR modes of the teramer and hexamer corresponding to the experimental peaks located at 818 and 827 cm�1 [10], calculated with the PBE functional.

Fig. 9. In-plane IR modes of the hexamer corresponding to the experimental peak located at 1196 cm�1 [10], obtained with the PBE functional.
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cles of the compound, symmetrically to the inversion point. The
calculated frequency for the pentamer was found to be exactly
the same as for the tetramer.

The out-of-plane IR modes of the tetramer and hexamer corre-
sponding to the experimental vibrations at 794 and 791 cm�1 [10]
are accurately calculated in our study with the B3LYP functional both
in terms of position and decreasing intensities (Fig. 4). As an interesting
unifying remark, both in the case of the tetramer and the hexamer, as
well as for all higher even oligomers, this IR mode mainly activates
translationally in-phase and out-of-plane the H atoms of the symmet-
rically opposed rings preceding the terminal cycles (Fig. 7).

The experimental IR bands [10,22] situated at 816 cm�1 for the
dimer, at 818 cm�1 for the tetramer and at 827 cm�1 for the hex-
amer arise mainly from staggered in-plane motions of the H
atoms and of the C atoms located close to the longitudinal axis
of the oligomers. Our calculations turned out to be more precise
for this family of normal modes when using the PBE functional
(as seen from Fig. 8). This particular frequency was also predicted
quite accurately by Palmer [24] (at 824.1 cm�1). The correspond-
ing feature for the pentamer was found in our calculations
slightly shifted towards higher frequencies (at 830 cm�1).

There is a technical point worth discussing concerning the Ra-
man-active modes of the dimer below 1000 cm�1 (Fig. 5). As mea-
sured by Zerbetto et al. [10,23,24] and confirmed experimentally
and theoretically by Hermet et al. [25] (using DFT and pseudopo-
tentials), there are, indeed, two, relatively weak peaks grouped
around 674 cm�1. Even though we see this double peak both using
the B3LYP and PBE functionals, the B3LYP functional overestimates
largely its Raman activity, while the PBE functional performs much
more realistically, reproducing significantly better both the posi-
tion and the overall relative activity.

The 1000–1400 cm�1 region is characterized mainly by in-plane
angle bendings involving the H atoms connected to the terminal
cycles. Interestingly, the increase of the chain length (implicitly
of the distance between the terminal cycles) appears to reduce
the IR intensities, as the coupling between the end cycles dimin-
ishes. In this intermediate frequency domain, the experimental IR
and Raman features are particularly well reproduced for the
even-sized oligomers by the PBE calculations (Figs. 4 and 5). As
for the trimer and pentamer, for which there is no experimental
evidence, the calculated frequencies lie close to those of the dimer
and tetramer, respectively.

Fig. 10. In-plane IR modes of the teramer and hexamer corresponding to the experimental peaks located at 1494 and 1493 cm�1 [10], calculated with the PBE functional.

Fig. 11. In-plane Raman modes of the teramer and hexamer corresponding to the experimental peaks located at 1460 and 1458 cm�1 [10], obtained with the PBE functional.
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A representative feature for all studied oligomer sizes is measured
around 1050 cm�1 and it is both IR and Raman-active. It involves in-
plane CAH motions and, even though it is not very intense, it is well
reproduced by our calculations, which predict its position at 1052.9
cm�1 in the Raman spectrum of the hexamer [10,22].

For the tetramer, the double IR peaks around 1200 cm�1 are
again better reproduced both as positions and intensities by the
PBE functional. The B3LYP functional yields instead just one peak
with a discrete shoulder (Fig. 4). The experimental IR mode mea-
sured at 1196 cm�1 for hexathiophene is predicted by the PBE cal-
culations at 1211.80 cm�1 and is dominated, as mentioned above,
by in-plane angle bendings involving the H atoms connected to
the terminal cycles (Fig. 9).

The 1400–1600 cm�1 region is characterized mainly by in-plane
combinations of longitudinal motions of the H atoms with in-ring
stretching vibrations of the C@C double bonds. Significant IR
modes of the dimer, tetramer, and hexamer are located in experi-
ments at 1498, 1494, and 1493 cm�1, respectively [10,22], and are
closely reproduced by our PBE calculations. As one can observe in
Fig. 10, which depicts the corresponding displacements of the tet-
ramer and hexamer, the calculated frequency is blue shifted
roughly by just 1%. The corresponding trimer mode manifests itself
both in the IR and Raman spectra.

