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The solid-state properties of a series of fused-ring oligothiophenes were studied by UV-visible
absorption spectroscopy and single crystal X-ray diffraction. Although the degree of ring fusion has
little effect on the solution absorption spectra, the solid-state spectra are dramatically different. Three
thieno[3,2-b]thiophene-containing oligomers display spectral blue shifts when comparing the solid state
to solution because they adopt a herringbone packing motif that leads to H aggregation. The solid-state
structure of a dithieno[3,2-b:2′,3′-d]thiophene-based oligomer contains both herringbone and slippedπ-π
interactions, and the overlap of transitions from these different interaction modes results in a broad
absorption spectrum in the solid state. The fully fused pentathienoacene adopts aπ-stacked packing
motif and displays a small blue shift in the solid-state spectrum compared to solution. Time-dependent
density functional theory calculations of the electronic transitions of isolated molecules and interacting
dimers provide support that the different behavior in the solid-state spectra is due to the unique
intermolecular interactions arising in each packing motif.

Introduction

Fused-ring oligo- and polythiophenes are a fascinating
class of conjugated materials that combine the rigid planarity
of acenes, such as pentacene, with the chemical stability of
oligothiophenes.1-10 Recently, we have demonstrated that,
in solution, oligothiophenes with the same number of double
bonds but varying extents of sulfur-bridging ring fusion
display similar positions of their absorbance maxima but
differ dramatically in fluorescence behavior.4 Such molecular
properties can be perturbed significantly in the solid state
and the structural similarity of the planarized oligothiophenes
examined here offers the flexibility to systematically explore
the role of solid-state packing in altering electronic proper-
ties: a critical issue in determining the device performance
of organic light-emitting diodes (OLEDs) and organic thin-

film transistors (OTFTs).11-16 Furthermore, there is evidence
from crystal structures of the dimer of dithieno[3,2-b:2′,3′-
d]thiophene3 and pentathienoacene (5)8 that fused thiophene
rings may promoteπ stacking. This mode of crystal packing
is predicted to facilitate charge transport leading to potentially
higher field-effect mobility in OTFT devices when compared
to herringbone motifs.17,18 This possibility motivated us to
explore in some detail the solid-state properties of a series
of planarized oligothiophenes (Figure 1) that contain fused
thiophene rings and the effect of ring fusion on the optical
properties and crystal packing of these oligomers. In addition,
computational chemistry was employed to understand the
correlation between the solid-state optical behavior and
packing arrangement.

Optical Properties

We previously reported the synthesis of a series of
R-oligothiophenes, in which fused thiophene rings replace
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one or more thiophene units (compounds1-4).4 Their
electronic properties in solution were investigated in com-
bination with nonfusedR-terthiophene and fully fused
pentathienoacene (5). It is generally recognized that increas-
ing the planarity of conjugated systems leads to a decrease
of the highest occupied molecular orbital-lowest unoccupied
molecular orbital gap and a corresponding red shift of
absorption spectra. However, in contrast to this expectation,
introduction of sulfur linkages intoR-oligothiophenes has
little effect on the absorption spectra in solution. It was found
that the compounds containing six double bonds (3, 4, 5,
andR-terthiophene) show very similar longest wavelengths
of absorption in CH2Cl2. Although introduction of sulfur
linkages leads to minor shifts and narrowing of the absorption
spectra, a dramatic blue shift in the emission spectra was
observed with increasing degree of ring fusion. The smaller
Stokes shifts observed in the fused-ring systems are consis-
tent with increased rigidity imparted by sulfur linkages.

To explore the optical properties of these oligomers in the
solid state, UV-vis experiments were performed. Solution
and solid-state spectra comparisons among these oligomers
are shown in Figure 2. Isomers1 and2, which differ only
in the position of the thieno[3,2-b]thiophene unit, have
comparable absorption maxima in solution. In the solid state,
the spectra of both isomers are blue shifted to differing
degrees. Compounds3, 4, and5 show similar behavior in
solution as well, but dramatic differences are observed in
their solid-state absorption spectra. Oligomers3 and5 display
blue shifted absorption spectra in the solid state compared
to solution, while the spectrum of4 is significantly broadened
and has major red shifted transitions (Figure 2). Clearly, there
is no simple connection between molecular structure and
perturbation of the optical spectra upon moving from solution
to the solid state even in this series of close analogues.

