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1. Introduction

Acenes are planar organic molecules consisting of aromatic
rings fused in a linear fashion. Some acenes, such as penta-
cene, have been intensely investigated over the past few years
as promising organic semiconductors because of their low-
lying HOMO (highest occupied molecular orbital) energy levels,
which allow for hole injection and strong electronic interac-
tions in the solid state.[1, 2] Oligothienoacenes, the fused-ring
analogues of a-linked oligothiophenes that resemble acenes,
are of particular interest as conjugated materials due to their
outstanding electronic properties and environmental stabili-
ty.[2, 3] Because of their rigid architecture, oligothienoacenes are
not hampered by the conformational defects in the solid state
from which their nonfused counterparts may suffer. Further-
more, oligothiophenes and acenes such as pentacene com-
monly display a herringbone packing arrangement in the solid
state, which is predicted to hinder charge-carrier mobility due
to the nonoptimal p–p overlap.[4] In contrast, oligothieno-ACHTUNGTRENNUNGacenes are known to adopt a p-stacked motif in the solid state
as a consequence of the relatively high C/H ratio, which re-
duces the role of C�H···p interactions in the crystal.[5] Despite
the highly desirable properties of oligothienoacenes, they have
received significantly less attention in the literature over the
last decade than a-linked oligothiophenes, perhaps due to the
inefficient synthetic routes to their fused-ring architectures.

In recent years, two complementary synthetic methods have
been developed which provide efficient and scalable access to
oligothienoacenes containing four to eight linearly fused thio-
phene moieties in an all-anti arrangement.[6] Both methods in-
corporate solubilizing triisopropylsilyl (TIPS) groups at the ter-

minal a positions. These substituents aid in purification and
solution processability, and can be removed under mild chemi-
cal conditions. For the first time, we have the opportunity to
analyze a series of oligothienoacenes to gain insight into the
fundamental structure–property relationships with respect to
the addition of each ring. Furthermore, this series of com-
pounds can be directly compared to other well-studied series
of closely related oligomers, such as nonfused oligothiophenes
and fully fused all-syn oligothienoacenes.[7]

To gain precise insight into relationships between the struc-
ture and properties of a wide range of p-conjugated molecular

Herein, we study the p-conjugational properties of a homolo-
gous series of all-anti oligothienoacenes containing four to
eight fused thiophene rings by means of FT Raman spectrosco-
py and DFT calculations. The theoretical analysis of the spectro-
scopic data provides evidence that selective enhancement of a
very limited number of Raman scatterings is related to the oc-
currence in these oligothienoacenes of strong vibronic cou-
pling between collective n ACHTUNGTRENNUNG(C=C) stretching modes in the 1600–
1300 cm�1 region and the HOMO/LUMO frontier orbitals
(HOMO = highest occupied molecular orbital ; LUMO = lowest

unoccupied molecular orbital). The correlation of the Raman
spectroscopic data and theoretical results for these all-anti oli-
gothienoacenes with those previously collected for a number
of all-syn oligothienohelicenes gives further support to the ex-
pectation that cross-conjugation is dominant in heteroheli-
cenes. Fully planar all-anti oligothienoacenes display linear p

