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This article describes Fourier transform Raman/infrared spectroscopic studies to determine the conjugational
properties of novelâ-oligothiophenes, in which thiophene rings are helically annelated, forming a cross-
conjugatedπ-system. These helicenes may be viewed as fragments of the unprecedented carbon-sulfur (C2S)n
helix, having a sulfur-rich molecular periphery. The B3LYP/6-31G** vibrational analysis of the experimental
spectroscopic data forâ-oligothiophenes with three, seven, and eleven thiophene rings indicates selective
enhancement of a limited number of Raman scatterings. In particular, the enhancement of the Raman-active
skeletalν(CdC) stretching modes in the 1400-1300-cm-1 region is related to the occurrence of a vibronic
coupling between the highest-occupied molecular orbital and lowest-unoccupied molecular orbital frontier
molecular orbitals. Decreased dispersion of enhanced Raman scatterings and greatly increased near degeneracy
of the highest occupied MOs with the increasing number of annelated thiophene rings suggest significant
electron localization inâ-oligothiophenes, similar to that in cross-conjugatedπ-systems.

I. Introduction

Oligothiophenes are among the most studiedπ-systems for
organic materials, including applications as active components
in electronic or optical devices.1 The research in this area has
been focused onR-oligothiophenes, such asR-sexithiophene,
in which thiophene rings are connected with single CC bonds
atR-positions, forming a linearly extended, conjugatedπ-system
(Figure1).2-11AnnelatedR-oligothiophenes,suchastrithienoacenes,
pentathienoacene, and heptathienoacene, have been prepared.12-15

Recent studies of the materials derived from these linearly
annelatedπ-systems with relatively rigid structures suggested
significantly improved optical and electronic properties.16,17

However, the synthesis and studies of analogousâ-oligothio-
phenes, in which thiophene rings are connected with single CC
bonds atâ-positions, remain relatively unexplored,18-22 in part
due to the lack of efficient synthetic methodologies, and due to
the fact that theâ-â linkages thiophenes are susceptible to
twisting, leading to interruption ofπ-π overlap. Recent
developments of synthetic methodologies for thiophene-based
annelation of â-oligothiophenes provide a novel class of
â-oligothiophenes, in whichn thiophene rings are helically
annelated, forming [n]helicene, such as[7]helicene (Figure
1).23-27

As fragments of the carbon-sulfur (C2S)n helix, annelated
â-oligothiophenes possess a cross-conjugated carbon-carbon
framework, with all sulfur atoms positioned at the molecular
periphery. The presence of multiple short intermolecular S‚‚‚S

contacts, as well asπ-stacking of the curvedπ-systems, is
promising for exploration of transport properties.25,28-30 In recent
work on achiral cross-conjugatedπ-systems, unusually robust
optical properties were reported; however, studies of their
electronic properties are in the early stages.31-37

A series of alkyl-substituted annelatedâ-oligothiophenes with
up to 11 thiophene rings have been prepared (Figure 2). It has
been shown that such structures possess moderate helical
curvatures, thus still allowing for significantπ-π overlap within
the cross-conjugatedπ-system for the carbon-carbon frame-
work.26 Therefore, suchâ-oligothiophenes provide a unique
opportunity for systematic study of helical cross-conjugated
π-systems.

Vibrational spectroscopy is an excellent tool to determine
relationships between structure and properties, to guide the
design of new molecular materials with an improved behavior.
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Figure 1. Oligothiophenes:R-oligothiophene (R-sexithiophene), an-
nelatedR-oligothiophene (pentathienoacene), and annelatedâ-oligoth-
iophene ([7]helicene).
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In particular, Raman spectroscopy is well suited for the analysis
of all classes ofπ-conjugated systems. Raman frequencies and
intensities have been routinely correlated with optical and
electronic signatures of oligothiophenes with structures that
contain aπ-conjugated backbone.