Two factors figure prominently in controlling the spectral
changes arising upon transition from solution to the solid
state: planarity and intermolecular interaction. Typically, the
backbone of conjugated oligomers and polymers becomes
more planar in the solid state, which leads to an increase in
the effective conjugation length and corresponding red shifts
of absorption spectra compared to solution. For example,
such behavior is observed in oligobithiazoles,19 poly(3-
alkylthiophene),20,21and poly(alkylthieno[3,2-b]thiophene).6

In contrast, the solid-state spectra of most thiophene-based
oligomers are blue shifted compared to solution (Figure 2)
signaling that additional intermolecular interactions play an
important role in determining the solid-state optical proper-
ties. For example, compounds1, 2, and 3, all of which
contain thieno[3,2-b]thiophene units, display large blue shifts
(41-48 nm) in the solid state suggesting H aggregation.22,23

When two interacting molecules have their long axes parallel
to each other, as illustrated in Figure 3, the coupling between
the transition dipoles leads to Davydov splitting of the excited
level into two exciton bands, in which the low-energy
transitions are forbidden.23 The small shoulders observed
experimentally in the solid-state optical spectra at relatively
long wavelength correspond to these low-energy transitions
(409 nm for1, 429 nm for2, and 384 nm for3 as indicated
in Figure 2). The major absorption bands in the solid state
correspond to the allowed high-energy transitions of interact-
ing molecules (Figure 3, H aggregation). This type of
aggregation is also found in nonfused oligothiophenes: the
absorption maxima ofR-quinquethiophene andR-sexithiophene
are blue shifted by 25 and 17 nm, respectively.24,25 In
addition, isomers1 and2 display different absorptionλmax,
indicating unequal Davydov splitting, which can be estimated
from the difference between the energies of the major band
and the low-energy shoulder: 3.75 eV (330 nm)- 3.03 eV
(409 nm)) 0.72 eV for1; 3.85 eV (322 nm)- 2.89 eV
(429 nm)) 0.96 eV for2.

For the case of dithieno[3,2-b:2′,3′-d]thiophene-based
compound4, although this oligomer shows a similar absorp-
tion maximum in solution (352 nm) when compared to3
and R-terthiophene, its solid-state absorption spectrum is
drastically broadened and has significant red shifted features
(Figure 2). The broadness of the solid-state spectrum can be
explained by positing the overlap of transitions due to
different types of intermolecular interactions. The blue shifted
absorption band (330 nm) of compound4 indicates H
aggregation of interacting molecules in the solid state. In
addition, compound4 displays prominent transitions at 372
and 400 nm, which are shifted to longer wavelength
compared to solution. Adoption of a more planar conforma-
tion in the solid state is one possible factor contributing to
the red shift of the spectra. However, density functional
theory (DFT) calculations do not indicate an increased
tendency toward deplanarization in this molecule when
compared to other oligomers (see Supporting Information).
This suggests that the large bathochromic shift is mainly
caused by J aggregation of adjacent molecules in the solid
state wherein molecules present head-to-tail alignment (stag-
gered) as shown in Figure 3.22,23 The low-energy transition
is allowed for this type of aggregate, which leads to a red
shift of the absorption spectrum. Thus, compound4 exhibits
both H and J aggregation in the solid state as revealed by its
absorption spectrum.
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Figure 1. Chemical structures of the fused-ring oligothiophenes investi-
gated.
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Introduction of another sulfur linkage leads to production
of fully fused pentathienoacene (5).8 The shift between the
solid-state and solution spectra of this rigid molecule is less
dramatic compared to other oligomers. A considerably
smaller blue shift (∆λmax ) 13 nm) is observed, consistent
with H aggregation and a smaller splitting of the excited
level than in thieno[3,2-b]thiophene-based oligomers (1, 2,
and3).7

Solid-State Structures of Oligomers

To understand the correlation between optical properties
and intermolecular interactions in the solid state, the crystal
structures of compounds1-5 were determined. In close
analogy to pentacene,26 compound1 crystallizes in the
triclinic space groupP1h with two symmetry-independent half

molecules per unit cell residing on inversion centers. The
structure of symmetrical compound1 is planar as shown in
Figure 4. The orientationally disordered structure of the fused
thieno[3,2-b]thiophene unit,27 due to the similar sizes of S
and C-H, has previously been observed.28 This compound
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Figure 2. Normalized solid-state (blue) and solution (red) absorption spectra overlays for compounds1-5.