conjugation which seemingly does not reach saturation with
increasing number of annulated thiophene rings in the oligo-
meric chain at least up to the octamer.
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architectures, Raman spectroscopy has been proved to be an
important tool. For example, experimental observables such as
Raman frequencies and intensities are closely related to the p-
conjugational properties of oligothiophenes and related sys-
tems, which account for their main optical and electronic sig-
natures. The well-established effective conjugation coordinate
(ECC) model[8] predicts two main trends of variation for the
Raman spectral fingerprints of p-conjugated molecules: 1) se-
lective enhancement of particular scatterings associated with
collective C=C/C�C stretching vibrations of the p-conjugated
backbone (related to the existence in this type of one-dimen-
sional systems of an electron–phonon coupling mechanism
which is at the origin of their exceptional optical and electrical
properties) and 2) frequency downshift of these enhanced
Raman bands on relaxation of the molecular structure as a
consequence of either greater p-electron conjugation in the
neutral state or quinoidization induced by ionization. However,
it has been experimentally demonstrated that, for oligothio-
phenes, although the increase in conjugation results in a
downward frequency shift of the Raman-active modes, close
intermolecular interactions of the p frameworks cause a com-
peting upward shift.[9] Therefore, the very bulky TIPS groups,
which reduce or eliminate interactions between the p frame-
works, are an important structural feature of the compounds
in this study. Combination of these experimental spectroscopic
data with reliable quantum chemical calculations allows pre-
cise assessment of relevant molecular parameters which would
be very difficult to evaluate by other conventional experimen-
tal techniques. Due to implementation of electron-correlation
effects, first-principles quantum chemical calculations in the
framework of density functional theory (DFT) are well-suited to
modeling extended p-conjugated molecular architectures.

Herein, a homologous series of oligothienoacenes[6] having
four to eight fused thiophene rings is analyzed by Raman spec-
troscopy and DFT//B3LYP/6-31G** calculations to determine
why some Raman scatterings of annulated systems become se-
lectively intensified. The atomic displacements calculated for
each molecular vibration and the electronic density contours
computed for the frontier molecular orbitals (HOMO and
LUMO, lowest unoccupied molecular orbital) are compared.
These data demonstrate that the Raman features particularly
enhanced in the 1600–1300 cm�1 spectral region correspond
to totally symmetric n ACHTUNGTRENNUNG(C=C) stretching modes strongly coupled
with the HOMO and LUMO wave functions. The strongest
bands observed in the Raman spectra are those largely de-
creasing the LUMO energy and leading to simultaneous HOMO
destabilization.

2. Results and Discussion

The chemical structures of the end-capped oligothienoacenes
under study (TIPS-Tn-TIPS, where n indicates the number of
fused thiophene rings) are displayed in Figure 1. The experi-
mental solid-state FTIR spectral profile for TIPS-T7-TIPS and the
FT Raman spectral profiles for the entire series of oligothieno-ACHTUNGTRENNUNGacenes are shown in Figures 2 and 3, respectively. Figure 4 il-
lustrates how some Raman-active vibrations appearing be-

tween 1500 and 1200 cm�1 are selectively enhanced with re-
spect to the many Raman scatterings experimentally recorded
below 1200 cm�1. On the contrary, the IR absorption spectral
profile is much more complex and several features are record-
ed with similar intensities in the frequency range between
1500 and 400 cm�1. As sketched in Figure 5, most of these vi-
brations arise from the triisopropylsilyl end-capping groups or
from in-plane, but nontotally symmetric, skeletal vibrations of
the annulated oligothienyl framework, which give rise to the
largest variations in the molecular dipole moment. Only the vi-

Figure 1. Chemical structures of the oligothienoacenes TIPS-Tn-TIPS (TIPS:
triisopropylsilyl) under study. The atom numbering used in the text for TIPS-
T5-TIPS is given.

Figure 2. FTIR spectrum of TIPS-T7-TIPS in the 1600–400 cm�1 range.
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brational mode at 1381 cm�1 shows a sizeable coupling with
the p-conjugated degree of freedom, whereas most the re-
maining IR-active normal modes display negligible coupling to
the p-conjugation pathway.

Raman spectral analysis has already been reported for sever-
al types of p-conjugated materials including systems with
rather complex molecular architectures and substitution pat-
terns.[10] However, the majority of previous studies focus on dif-
ferent homologous series of a-linked oligoheterocycles, with
linear or cyclic arrangements of the successive p-conjugated
rings, but not on annulated systems such as acenes or hetero-ACHTUNGTRENNUNGacenes. Despite the increasing attention paid to these conju-
gated fused-ring systems for organic electronic applications,
only a relatively small amount of Raman scattering data is
available.