The effective conjugation coordinate (ECC) model,38 devel-
oped by Zerbi and co-workers, has been widely applied to
predict two main trends of variation for the Raman spectral
fingerprints ofπ-conjugated molecules: (a) Selective enhance-
ment of a few Raman scatterings associated with collective Cd
C/CsC stretching vibrations of theπ-conjugated framework.
Such selective phenomenon in these types of one-dimensional
π-systems of linear chain largely involves an electron-phonon
coupling, which is the origin of their outstanding optical and
electrical features. (b) Frequency downshift of the enhanced
Raman lines upon structural relaxation of the system, as the
consequence of either a greaterπ-electron conjugation/delocal-
ization in the neutral state or partial quinoidization of the
π-conjugated framework induced by chemical doping. The ECC
model relies on the analysis of the experimental spectroscopic
data and the vibrational eigenvectors obtained from reliable
quantum chemical calculations, providing precisely relevant
molecular parameters that would be very difficult to evaluate
by other conventional experimental techniques. The first-
principles quantum chemical calculations within density func-
tional theory (DFT) theory are well suited to model extended
π-conjugated systems because DFT theory accounts for electron
correlation effects.

Raman spectra of variousπ-conjugated systems have been
reported, including those of molecules with rather complex
molecular architectures and substitution patterns.39 The ECC
model has been successfully applied in the studies of a series
of π-conjugated oligoheterocycles (i.e., with the adjacent
R-linked units arranged in a linear or cyclic fashion), as well
as in acenes and heterocenes with a nearly flatπ-conjugated
framework. However, experimental studies of molecules with
helical structures ([n]helicenes) by Raman spectroscopy are
absent to our knowledge,40,41 in spite of the increasing interest
in [n]helicenes,42 especially as building blocks for chiral
materials.43 Although rare examples of Raman spectra for the
cross-conjugatedπ-systems have appeared, rigorous vibrational

analyses, using the first-principle quantum chemical computa-
tions within the ECC model, were not reported.37,44,45

In this article, we report the spectroscopic Raman scattering
of helically annelatedâ-oligothiophenes with significantπ-π
overlap within the cross-conjugatedπ-system for the carbon-
carbon framework. The experimental Raman spectra are ana-
lyzed with the aid of B3LYP/6-31G** vibrational computations.
Our analyses, based upon the ECC model, indicate that the
selective enhancements of the Raman scatterings in the 1400-
1300-cm-1 spectral region are related to totally symmetricν-
(CdC) stretching modes, which strongly couple to the highest-
occupied molecular orbital (HOMO) and lowest-unoccupied
molecular orbital (LUMO) frontier orbitals.

II. Experimental and Theoretical Methods
Synthesis and purification of the helically annelated and cross-

conjugated oligothiophenes were described elsewhere.26,27Fou-
rier transform infrared (FTIR) absorption spectra were recorded
on a Bruker Equinox 55 spectrometer. Compounds were ground
to a powder and pressed in KBr pellets. FTIR spectra, with a
standard spectral resolution of 2 cm-1, were collected as the
average of 50 scans. Interference from atmospheric water vapor
was minimized by purging the instrument with dry argon before
starting the data collection. FT Raman scattering spectra were
collected on a Bruker FRA106/S apparatus and a Nd:YAG laser
source (λexc ) 1064 nm), in a back-scattering configuration.
The operating power for the exciting laser radiation was kept
to 100 mW in all the experiments. Samples were analyzed as
pure solids in sealed capillaries. Typically, 1000 scans with
2-cm-1 spectral resolution were averaged to optimize the signal-
to-noise ratio.

DFT calculations were carried out using the Gaussian 03
program46 running on SGI Origin 2000 and Altrix supercom-
puters. Becke’s three-parameter exchange functional combined
with the LYP correlation functional (B3LYP)47 was employed,
because it has been shown that the B3LYP functional yields
similar geometries for medium-sized molecules as those obtained
from the MP2 calculations with the same basis sets.48,49

Moreover, the DFT force fields calculated using the B3LYP
functional yield infrared spectra in very good agreement with
experiments.50,51 In particular, both geometries and vibrational
circular dichroism (VCD) spectra, calculated at the B3LYP/6-
31G* level of theory, showed excellent agreement with the
experimental data (single-crystal X-ray structure and VCD
spectra in chloroform) for a carbon-sulfur[7]helicene (Figure
1).40 The standard 6-31G** basis set was used to obtain
optimized geometries on isolated entities.52 For the resulting
ground-state optimized geometries, harmonic vibrational fre-
quencies, and infrared and Raman intensities were calculated
with the B3LYP functional. In the calculations, octyl side chains
were replaced by methyl groups to reduce the computing cost;
dioctyl- and dimethyl-substitutedâ-oligothiophenes are denoted
with o and m, respectively, e.g.,1o for 5,5′-dioctyldithieno-
[2,3-b:3′,2′-d] thiophene.