Figure 3. Electronic transitions in different dimeric aggregates: H
aggregation (low-energy transition is forbidden) and J aggregation (low-
energy transition is allowed).22,23

Figure 4. (a) Herringbone packed dimer and (b) packing motif of
compound1.
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adopts an edge-to-face (herringbone) packing motif (Figure
4). The C-H‚‚‚π interactions between the C-H of thieno-
[3,2-b]thiophene units and the quaternary carbon of the
thiophene ring connect inequivalent molecules together with
an interplanar angle of 59°. Isomer2, in which a thieno-
[3,2-b]thiophene ring is joined to a bithiophene unit, crystal-
lizes in the P21 space group and has two inequivalent
molecules per unit cell. The structure of this unsymmetrical
compound is slightly curved in contrast to that of1 (Figure
5), and this conformation could contribute to a blue shift of
the major band in its solid-state spectrum. However, DFT
calculations do not indicate significant changes in the
electronic transitions of2 when comparing the curved and
planar conformations (see Supporting Information). This
suggests that the difference in solid-state absorption spectra
is due to intermolecular interactions. Compound2 adopts a
herringbone-packing motif with a more acute interplanar
angle (52°) between two interacting molecules than in
compound 1 (Figure 5). The two edge-to-face packed
molecules have the thieno[3,2-b]thiophene units pointing to
different directions; thus, no close S‚‚‚S contacts between
fused rings of herringbone-packed pairs are observed. C-H‚
‚‚π interactions exist between a C-H of the outer thiophene
ring and two carbons of the thieno[3,2-b]thiophene portion
of two closely packed molecules. In this packing motif, the
two long axes of interacting molecules are perfectly aligned
with each other, whereas the herringbone-packed dimers are
slightly slipped in compound1 (Figures 4 and 5). The aligned
molecules allow strong dipolar interactions, which lead to a
larger Davydov splitting and a blue shift of the major
absorption band in compound2 relative to1. Introduction
of another thieno[3,2-b]thiophene unit leads to little change
of structural arrangement. Bithieno[3,2-b]thiophene (3) packs
with a very similar structure as1. It crystallizes in theP1h
space group with two symmetry independent molecules per
unit cell, and the two thieno[3,2-b]thiophene units are strictly
coplanar with respect to each other. It also adopts a
herringbone-packing motif as shown in Figure 6. C-H‚‚‚π
interactions exist between the thieno[3,2-b]thiophene units
of interacting molecules. Therefore, these thieno[3,2-b]-
thiophene-containing oligomers (1, 2, and 3) all adopt
herringbone packing motifs. In such arrangements, molecules
tend to pack with their long axes parallel to each other,
consistent with the arrangement of H aggregated molecules

(Figure 3). This leads to the blue shifts in solid-state
absorption spectra, a phenomenon that has been reported in
nonfused R-oligothiophenes adopting herringbone pack-
ing.11,29

Dithieno[3,2-b:2′,3′-d]thiophene-based compound4 packs
in a strikingly different manner than the thieno[3,2-b]-
thiophene-based oligomers. It crystallizes in thePca21 space
group and has two inequivalent molecules per unit cell, which
have slightly different interplanar angles (3 and 4°) between
the thiophene and the dithieno[3,2-b:2′,3′-d]thiophene ring.
One short S‚‚‚S contact of 3.49 Å exists only between the
fused dithieno[3,2-b:2′,3′-d]thiophene units of translationally
related molecules. The packing arrangement of oligomer4
contains edge-to-face packed dimers with an interplanar angle
of 46°. Close interactions exist from one C-H of the
nonfused thiophene ring to a carbon and sulfur of a dithieno-
[3,2-b:2′,3′-d]thiophene unit in an inequivalent molecule. The
edge-to-face packed dimers have their long axes parallel to
each other, which induces the formation of H aggregates and
causes blue shifting of the major band of the solid-state
spectra compared to solution. The structure of4 also contains
π-π interactions between pairs of herringbone-packed
dimers. These two interacting molecules are slipped and
angled (16°) with dithieno[3,2-b:2′,3′-d]thiophene units
pointing in the same direction. Theπ-π interaction exists
between the outer ring of the dithieno[3,2-b:2′,3′-d]thiophene
of one molecule and the inner ring of another molecule with
a close C‚‚‚C distance of 3.25 Å. This slippedπ-stacked
arrangement resembles J aggregation (Figure 3), which leads
to low-energy (red shifted) transitions in the solid-state
absorption spectrum. In this case, introduction of one
dithieno[3,2-b:2′,3′-d]thiophene unit leads to a solid-state
packing pattern having both herringbone andπ-stacked
properties. Overlap of transitions from interacting molecules
with different types of packing results in a broad solid-state
absorption spectrum.