The effective conjugation coordinate (ECC) formalism, devel-
oped by Zerbi and co-workers, is a method of interpreting
Raman experimental observations which implicitly formulates
the existence of a unique collective C=C/C�C stretching mode
largely involved in the electron–phonon coupling mechanism
inherent to these kinds of one-dimensional p-conjugated sys-
tems.[8] In aromatic or heteroaromatic polyconjugated chains,
the so-called ECC vibrational coordinate has the analytic form
of a linear combination of ring C=C/C�C stretching modes,
which belongs to the totally symmetric species and points to-
wards the direction of a structural evolution of the p-conjugat-
ed framework from a benzenoid pattern (usually that of the
ground electronic state) to a quinoid one (that corresponding
to the excited electronic state). The ECC model states that the
totally symmetric skeletal C=C/C�C stretching vibrations
mostly involved in the lattice dynamics of this collective ECC
coordinate (i.e. , those which give rise to the few selectively en-
hanced Raman scatterings) should experience significant dis-
persions both in peak positions and intensities with increasing
the size of the p-conjugated backbone within a given series of
neutral oligomers. In this regard, experimental detection of
changes in Raman frequencies and intensities with variable
chain length constitutes a very useful way to evaluate the ef-
fectiveness of the p conjugation for a particular family of a-
linked oligoheteroaromatics. Additionally, on chemical or elec-
trochemical doping of these p-conjugated a-oligoheterocycles,
various types of quinoid-like charged species are created.[11]

Figure 3. Solid-state FT Raman spectra of the whole series of oligothieno-ACHTUNGTRENNUNGacenes in the 1500–1200 cm�1 range. The Nd:YAG laser excitation wave-
length lexc was 1064 nm. Spectral profiles displayed from top to bottom cor-
respond to shorter (TIPS-T4-TIPS) to longer (TIPS-T8-TIPS) oligomers.

Figure 4. Enlarged profiles of the solid-state FT Raman spectra of TIPS-T4-
TIPS (top) and TIPS-T5-TIPS (bottom) illustrating more precisely the selective
enhancement with increasing chain length of a very limited number of
Raman scatterings between 1600 and 1200 cm�1, as opposed to the many
Raman-active molecular vibrations recorded with lower intensity below
1200 cm�1.

Figure 5. B3LYP/6-31G** vibrational eigenvectors calculated for some of the
strongest IR bands of TIPS-T7-TIPS. Experimental and theoretical (in paren-
theses) wavenumbers are given in reciprocal centimeters.

ChemPhysChem 2009, 10, 3069 – 3076 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemphyschem.org 3071

Triisopropylsilyl-Capped Oligothienoacenes

www.chemphyschem.org


The increasing quinoidization of the p-conjugated backbone
on progressive injection or removal of a first, second, third
electron, and so on also gives rise to a steady redshift of the
overwhelmingly strong Raman scatterings due to continuous
softening of the polyconjugated path of C=C bonds. This spec-
troscopic Raman information is quite valuable in elucidating
the kind and size of the charge carriers resulting from the vari-
ous redox processes (i.e. , radical cations or anions, dications,
dianions, and so on).[12–15]

Figure 6 presents the B3LYP/6-31G** Raman spectra calculat-
ed for the TIPS-Tn-TIPS oligothienoacenes. The theoretical
spectra reasonably match the experimental data in peak posi-

tions, but relative intensities are less accurately reproduced by
computations (compare Figures 3 and 6). As displayed in
Figure 7, the vibrational eigenvectors related to the strongest
Raman scatterings of these end-
capped oligothienoacenes are
consistent with the assumption
that the selectively enhanced
Raman lines arise from similar
skeletal n ACHTUNGTRENNUNG(C=C) stretching
modes. As can be inferred from
the minimum-energy, B3LYP/
6-31G**-optimized geometries,
(Table S1 in the Supporting Infor-
mation), the p-conjugated C=C
bonds forming the carbon skele-
ton become progressively soft-
ened with increasing number of
fused thiophene rings, and such
softening also vary within each
oligothienoacene, reaching its
maximum for the C=C bonds of
the central thiophene rings.