Calculated harmonic vibrational frequencies were uniformly
scaled down by a factor of 0.96 for the 6-31G** calculations,
as recommended by Scott and Radom.50 This scaling procedure
typically has an adequate accuracy for a reliable assignment of
the experimental data. Thus, all vibrational frequencies reported
in this work are scaled values. The theoretical spectra were
obtaining by convoluting the scaled frequencies with Gaussian
functions (10 cm-1 width at the half-height). The relative heights
of the Gaussians were determined from the theoretical Raman
scattering activities. Molecular orbital contours and animations
of vibrations were generated using Molekel 4.3.53

Figure 2. Octyl-substituted helically annelatedâ-oligothiophenes
studied in this work.
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III. Results and Discussion

IR Spectroscopy.Solid-state FTIR spectral profiles for1,
1o, and2oare complex, with the most intense absorption bands
found in the low-frequency range below 900 cm-1 (Figure 3).
Correlations of their IR active bands with the computed B3LYP/
6-31G** vibrational eigenvectors reveal that most of the low-
frequency IR features originate from different out-of-planeγ(C-
H) and in-planeδring bending modes and hence that they are
fully decoupled from theπ-electron degree of freedom (Figure
4).

Raman Spectroscopy.The solid-state Raman spectra of the
annelatedâ-oligothiophenes show characteristic profiles, with
increasing number of selective and strong enhancement of the
Raman scatterings in the 1500-1300-cm-1 region, as the
number of annelated thiophene rings increases (Figures 5 and
6). The relative intensities of these scatterings steadily increase
on going toward lower frequencies. Notably, these enhanced
Raman scatterings appear less disperse (and shifted to lower
frequency), with the increasing number of the annelated
thiophene rings. The experimental peak positions are in excellent
agreement with the computed B3LYP/6-31G** Raman spectra
(Figure 7). Vibrational eigenvectors related to the strongest
Raman scatterings of1, 2o, and3o (Figure 8) are consistent
with the assumption that these selectively enhanced Raman lines
arise from similar skeletalν(CdC) stretching modes. Therefore,
it is probable that cross-conjugated CdC bonds become softened
with the increasing number of annelated thiophene rings; such
softening may also be varying within eachâ-oligothiophene,
reaching its maximum for the CdC bonds of the middle
thiophene rings. These experimental observations and compu-

tationally based interpretations for these helically annelated
â-oligothiophenes should be compared to those reported for
typical π-conjugated systems, includingR-oligothiophenes, as
predicted by the ECC model.

In aromatic or heteroaromatic polyconjugated chains, the ECC
vibrational coordinate has the analytic form of a linear combina-
tion of ring CdC/CsC stretching modes, which belongs to the
totally symmetric species and points toward the direction of a
structural evolution of theπ-conjugated system from a ben-
zenoid-like pattern (usually that of the ground electronic state)
to a quinoid-like one (that corresponding to the electronically
excited state). The ECC model states that the totally symmetric
skeletal CdC/CsC stretching vibrations mostly involved in the
lattice dynamics of this collective ECC coordinate (i.e., those
which give rise to the few and selectively enhanced Raman
lines) should experience significant dispersions, both in peak

Figure 3. FT IR spectra of1, 1o, and 2o in the 1600-400-cm-1

wavenumber range.

Figure 4. B3LYP/6-31G** vibrational eigenvectors related to some
of the strongest IR bands of1. Experimental wavenumbers are given
in cm-1. Calculated wavenumbers, after scaling by a factor of 0.96,
are shown in parenthesis.

Figure 5. Solid-state FT Raman spectra of the annelatedâ-oligoth-
iophenes (top) and high-resolution spectrum of2o. The Nd:YAG laser
excitation (λexc) wavelength was 1064 nm.