The fully fused oligomer5 displays a different solid-state
structure compared to other oligomers (Figure 8). It crystal-
lizes in thePnma space group with one molecule in the
asymmetric unit.8 The backbone of this fully fused oligomer
is rigidly planar. The molecules are held together by an
extensive network of S‚‚‚S contacts. In a given molecule,

(29) Fichou, D.Handbook of Oligo- and Polythiophene; Wiley-VCH:
Weinheim, 1999.

Figure 5. (a) Herringbone packed dimer and (b) packing motif of
compound2.

Figure 6. (a) Herringbone packed dimer and (b) packing motif of
compound3.
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the central sulfur is bis-chelated by S‚‚‚S interactions with
two pentathienoacene molecules through the second and
fourth thiophene rings. In addition, the second and fourth
rings also contact the first and the fifth thiophene rings. No
close C-H‚‚‚π interactions are observed. It adopts a face-
to-face (π-stacked) packing motif along thec axis with
π-stacked molecules slightly slipped at a closeπ-π distance
of 3.52 Å. In this face-to-face arrangement, the two interact-
ing molecules have their long axes parallel to each other,
which leads to H aggregation and a blue shift of the
absorption spectrum in the solid state. This general packing
motif is also observed in the compound with four fused
thiophene rings.30

From crystal structures of compounds1-5 as well as those
of nonfused oligothiophenes, it appears that introduction of

sulfur linkages into oligothiophenes favors a transition from
a herringbone to aπ-stacked packing mode. This change in
packing leads to the different behavior in the solid-state
absorption spectra compared to solution.

Calculations

The influence of intermolecular interactions on the solid-
state spectra was investigated through computation. Time-
dependent density functional theory (TDDFT) is a reliable
method to predict electronic transitions of conjugated oli-
gomers.31,32 Calculations using this method at the B3LYP/
6-31G* level on isolated oligomers3, 4, and 5 predict
electronic transitions at 351.3, 352.7, and 342.0 nm, respec-
tively (Table 1), which are in excellent agreement with the
experimental data acquired in solution (350 nm for3, 352
nm for 4, and 357 nm for5). In addition, the electronic
transitions of nearest neighbor dimers were computed to
determine if these intermolecular interactions could account
for the alteration of the absorption spectra upon moving from
solution to the solid state. The calculated perturbations on
the electronic transitions after introducing a second molecule
are different for each packing arrangement (Table 1). For
the thieno[3,2-b]thiophene based oligomer3, the her-
ringbone-packed dimer displays an 18.8 nm blue shift of the
major transition band compared to the isolated molecule. This

(30) Mazaki, Y.; Kobayashi, K.J. Chem. Soc., Perkin Trans. 21992, 761-
764.

(31) Bauernschmitt, R.; Ahlrichs, R.Chem. Phys. Lett.1996, 256, 454-
464.

(32) Casida, M. E.; Jamorski, C.; Casida, K. C.; Salahub, D. R.J. Chem.
Phys.1998, 108, 4439-4449.

Figure 7. (a) Herringbone packed dimer, (b) slippedπ-stacked dimer, and (c) packing motif of compound4.

Figure 8. (a) π-Stacked dimer and (b) packing motif of compound5.
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indicates that the herringbone-packing motif corresponds to
the formation of H aggregates and leads to a blue shift of
the absorption spectrum. In the case of dithieno[3,2-b:2′,3′-
d]thiophene-based oligomer4, the herringbone-packed dimer
and the slippedπ-stacked dimer were each individually
examined and compared to the isolated molecule. For the
herringbone-packed dimer, the calculated major electronic
transition (346.4 nm) is blue shifted compared to that of the
isolated molecule (352.7 nm) whereas the slippedπ-stacked
dimer has a calculated major electronic transition band at
350.4 nm. In addition, there are two prominent new transi-
tions (360.5 and 373.3 nm), which are red shifted compared
to the isolated molecule. Thus, this slippedπ-stacking
interaction causes a red shift of the solid-state absorption
spectrum. Because compound4 has both aggregation modes
in the solid state (Figure 7), a relatively complicated and
broadened solid-state absorption spectrum is observed.
Introduction of another sulfur linkage leads to the fully fused
oligomer5. The calculatedλmax of a cofacial dimer is 11.9
nm blue shifted compared to the isolated molecule, which
is very close to the experimentally observed shift of 13 nm.
Therefore, the computational results, based only on consid-
eration of the closest dimers,33 support the hypothesis that
the intermolecular interactions caused by different packing
motifs result in the different behavior in the solid-state
absorption spectra.