As an example of a shorter
thienoacene in the series, the
Raman spectrum of TIPS-5T-TIPS

is analyzed in detail. The most intense band, observed at
1447 cm�1, corresponds to the collective n ACHTUNGTRENNUNG(C=C) stretching
mode calculated at 1422 cm�1, which strongly couples with
both the HOMO and the LUMO frontier molecular orbitals
(Figure 8). On distortion of TIPS-T5-TIPS along the 1447 cm�1

Raman-active vibrational mode in the same direction as shown
in Figure 7, the strong Cb�Cb bond displacements, along with
the small variations in Ca�Cb bond length, cause an increase of
the bonding (antibonding) Cb�Cb interactions of the LUMO
(HOMO), with the result that the LUMO (HOMO) along this mo-
lecular vibration is significantly stabilized (destabilized) in
energy. Therefore, the HOMO–LUMO energy gap is narrowed
along the Raman mode of 1447 cm�1. Distortion of TIPS-T5-
TIPS along the 499 cm�1 in-plane bending (Figures 4, bottom
and 7) results in the antibonding interactions (LUMO) between
the S and Ca atoms becoming weaker, particularly for the in-
nermost rings (see Figure 8). Similarly, this 499 cm�1 distortion
causes slight weakening of the small bonding interactions
(HOMO) between the S atoms at both ends of the oligothienyl
chain and the adjacent Ca atoms. Therefore, a downshift in
energy is expected for the LUMO while a slight upshift occurs
in the HOMO for the Raman-active 499 cm�1 mode.

The intense Raman peak observed at 1465 cm�1 (Figure 3)
for TIPS-T5-TIPS is due to the vibrational mode calculated at
1454 cm�1, which mainly involves the TIPS groups but also im-
plies antisymmetric stretching of the Ca�Cb bonds of the out-
ermost thiophene rings (Figure 7). Along the 1465 cm�1

Raman-active mode, the bonding C(2)�C(3) and C(7)�C(8) in-
teractions in the HOMO are strengthened, but the bonding
C(4)�C(5) and C(9)�C(10) ones are softened to a minor extent.
The same “competition” occurs with regard to the correspond-
ing antibonding interactions in the LUMO. Therefore, the
LUMO (HOMO) is slightly stabilized (destabilized) in energy
along this molecular vibration. This is the reason why the
nasymACHTUNGTRENNUNG(C=C) stretching of the terminal fused thiophene rings

Figure 6. B3LYP/6-31G** Raman profiles calculated for all the oligothieno-ACHTUNGTRENNUNGacenes under study. Spectral profiles displayed from top to bottom corre-
spond to shorter (TIPS-T4-TIPS) to longer (TIPS-T8-TIPS) oligomers.

Figure 7. B3LYP/6-31G** vibrational eigenvectors associated with the most outstanding Raman features of TIPS-
T5-TIPS (top) and TIPS-T8-TIPS (bottom). Experimental and theoretical (in parentheses) wavenumbers are ex-
pressed in reciprocal centimeters.
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measured at 1465 cm�1 is less coupled to both the HOMO and
the LUMO than the collective nsymACHTUNGTRENNUNG(C=C) mode of 1447 cm�1,
which spreads over the whole p framework of conjugated
double bonds. Regarding the medium-intensity Raman line re-
corded for TIPS-T5-TIPS at 1390 cm�1 (Figures 3 and 4,
bottom), now we see that the structural distortion of the p-
framework along the direction depicted in Figure 7 significant-
ly weakens the antibonding (LUMO) and bonding (HOMO) in-
teractions between the four pairs of Ca and Cb atoms at both
of the terminal fused thiophene rings, whereas for the middle
ring of the pentathienoacene both types of interactions give
the opposite effect. These are the reasons why the HOMO–
LUMO gap is narrowed in energy to a lesser extent along the
Raman mode of 1390 cm�1 in comparison to the two n ACHTUNGTRENNUNG(C=C)
stretching vibrations giving rise to the strongest Raman fea-
tures at 1447 and 1465 cm�1.

