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Solution-processable bulk heterojunction (BHJ) solar cells
offer a promising technology for solar energy conversion
because of their low-cost fabrication, light weight, and
potential use in large-area flexible devices. Most of the
research in the field of organic photovoltaics (OPVs) has been
focused on developing solar cells with a conjugated polymer
(CP) as a donor compound. The ability of a polymer/fullerene
acceptor blend to form a bicontinuous interpenetrating
nanoscale network which provides efficient exciton dissocia-
tion and charge transport[1] has made polymeric donors the
most promising materials for photovoltaic devices. At present
the best solar cells with this type of donor exhibit power
conversion efficiencies (PCE) of 8–9%,[2] which is close to the
desired 10 % PCE milestone.[3]

In spite of their superior film-forming properties, poly-
meric materials suffer from molecular weight polydispersity,
end group variation, and batch reproducibility. Small-mole-
cule donors and oligomers with well-defined structures, on the
other hand, offer the advantage of creating materials from
monodisperse compounds with completely reproducible
properties. Small molecules are more prone to self-assemble
into ordered domains, thus yielding high charge-carrier
mobility of the material and improved performance of OPV
devices.[4] At present the best solution-processable BHJ solar
cells having small-molecule donors demonstrate PCEs of
4–6.7% for molecules having a narrow HOMO–LUMO
gap.[5] One major advantage of small molecules over polymers
is their superior levels of crystallinity, and there is great
interest in new strategies for directed self-assembly. Oligo-
thiophenes have been actively investigated as conjugated
materials for electronic devices[6] but they usually exhibit
wider band gaps than polymers and show lower performance
in OPV devices. The processing of oligothiophenes has
generally favored evaporation techniques for unsubstituted
derivatives as a means of obtaining higher order in the
deposited films. For example, whilst it is possible to exceed
2% efficiency in solar cells fabricated by the vacuum
deposition of sexithiophene and C70,

[7] a solution-processed
cell with a blend of a,w-dihexylsexithiophene/PC61BM ([6,6]-

phenyl C61-butyric acid methyl ester) has a PCE of only
0.01%.[8]

One method for improving OPV performance is to
increase the dimensionality of the donor molecules through
self-assembly to match it with the intrinsically three-dimen-
sional (3D) character of intermolecular interactions in the
fullerene acceptor phase. The increased dimensionality of
star-shaped systems has been the subject of intense research
in the last decade.[9] The effect of extending the dimension-
ality of the donor molecule upon OPV performance was first
exploited by Roncali and co-workers.[10] By switching to
a tetrahedral star-shaped silicon-centered system (SI1; see
Chart S1 in the Supporting Information), with an absorption
cut-off of l = 440 nm, they achieved a PCE of 0.3%.[11]

Recently, a similar 3D system (SI2) has been used in
solution-processed solar cells with PC71BM and demonstrated
a PCE of 1.4%.[12] With the same acceptor, a X-shaped
oligothiophene (SI3) has shown a PCE of 1.54%.[13] The most
pronounced effect of extending dimensionality upon OPV
performance was achieved by using a dendrimeric oligothio-
phene (SI4) and PC61BM which yielded an efficiency of
1.7%.[14]

Although the 3D architectures of the aforementioned
oligothiophenes provide motifs for the most isotropic charge-
transporting properties, the most efficient aggregation can be
achieved from two-dimensional (2D) p–p stacking in mutu-
ally orthogonal directions. An example of such a stacking
interaction was demonstrated earlier in the crystal structure
of 2,6-bis-(4-hexylthiophen-2-yl)-benzo[1,2-d;4,5-d’]bisthia-
zole (1; Scheme 1), wherein assembly in the third dimension
and the origin of an orthogonal arrangement has been
provided by noncovalent sulfur–nitrogen interactions[15] (Fig-
ure 1a). Fixing such a cruciform arrangement of two mutually
orthogonal conjugated backbones by covalent bonding would
create a much more stable tecton for such supramolecular
assembly and provide the possibility for electronic conjuga-
tion between the arms within the molecule. Spiro-centered X-
shaped systems or other types of cruciforms[16] seem to be
ideal structures for this. Cruciform conjugated oligomers
having a C or Si spiro center are usually considered to be two
independent oligomers with no electronic communication,
although some conjugation is possible [e.g., in 9,9’-spiro-
bifluorene and 9,9’-spirobi(9-silafluorene)]; if the terminal pp-
atomic orbitals around the spiro center in each of the two
orthogonal conjugated systems are antisymmetric to one
another,[17] the value of the coupling is higher for the more
compact carbon spiro center.[18]