Figure 6. Enlarged profile of the solid-state Raman spectral profile
of 3o, showing the selective enhancement of particular Raman
scatterings above 1300 cm-1.
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positions and intensities, upon increasing size of theπ-conju-
gated backbone within a given series of neutral oligomers. In
this regard, the experimental detection of changes in Raman
frequencies and intensities with variable chain length constitutes
a very useful way to evaluate the effectiveness of theπ-con-
jugation for a particular family ofR-linked oligoheteroaromatics.
In addition, upon chemical or electrochemical doping of these
π-conjugatedR-oligoheterocycles, various types of quinoid-like
charged species are created.54 In this regard, the increasing
degree of quinoidization of theπ-conjugated backbone upon
the progressive injection or removal of a first, second, or third
electron, and so on, also gives rise to a steady red shift of the
overwhelmingly strong Raman scatterings (i.e., due to the
continuous softening of the conjugated framework of CdC
bonds). This spectroscopic Raman information is quite valuable
in elucidation of the charged carriers resulting from the various

redox processes (e.g., radical cations or anions, dications, and
dianions).55-58

The B3LYP/6-31G** electronic contours for MOs of1 are
shown in Figure 9. It is apparent that the most intenseν(CdC)
stretching mode of1 at 1357 cm-1 is strongly coupled to both
the HOMO and LUMO frontier molecular orbitals. This result
may be rationalized in terms of the bonding/antibonding
interactions between the two innermost pairs of CR and Câ

atoms. When1 is distorted along the 1357-cm-1 Raman-active
vibrational mode, in the direction shown in Figure 8, the
antibonding and bonding interactions in the LUMO and HOMO
become weaker, respectively. Consequently, the LUMO be-
comes significantly stabilized and the HOMO becomes desta-
bilized in energy along such molecular vibration. On the other
hand, when1 becomes distorted along the in-planeδring bending
mode of 669 cm-1 (Figures 8 and 9), the antibonding interac-
tions in the LUMO between each S atom and its two nearest
CR atoms become weaker, while the corresponding bonding
interactions in the HOMO between the S and CR atoms at both
ends of1 also experience a weakening. Hence, the Raman-active
in-planeδring vibration of 669 cm-1 lowers the LUMO’s energy
while it raises the HOMO’s energy. Upon structural distortion
of 1 along the stretching mode of 1430 cm-1 the LUMO is
stabilized because the antibonding C(2)-C(3) and C(7)-C(8)
interactions in the LUMO become weaker, while the bonding
C(4)-C(9) interaction are enhanced. However, the HOMO is
destabilized to a much lower extent by this Raman mode, since
the antibonding C(4)-C(9) interaction is the only one unfavor-
ably forced by a distortion of1 similar to that shown in Figure
8 for the B3LYP/6-31G** vibrational eigenvector of 1430 cm-1.
Finally, along the Raman-active mode of 1409 cm-1, the
antibonding C(2)-C(3) and C(4)-C(5) interactions in the
LUMO within one-half molecule become weaker, while their
symmetry-equivalent antibonding C(7)-C(8) and C(9)-C(10)

Figure 7. Theoretical B3LYP/6-31G** Raman profiles for1, 2m, and
3m.

Figure 8. B3LYP/6-31G** vibrational eigenvectors associated with the most outstanding Raman features. Experimental wavenumbers are given
in cm-1. Calculated wavenumbers, after scaling by a factor of 0.96, are shown in parentheses.

W The online version of this paper contains web-enhanced objects that show animations of the vibrational modes ofW 1m, W 2m, andW 3m.
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counterparts in the other half-molecule become stronger. A
similar discussion can be made for the Raman stretching
vibration of 1409 cm-1 regarding the bonding C(4)-C(5)
interaction in the HOMO and its symmetry-equivalent C(9)-
C(10) counterpart. Therefore, the HOMO-LUMO gap is
narrowed to a lower extent along the two Raman modes of 1430
and 1409 cm-1, compared to the stretching vibration giving rise
to the strongest Raman feature at 1357 cm-1.