Notably, a medium-intensity Raman band which is observed
in TIPS-T5-TIPS but has no counterpart in common linear a-
linked oligothiophenes is found at 1264 cm�1 (Figures 3 and 4,
bottom). This band is attributed to the totally symmetric
dsym(CC) in-plane bending motion calculated at 1237 cm�1,
which is primarily located on the inner annulated thienyl rings
(Figure 7). The Raman activity of this particular band is en-
hanced on introduction of electron-rich sulfur bridges in place
of b-protons. The structural changes taking place along this
collective molecular vibration look like those occurring in the
p-conjugated system on HOMO!LUMO excitation. Further-
more, the strongest Raman lines at 1465 and 1447 cm�1 are re-
corded at lower wavenumbers in the oligothienoacenes than
in their a-linked analogues with the same number of double
bonds. For example, the strongest Raman scatterings of a-ter-
thiophene are recorded at 1530 and 1460 cm�1. This molecular

signature of the improved p conjugation in the fused systems,
which also suggests a softer and more easily polarizable p-con-
jugated framework, is due to the increased number of sulfur
atoms.

As the number of fused thiophene rings increases, the
Raman spectrum undergoes a progression that is indicative of
the expanding p conjugation (Figure 3). TIPS-T8-TIPS was ana-
lyzed in great detail to reveal the character of an oligomer at
the longer end of the thienoacene series under study. The
Raman spectrum of TIPS-T8-TIPS shows only three main peaks
at 1441, 1251, and 498 cm�1, in spite of the very large number
of Raman-active vibrations predicted by the optical selection
rules. Correlation of the B3LYP/6-31G** Raman-active vibration-
al eigenvectors (Figure 7) and the electronic density contours
related to the frontier MOs of TIPS-T8-TIPS (Figure 8) provides
an explanation for these experimental findings. Considering
Cb�Cb and Ca�Cb interactions (analogous to those of TIPS-T5-
TIPS) of the four innermost thiophene rings, distortion of TIPS-
T8-TIPS in the same direction as the Raman-active mode of
1441 cm�1 leads to stronger bonding and antibonding interac-
tions in the LUMO and HOMO, respectively. Hence, the LUMO
becomes stabilized whereas the HOMO is destabilized along
such a collective molecular vibration, as expected for a large
vibronic coupling.

On structural relaxation of TIPS-T8-TIPS along the in-plane
bending of 498 cm�1 (Figure 7), the antibonding interactions in
the LUMO between the five innermost sulfur atoms and their
adjacent Ca atoms become weaker (Figure 8), and thus a
downshift in energy of the LUMO occurs, whereas the vibronic
coupling of this Raman mode to the corresponding HOMO is
negligible in this case.

Figure 8. B3LYP/6-31G** electronic density contours (0.03 e bohr�3) and energies for selected MOs around the band-gap region along the whole series of oli-
gothienoacenes.
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Finally, the Raman band of TIPS-T8-TIPS at 1251 cm�1 is cor-
related with that of TIPS-T4-TIPS at 1266 cm�1. It undergoes
the largest downward dispersion among all Raman scatterings
on increasing the number of annulated thiophene units in the
oligomeric chain in the series of thienoacenes in this study. Its
associated eigenvector (Figure 7) reveals that this selectively
enhanced Raman line must be ascribed to a totally symmetric
dsym ACHTUNGTRENNUNG(C�C) in-plane bending mainly located on the four inner-
most fused thienyl units. The band has no counterpart in non-
fused a-linked oligothiophenes but arises on bridging of all
the interior Cb atoms of the p-conjugated frame by electron-
rich sulfur atoms.