Recently, we reported the synthesis of a monodisperse
hybrid compound bearing two septithiophene fragments
bridged with a fused tetrathiafulvalene (TTF) unit (2 ;
Scheme 1), which exhibits complex redox behavior and can
be oxidized up to the octacation.[19] The end-capped oligo-
thiophene 3 having a fused dithiolone unit is similar to that of
4, which was used for the synthesis of compound 2. Both
compounds can be used as synthetic equivalents of dinucleo-
philic synthons for constructing a series of spiro structures
with the sulfur handles providing space separation of the two
conjugated backbones and the possibility for spiro conjuga-
tion.

[*] Dr. I. A. Wright, Dr. A. L. Kanibolotsky, J. Cameron, Dr. T. Tuttle,
Prof. Dr. P. J. Skabara
WestCHEM, Department of Pure and Applied Chemistry
University of Strathclyde, Glasgow G1 1XL (UK)
E-mail: peter.skabara@strath.ac.uk

Dr. A. L. Kanibolotsky
Institute of Physical-Organic Chemistry and Coal Chemistry
83114 Donetsk (Ukraine)

Dr. S. J. Coles
School of Chemistry, University of Southampton
Highfield, Southampton, SO17 1BJ (UK)

C. T. Howells, S. A. J. Thomson, Dr. S. Gambino,
Prof. Dr. I. D. W. Samuel
Organic Semiconductor Centre, SUPA, School of Physics &
Astronomy, University of St Andrews
St Andrews, KY16 9SS (UK)
E-mail: idws@st-and.ac.uk

[**] The authors thank the EPSRC for funding.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201109074.

Angewandte
Chemie

4641Angew. Chem. 2012, 124, 4640 –4645 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de



For efficient charge transport, the conjugation between
the two orthogonal backbones in a spiro system is of great
importance. In contrast, for efficient intermolecular interac-
tions the two conjugated parts of the cruciform should be
separated from each other by a sufficient distance. Taking this
into account, Ge has certain advantages over C or Si as spiro
centers. It gives better spatial separation of oligomers in the
spiro structure and has a full d-shell which might participate in
spiro conjugation. Since the first synthesis of bis(dithiolate)
compounds with Si, Ge, Sn, and Pb spiro centers in 1966,[20]

only a few examples of bis(dithiolate)germanium(IV) have
been reported,[21] including the fused spirobi-
[(1,3,2)dithiagermole] TTF system 5.[22] To the best of our
knowledge, no such materials have been studied in organic
electronic applications.

With the above in mind we synthesized the fused spirobi-
[(1,3,2)dithiagermole]quinquithiophene system 6 by treating
dithiolone 3 with sodium methoxide and reacting the resulting
sodium dithiolate with germanium (IV) bromide. The full

synthetic procedures and characterization
for all new compounds are given in the
Supporting Information. Compounds 3 and
6 have been studied by cyclic voltammetry
and absorption spectroscopy. The hole
mobility has been determined for these
compounds by charge-generation layer
time-of-flight (TOF) measurements. The
structure of 6 was investigated by single-
crystal X-ray analysis (CCDC 853611), and
photovoltaic devices were fabricated using
blends of compound 6 with PC71BM.

Cyclic voltammetry revealed one rever-
sible and one quasireversible oxidation
wave for the oligothiophene 3 (Table 1),
and corresponds to the formation of
a cation radical and dication, respectively.
Upon oxidation, compound 6 showed three
quasireversible waves and one irreversible

wave (Table 1, and Figure SI4a in the Supporting Informa-
tion), which could be attributed to sequential transitions to
the cation radical (6+C), bis(cation radical) (6+C ,+C), cation
radical/dication (6+C ,2+), and bis(dication) (62+,2+). Com-
pounds 3 and 6 both gave one irreversible reduction wave.