Comparison of the Raman spectra of1 and1o indicates that
the most intense Raman lines are upshifted upon replacement
of the hydrogens with the alkyl groups at the terminalR-posi-
tions.59 Similar phenomenon has been observed for other two
series ofR,R′-dimethyl andR,R′-diethyl end-capped oligoth-
iophenes, and it was accounted for in terms of the attainment
of a richerπ-system for the disubstituted oligothiophene, due
to the electronic effect of then-alkyl side chains (positive
inductive effect).60a,bIt should be noted that the Raman spectrum
of a sexithiophene end-capped byn-thiohexyl groups is almost

identical to that of unsubstituted sexithiophene, regardless of
the presence of heavy sulfur atoms attached to the outermost
R-Csp2 atoms in the former oligothiophene.60c Therefore, it is
not likely that the observed upshift of the Raman spectroscopic
profile in 2 may be accounted for by the mass effect on the
molecular vibrations or by the lattice dynamics changes between
a one-dimensional chain with free or fixed ends.

The B3LYP/6-31G** shapes and energies of the frontier MOs
indicate an upshift in energy of both the doubly occupied and
empty MOs around the band gap region for theR,R′-dimethyl
end-capped1m compared to its unsubstituted counterpart1
(Figure 9). This upshift of approximately 0.15-0.30 eV is
slightly more pronounced for the HOMOs, leading to the
narrower HOMO-LUMO gap for 1m, in agreement with the
experimental electronic absorption spectra for1o and1.27

Raman spectrum of2o shows the strongest peaks at 1392,
1358, 1347, and 1340 cm-1. Correlation of the B3LYP/6-31G**
Raman-active vibrational eigenvectors and the electronic density
contours related to the frontier MOs of2m provides an
explanation for these experimental findings. Considering inter-
actions between the CR and Câ atoms of the three innermost
annelated thiophene rings, distortion of2m in the direction
opposite to the Raman-active mode of 1340 cm-1 (Figure 8)
leads to weaker antibonding and bonding interactions in the
LUMO and HOMO, respectively. Hence, the LUMO is stabi-
lized, while the HOMO is destabilized, along such molecular
vibration, as expected for a large vibronic coupling. Similar,
though smaller, HOMO-LUMO gap narrowing occurs when
the cross-conjugated carbon-carbon framework of2m is
distorted along the Raman-activeνsym(CdC) stretching vibration
of 1347 cm-1, which affects only interactions between the CR
and Câ atoms of the central ring in the LUMO and HOMO.
Along the Raman mode of 1358 cm-1, the bonding C(4)-C(5)
and C(12)-C(13) interactions in the HOMO of2m are
strengthened, whereas their symmetry-equivalent C(9)-C(10)
and C(15)-C(16) bonding counterparts in the other half of the
molecule are softened in a similar way. The same balance occurs
between the corresponding antibonding interactions in the
LUMO; this is the reason why thisνsym(CdC) Raman mode
shows much weaker coupling to the HOMO and LUMO,
compared to the 1340-cm-1 mode. In addition, the B3LYP/6-

Figure 9. B3LYP/6-31G** electronic density contours (0.03e/bohr3)
and energies for selected MOs of1, 1m, and2m around the band gap
region.

Figure 10. B3LYP/6-31G** electronic density contours (0.03e/bohr3) and energies for selected MOs of3m around the band gap region.
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31G** vibrational computations suggest that two nearly de-
generate Raman-active modes contribute to the experimental
feature at 1392 cm-1.

For 3o, the strongest Raman scattering at 1323 cm-1 is due
to a fully in-phaseνsym(CdC) mode located on the five
innermost annelated rings, which largely couples to the LUMO.
The B3LYP/6-31G** calculations suggest that the experimental
Raman feature at 1348 cm-1 consists of two overlapping Raman-
active modes, both of which are primarily located on outer rings
of the oligothiophene. The higher- and lower-energy modes arise
from in-phase and out-of-phaseν(CdC) vibrations, respectively.
The shapes of the frontier MOs indicate that the higher-energy
in-phase mode couples more favorably to both the HOMO and
HOMO-1 orbitals than the lower-energy out-of-phase mode. A
similar discussion can be made for the Raman line at 1375 cm-1;
that is, the B3LYP/6-31G** calculations predict the overlap of
another two nearly degenerate Raman-activeν(CdC) modes
with opposite phases and located near the terminal thiophene
rings of the oligothiophene. As for the modes at 1348 cm-1,
the higher-energy in-phase mode couples more favorably to the
HOMO and HOMO-1 orbitals than the lower-energy out-of-
phase mode. For the Raman scatterings at 1323, 1348, and 1375
cm-1, the strongest modes tend to be located at the thiophene
rings closer to the center of the oligothiophene.