Two other experimental in-plane Raman-active modes occur at
1460 cm�1 for the tetramer and at 1458 cm�1 for the hexamer [10].
Our PBE calculations reproduce the experimental frequencies with

Fig. 12. In-plane Raman modes of the teramer and hexamer corresponding to the experimental peaks located at 1515 and 1504 cm�1 [10], calculated with the PBE functional.

Fig. 13. In-plane and out-of-plane IR and Raman modes of the dodecamer obtained with the PBE functional.
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even better accuracy than in the dimer case, namely the relative er-
rors drop to approximately 0.5% for the tetramer and to 0.1% for the
hexamer (see Fig. 11). In the case of the hexamer, the peak calcu-
lated at 1455.57 cm�1 matches fairly the experimental Raman data
provided by other groups: Bazzaoui et al. at 1455 cm�1 [26], Loi
et al. at 1459 cm�1 [27], Weinberg-Wolf et al. at 1461 cm�1 [28],
and Brillante et al. at 1460 cm�1 [29].

For the frequency range beyond 1600 cm�1, the Raman spectra
appear similar for all three even-sized oligomers and are domi-
nated by two strong in-plane modes. The dimer exhibits two peaks,
the highest in intensity is experimentally measured at 1441 cm�1

and the other at 1553 cm�1. The best agreement with the experi-
ments is provided again by the PBE functional. For the tetramer
and hexamer, the higher intensity peak is found at slightly higher
frequencies (by less than 0.7%) than the experimental ones (see
Fig. 11). For the tetramer, besides the terminal cycles, also the cen-
tral pair of rings appears to be active (upper panel of Fig. 12). How-
ever, the corresponding hexamer vibration elucidates that, in fact,
the two terminal cycles on each side of the chain are predominantly
active and, with increasing oligomer size this behavior is accompa-
nied also by a slight red shift of the frequencies.

A technical aspect which needs to be stressed again, this time in
connection with the IR and Raman vibrations of the oligomers up
to the dodecamer, is that above 1000 cm�1 the PBE functional per-
forms consistently more realistically than B3LYP, continuing the
trends which have been already established up to hexamer. The
particular displacement patterns of the modes located around
1490 cm�1 in the IR and Raman spectra can be seen in Fig. 13.
An interesting feature of the dodecamer concerns the fact that both
the IR and Raman modes activate significantly the thiophene cycles
situated in the proximity of the inversion point. On the contrary,
for the smaller oligomers the vibration energy is distributed evenly
over the chains or concentrated around the ends. Overall, from the
PBE-based calculations the IR spectra result slightly red shifted and
the Raman spectra marginally blue shifted (see Figs. 4 and 5).

4. Conclusions

We report on DFT computational investigations of the IR and
Raman-active vibrations of polythiophenes with up to 12 cycles
and match the results against experimental evidence from the
literature.

We have assessed the performance of various combinations of
exchange–correlation functionals and basis sets and all final inter-
pretations have resulted from calculations based on the B3LYP and
PBE functionals in conjunction with the 6-31G(d) basis set with
imposed symmetry.

As a general remark concerning the equilibrium structures of
the oligothiophenes, the CAC distances between in-ring atoms
are consistently better reproduced by the PBE functional but, on
the other hand, the inter-ring CAC and in-ring CAS bond lengths
are better reproduced by the B3LYP functional. The bandgaps cal-
culated for the 12 considered thiophenes show a monotonic
decreasing trend with increasing chain size and for the B3LYP func-
tional they converge towards the hexathiophene bandgap resulting
from the measurements.

Regarding the IR and Raman vibrations, it is worth noting that
we achieved with both functionals an agreement with the experi-
ments which is superior to previous reports, even without applying
any frequency scaling. However, the two employed functionals ap-
pear to be working optimally in complementary domains. Con-
cretely, the B3LYP functional produces better agreement with the
experiments mainly in the lower frequency range (below
1000 cm�1), in particular in describing the out-of-plane modes
which are predominant in this domain. On the other hand, the

PBE functional performs significantly better in the intermediate
and higher frequency domain (above 1000 cm�1), where the fre-
quencies predicted for the prevailing in-plane vibrations match
remarkably the experimental values. This is particularly apparent
for the Raman spectra, where the C@C in-plane vibrations are sig-
nificant and the deviations from the experimental frequencies re-
main typically below 1%.

The IR and Raman spectral features corresponding to in-plane
and out-of-plane vibrations develop gradually with increasing
polymer size and show no significant difference between succes-
sive even and odd oligothiophenes. Corroborated with experimen-
tal condensed phase spectra, the IR and Raman frequencies
calculated for different chain lengths provide an qualitative image
on the relative positioning, i.e. stacking or lying, of the polythio-
phene chains with respect to the substrate.
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