Across the entire series of oligothiophenes in this study,
there is a redshift in the strongest Raman scatterings as the
number of fused thiophene units increases. This phenomenon
is more clearly observed for the Raman-active modes in the
1251–1266 cm�1 region, as described above and shown in
Figure 3. This trend is well correlated with the theoretical DFT
(B3LYP/6-31G**) predictions shown in Figure 6. The lower
wavenumbers observed in the theoretical spectra are due to
the well-known overestimation of p conjugation by this
method. These data suggest that even TIPS-T8-TIPS has not
yet reached saturation length and it is predicted that greater p

conjugation may be achieved across the planar molecular ar-
chitecture by construction of thienoacenes with more than
eight fused thiophene rings.

Examination of the frontier molecular orbital topologies
(Figure 8) provides further insight into the differences between
oligothienoacenes and their a-linked analogues. For example,
in a-linked oligothiophenes there is very little contribution
from the sulfur atoms to the p system for both the doubly oc-
cupied and empty MOs around the band-gap region, whereas
in oligothienoacenes the sulfur atoms make a significant con-
tribution to these orbitals. This observation is particularly evi-
dent in the case of the HOMO�1 and HOMO�2 of the three
shorter oligothienoacenes; HOMO�1, HOMO�3, and HOMO-4
of TIPS-T7-TIPS; and HOMO�2, HOMO�3, and HOMO�4 of
TIPS-T8-TIPS. This is attributed to the rigidly planar p frame-
work of unsaturated Csp2 atoms, which includes the electron-
rich and easily polarizable sulfur atoms. However, this electron-
ic feature cannot be merely viewed as a result of the arrange-
ment of successive fused thiophene rings in an all-anti fashion,
which leads to heteroacenes for which an overall path of linear
p conjugation along the main molecular axis can be formulat-
ed, because similar behavior has been previously noted in
some quaterthienoacenes arranged in a non-all-anti fashion
and for helically annulated all-syn oligothiophenes, that is, het-
eroacenes for which cross-conjugation is an increasing or main
factor.[7b,c]

The topologies of the frontier molecular orbitals (B3LYP/
6-31G**) around the band-gap region for these all-anti
oligothi ACHTUNGTRENNUNGenoacenes reveal notable differences in comparison to
those of closely related oligothienoacenes which are oriented
in an all-syn fashion. The overall patterns of the atomic coeffi-
cients for the frontier MOs in the all-syn 7-mer are quite similar
to those of the all-syn 3-mer, that is, they are largely localized
on the three central thiophene rings of the 7-mer.[7b] This is in

strong contrast to what is found for the all-anti series of TIPS-
Tn-TIPS, whose frontier MOs spread over the whole p frame-
work of fully planar annulated thiophenes (see Figure 8). This
behavior and the finding that enhanced Raman scatterings
appear more disperse with increasing number of the annulated
thiophene rings in the all-anti TIPS-Tn-TIPS series as compared
to their all-syn oligothienyl counterparts suggest significant
electron localization in the latter conformation relative to the
former. In other words, all-syn fused b-oligothiophenes may be
regarded as being mostly cross-conjugated in nature, in spite
of sizeable contributions from sulfur atoms to the frontier
MOs, whereas all-anti TIPS-Tn-TIPS oligothienoacenes clearly
exhibit linear p conjugation.