The large decrease in the energy level of the LUMO in
going from oligothiophene 3 to 6, together with a destabiliza-
tion of the HOMO, results in a greater than 1 eV discrepancy
between optically and electrochemically determined
HOMO–LUMO gaps for the cruciform 6. The optically
measured HOMO–LUMO gap represents exclusively the
p!p* transition of the quinquithiophene chain, so the
observed electrochemistry suggests that the Ge spiro center
is an electroactive subunit within the parent compound:
whilst the difference in HOMOs between both compounds
could be due to substituent effects (carbonyl versus Ge), the
large variance in the LUMOs points towards the Ge center as
a contributing redox site for reduction.

Previously it has been suggested that conjugated cruci-
form oligomers are not prone to aggregation.[17,23] In contrast,

Scheme 1. Oligothiophenes 3 and 4 as starting compounds for constructing 2 and Ge
cruciform 6, and previously reported electroactive compounds 1 and 5.

Figure 1. Space-filling model of 2D p–p stacking for compounds 1 (a)
and 6 (b). The alkyl substituents and hydrogen atoms are omitted for
clarity. c) Schematic representation of intermolecular interactions for
compound 6. Green: GeS4 spiro center, red: oligothiophenes which
stack in a vertical direction with an interplanar distance of 3.417 �,
blue: quinquithiophenes with a stacking distance of 3.704 � in the
horizontal direction.

Table 1: UV absorbance and electrochemical properties of compounds 3
and 6.

lmax

[nm]
HOMO–LUMO[a]

[eV]
HOMO[b]

[eV]
LUMO[b]

[eV]
Eox

[V][c]
Ered

[V]

3 435 2.44 (2.33) �5.21 �2.88 0.52/0.47
0.66/0.59

�2.03

6 430 2.47 (1.36) �5.00 �3.64 0.29/0.25
0.44/0.34
0.70/0.64

1.14

�1.49

[a] HOMO–LUMO gap was calculated from the absorption onset; the
electrochemical gap is shown within parentheses and was calculated as
the difference between the HOMO and LUMO levels given in the next
two columns. [b] HOMO (LUMO) level was found from the onset of
oxidation (reduction) and referenced to Fc/Fc+. [c] In the case of
reversible (quasireversible) oxidation the position of the peak in the
anodic/cathodic cycle is given.
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the Ge cruciform exhibited distinct signs of aggregation
similar to those observed earlier for hybrid TTF/oligothio-
phene compounds.[19, 24] To disrupt aggregation in solution
(e.g., for solution state NMR experiments and solution
processing), it was necessary to add a small amount of CS2.

Crystals of compound 6 suitable for X-ray analysis were
grown by slow liquid diffusion of ethanol into a CH2Cl2/CS2

(3:1) solution. Figures 1a and b show the 2D stacking in the
crystals of compounds 1 and 6, respectively. For the latter, the
crystal structure revealed two types of stacking interactions.
The oligothiophene of each cruciform molecule containing
a bithiophene unit in a syn-orientation within the central part
of the chain (see red plates with a small twist on one end;
Figure 1c) is involved in a stacking interaction with an
identical chain of another molecule. These two molecules
relate to each other by a center of symmetry, which means
that the other part of the cruciform (quinquithiophene
represented by blue vertical plates in Figure 1c) is located
on different sides from the site of the p–p stacking. These
quinquithiophenes stack in a second, perpendicular orienta-
tion with translation space symmetry. The interplane dis-
tances for these two types of stacking are 3.417 � and
3.704 �, respectively.