Conjugational Properties of Annelatedâ-Oligothiophenes.
Notably, the B3LYP/6-31G** energies of the frontier MOs
around the band gap region for annelatedâ-oligothiophenes1m,
2m, and 3m show near degeneracies between HOMO and
HOMO-1, as well as LUMO and LUMO-1 (Figures 9 and 10).
These near-degeneracies are more pronounced for oligomers
with a higher number of annelated thiophenes. For3m, the six
HOMOs may be grouped into three near-degenerate pairs:
HOMO/HOMO-1, HOMO-2/HOMO-3, and HOMO-4/HOMO-
5; furthermore, the four HOMOs may be viewed as near-
degenerate, with the energy difference of 0.16 eV between
HOMO and HOMO-3. The increase of near degeneracies, with
“clustering” of MOs near the HOMO for the higher oligomers,
may be viewed as indicative of electron localization. Such near
degeneracies were observed for ladderlike oligomers of biphe-
nylene, in which electron localization is induced by the
antiaromatic 4-membered rings; for the biphenylene polymer,
the electron localization was indicated by the presence of a
narrow energy band near the Fermi level.61 The electron
localization, with narrow energy bands near the Fermi level, is
one of the characteristic features of cross-conjugated polymers.62

Furthermore, the overall patterns of the atomic coefficients of
the frontier MOs in1, 1m, and2m (Figure 9) are very similar,
including significant contributions from the sulfur atoms. In
particular, the MOs of2m are largely localized on the three
center thiophene rings, resembling the MOs of1 and 1m, in
contrast to the annelatedR-oligothiophenes (pentathienoacene
and heptathienoacene).63 This behavior and the finding that
enhanced Raman scatterings appear less disperse with the
increasing number of the annelated thiophene rings may suggest
significant electron localization in theseâ-oligothiophenes. In
other words, the annelatedâ-oligothiophenes may be viewed
as cross-conjugated, in spite of contributions from sulfur atoms
to the frontier MOs. These observations and analyses are in
agreement with the experimental finding of electron localization
in the (C2S)n helix with an onset atn ≈ 7, based upon optical
spectroscopy (and electrochemistry) of1o-3o.26

IV. Summary and Conclusions

We have reported the spectroscopic Raman data forR,R’-
bis(alkyl) end-cappedâ-oligothiophenes, with three, seven, and

eleven annelated thiophene rings. Analyses based upon B3LYP/
6-31G** vibrational calculations indicate that the selective
enhancement of a limited number of Raman scatterings, among
the many Raman-active molecular vibrations predicted by the
optical selection rules, is related to a strong vibronic coupling
between selected skeletalνsym(CdC) stretching modes and the
HOMO/LUMO frontier orbitals. The strongest Raman features
are assigned to particular skeletal vibrations, with a marked
collective character, along which the displacements of the carbon
atoms from their equilibrium positions better match the orienta-
tions of the bonding/antibonding patterns of the HOMO and
LUMO levels, thus leading to a large narrowing of the HOMO-
LUMO energy gap. Although this behavior is analogous to that
found in typical π-conjugated systems, includingR-oligoth-
iophenes, important differences betweenR-oligothiophenes and
the helically annelatedâ-oligothiophenes were found, pointing
to their different conjugational properties. Unlike forR-olig-
othiophenes, enhanced Raman scatterings of the annelated
â-oligothiophenes appear less disperse, with the increasing
number of the annelated thiophene rings from three to seven
and then to eleven. Furthermore, both atomic coefficients and
energies of the frontier molecular orbitals around the band gap
are consistent with electron localization in the helically annelated
â-oligothiophenes.
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