Conclusion

The solid-state properties of a series of fused-ring olig-
othiophenes, differing in the number and position of sulfur

linkages, were investigated. It was found that although ring
fusion has little effect on the absorption spectra in solution,
dramatic changes occur in the solid-state spectra as a result
of intermolecular interactions. To understand these phenom-
ena, the solid-state structures of compounds1-5 were
studied by X-ray diffraction, and the electronic transitions
of isolated and closely interacting molecules were calculated
by TDDFT methods. The herringbone packing of thieno-
[3,2-b]thiophene-based oligomers (1, 2, and 3) causes
formation of H aggregates and leads to a corresponding blue
shift in the solid-state absorption spectra. For oligomer4,
the solid-state spectrum is broadened and contains red shifted
features because the interacting molecules form both H and
J aggregates in the solid state caused by herringbone and
slipped π-π interactions, respectively. The fully fused
oligomer5 displays a relatively small blue shift in its solid-
state spectrum and adopts aπ-stacked packing motif. Overall,
a series of structurally related thiophene-based oligomers with
similar inherent electronic properties exhibit dramatically
different solid-state behavior. This is a result of the varying
intermolecular interactions, and these differences will affect
charge transport in the solid: a critical issue for organic
semiconducting materials.

Experimental Section

Solid-State UV-Visible Absorption Measurement. UV-
visible absorption spectroscopy was performed on a CARY 300
Bio UV-visible spectrophotometer. The films of compounds1-3
and5 were prepared by drop casting CH2Cl2 solutions onto quartz
slides at room temperature. After taking the solid-state spectra, the
films were dissolved in CH2Cl2, and their UV-visible spectra were
compared to the freshly prepared solution; identical spectra were
observed indicating no decomposition took place. Polymorphism
observed in films of4 necessitated an alternative method of
collecting the solid-state UV-visible spectrum corresponding to
the crystal structure. Measurements were performed by dispersing
1.3 wt % of crystals in a KBr matrix formed into an optically clear

(33) Interactions beyond the nearest neighbor and inclusion of more than
one neighboring molecule are undoubtedly important in explaining
the quantitative changes in the spectra. Preliminary calculations using
a close-packed trimer of5 extracted from the crystal leads to an
additional blue shift of 4.3 nm. Examination of the end-to-end dimer
finds a red shift (4.9 nm) whereas a side-to-side dimer yields a blue
shift (4.8 nm).

Table 1. Calculated Electronic Transitions of Oligomers 3, 4, and 5

a The closer interacting dimer was calculated for compound3.
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pellet at high pressure. The data were collected in absorption mode
using a KBr blank for baseline subtraction. For all other compounds,
powder X-ray diffraction data of the drop-cast films showed several
peaks corresponding to the pattern simulated from their crystal
structures.

Single-Crystal X-ray Diffraction. 34 Crystals of compounds1,
3, and4 for X-ray analysis were grown by slow evaporation from
benzene for1 and3 and 2-propanol for4. Crystals of compound2
were grown upon cooling of a saturated DMSO solution. For
compounds1, 2, and4, data collection was performed on a Siemens/
Bruker SMART 1K system (λ ) 0.710 73 Å). For compound3,
data was collected at the Small-Crystal Crystallography Beamline
11.3.1 at the Advanced Light Source (ALS;λ ) 0.775 00 Å). For
all samples, a series of frames sufficient to cover the entire
diffraction sphere with additional frames for good multiplicity of
observations (redundancy) was performed by scans inω and æ.
The frames were integrated using Saint Plus, processed with
SADABS, and corrected for absorption. All structure solution and
refinement was performed using the SHELXTL program package.
With the exception of3 the structures are highly disordered
exhibiting a superposition of sulfur and carbon positions. This type
of disorder is common in oligiothiophene-type structures.28 Because
the primary interest in this study was the packing interactions which
are largely unaffected by the disorder, the structures are reported
here. However, many of the carbon-sulfur and carbon-carbon
geometries are a statistical average of the mixed occupancies. A
summary of the crystallographic parameters is given in the
Supporting Information. Additional details are provided in the
Supporting Information as CIF files.

Calculations. The electronic transitions of isolated molecules
and dimers were computed using the TDDFT method at the B3LYP/
6-31G* level as implemented in Gaussian 03.35 The computed
structures of compounds4 and5 were exported from their crystal
structures. The bonds to H atoms were optimized by the AM1
method. Because the structure of bithieno[3,2-b]thiophene (3)
contains one orientationally disordered thieno[3,2-b]thiophene unit,

the disordered atoms (S and C-H) were assigned to give the lowest
energy conformation with respect to the nondisordered thieno[3,2-
b]thiophene ring. The bonds to the disordered S and C atoms and
H atoms were optimized by the AM1 method.
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