3. Conclusions and Outlook

We have studied the conjugational properties of a homolo-
gous series of all-anti oligothienoacenes having four to eight
fused thiophene rings by means of FT Raman spectroscopy
and DFT calculations. Selective enhancement of a very limited
number of Raman scatterings among the many Raman-active
molecular vibrations predicted by the optical selection rules is
related to strong vibronic coupling between selected skeletal
n ACHTUNGTRENNUNG(C=C) stretching modes in the 1600–1300 cm�1 range and the
HOMO/LUMO frontier orbitals. The strongest Raman features
are assigned in all cases to particular skeletal vibrations, with a
marked collective character, along which the displacements of
the carbon or sulfur atoms from their equilibrium positions
better match the orientations of the bonding/antibonding in-
teractions in the HOMO/LUMO orbital patterns, which thus
lead to pronounced narrowing of the HOMO–LUMO energy
gap. Theoretical B3LYP/6-31G** wave functions for the MOs
around the band-gap region also reveal the essential role
played in these heteroacenes by the many electron-rich sulfur
atoms surrounding the p-conjugated backbone. In this regard,
all-anti oligothienoacenes are found to display rather different
atomic orbital compositions for the higher occupied molecular
orbitals (i.e. , HOMO�1, HOMO�2, and so on) compared to
their a-linked oligothiophene counterparts with the same
number of p-conjugated C=C bonds, for which the carbon
backbone mainly contributes. Comparison of the Raman data
and the B3LYP/6-31G** results collected for these all-anti oligo-
thienoacenes with those previously obtained for a number of
all-syn oligothienohelicenes gives further support to the con-
clusion that cross-conjugation is dominant in the latter sys-
tems, whereas all-anti oligothienoacenes clearly display linear
p conjugation along the main molecular axis. p conjugation in
all-anti oligothienoacenes seemingly does not reach saturation
in this homologous series of increasing chain lengths up to the
octamer TIPS-T8-TIPS.

Experimental and Computational Methods

The synthesis and purification of the oligothienoacenes are descri-
bed elsewhere.[6] FTIR spectra were recorded on a Bruker Equinox
55 spectrometer. Compounds were ground to powder and pressed
in KBr pellets. FTIR spectra with a standard spectral resolution of
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2 cm�1 were collected as the average of 50 scans. Interference
from atmospheric water vapor was minimized by purging the in-
strument with dry argon before starting data collection. FT Raman
scattering spectra were collected on a Bruker FRA106/S apparatus
with Nd:YAG laser source (lexc = 1064 nm) in a backscattering con-
figuration. The operating power for the exciting laser radiation was
kept to 100 mW in all experiments. Samples were analyzed as pure
solids in sealed capillaries. Typically, 1000 scans with 2 cm�1 spec-
tral resolution were averaged to optimize the signal-to-noise ratio.

Density functional theory (DFT) calculations were carried out using
the Gaussian 03 program suite[16] running on a cluster of Intel Xeon
Quad Core CPUs. Becke’s three-parameter exchange functional
combined with the LYP correlation functional (B3LYP)[17] was em-
ployed, because it has been shown that the B3LYP functional
yields similar geometries for medium-sized molecules to MP2 cal-
culations with the same basis sets.[18, 19] Moreover, the DFT force
fields calculated with the B3LYP functional yield infrared spectra in
very good agreement with experiment.[20–22] The standard 6-31G**
basis set was used to obtain optimized geometries on isolated en-
tities.[23] Appropriate symmetry constraints [Ci (C2) for oligomers
with an even (odd) number of fused thiophene rings] were im-
posed during geometry optimization of each system while allow-
ing all geometrical parameters of half the molecule to vary inde-
pendently. On the resulting ground-state optimized geometries,
harmonic vibrational frequencies and infrared and Raman intensi-
ties were calculated with the B3LYP functional.

We used the often-practiced adjustment of the theoretical force
fields in which calculated harmonic vibrational frequencies are uni-
formly scaled down by a factor of 0.96 for B3LYP/6-31G** calcula-
tions.[20, 22] This scaling procedure is often accurate enough to dis-
entangle serious experimental misassignments. All vibrational fre-
quencies reported here are thus-scaled values. The theoretical
Raman spectra were obtaining by convoluting the scaled frequen-
cies with Gaussian functions (10 cm�1 width at half-height). The rel-
ative heights of the Gaussians were determined from the theoreti-
cal Raman scattering activities. Molecular orbital contours were
plotted by using Molekel 4.3.[24]
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