We applied computational methods to probe the effect of
the Ge cruciform center on the electronic properties of the
whole molecule. All structures were optimized using the B97-
D[25] functional as implemented in TURBOMOLE 6.3.1.[26]

Monomers were optimized using both def2-TZVP[27] and
def2-SVP basis sets,[27] whilst dimers and tetramers were
optimized using the def2-SVP basis set. These calculations
were carried out using the RI-J approximation,[28] whilst
optimizations on tetramer structures were also carried out
using MARI-J approximation.[29] NBO analyses were carried
out in Gaussian 09[30] by performing single-point energy
calculations on optimized structures using the M06L func-
tional[31] with the 6-31(d) basis set.[32]

The hexyl chain from the experimental system was
shortened to a methyl group in the computational model to
decrease the computational costs associated with the model.
The structure of the optimized monomer showed twists in the
quinquithiophene arms, whilst the structure obtained from
crystallographic data showed the arms of the cruciform to be
more planar. The twisting of the quinquithiophene arms in the
monomer structure is due to the ability of the arms to form
stabilizing intramolecular interactions with each other. How-
ever, these intramolecular interactions are relatively weak
when compared to the much stronger intermolecular p–p

stacking interactions that are available if the arms are
properly aligned when the monomers dimerize. Therefore,
the intramolecular destabilization (straightening of the quin-
quithiophene arms) that occurs when the monomers dimerize
is easily compensated for by the much stronger intermolec-
ular interactions formed in the complex. One aspect to note
from the monomer study is the partial occupancy of the
LUMO over the GeS4 central unit (see Figure SI6 and
Table SI1 in the Supporting Information), which supports
the surprisingly low reduction potential of 6 relative to that of
3. In addition, as a result of the symmetry of the orbitals the
degenerate LUMO + 1 orbital also shows delocalization over

the GeS4 unit (see Figure SI6 in the Supporting Information;
also shown are the degenerate HOMO and HOMO�1
orbitals). In this comparison it is important to remember
that the solution state CV of the substrate is representative of
the computational focus on the monomer unit as a non-
aggregating species.

The optimized dimer structure of the Ge cruciform
indicates that the vertical arms have a slight bend towards
the stacked arms to gain more favorable stacking interactions
(see Figure SI6 in the Supporting Information). While the
degeneracy of the LUMO and LUMO + 1 orbitals are
retained in the Ge cruciform dimer, the dimerization of the
cruciforms has the effect of perturbing the degeneracy of the
HOMO and HOMO�1 (Figure SI7). However, in a large
network of stacked cruciform species, it is unlikely that this
would occur as the vertical arms are also involved in stacking
with adjacent molecules. Nonetheless, the optimized dimers
provide a reasonable representation of the stacking inter-
action that stabilizes the formation of the extended cruciform
structure. The binding energy (DEb) for the dimer was
calculated at the B97-D/def2-SVP level of theory and was
found to be DEb = 52.1 kcalmol�1.

The binding energy represents the relative energy of the
dimer to the free monomers. However, as discussed in the
case of the monomers, the conformation of the free monomer
differs significantly from that observed in the extended
structure. Therefore, to determine the interaction energy
(DEint) between the monomer units within the network,
single-point energy calculations were performed on the
monomer units using their geometry obtained from the
dimer optimizations. The interaction energy calculated in this
way is increased relative to the binding energy because of the
decreased stability of the monomer units extracted from the
optimized dimers. The interaction energy of the Ge cruciform
is DEint = 63.0 kcal mol�1.

The optimized tetramer structure of the Ge cruciform
(Figure 2) is similar to the structure determined by crystal-
lography. The bending of the quinquithiophene arms present
in the optimized dimer structures is not present in the
tetramer structures because of the fact that there are stacking
interactions in two dimensions. There is very little difference
in binding energy (DE = 200.9 kcalmol�1) and interaction
energy (DE = 207.2 kcalmol�1) within the Ge cruciform

Figure 2. a) HOMO of Ge cruciform tetramer. b) LUMO of Ge cruci-
form tetramer.
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tetramer, which indicates an increased stability of the
monomer unit in the tetramer arrangement, relative to the
dimer.

The HOMOs of the tetramers (Figure 2a) show that
electron density is concentrated in the middle of the tetramer,
between two horizontally stacked quinquithiophene chains.
As in the case of the dimer, the aggregation of the cruciform
units results in a loss of degeneracy between the HOMO and
HOMO�1 orbitals, whereas the LUMO and LUMO + 1
orbitals remain degenerate (see Figure SI8 in the Supporting
Information). The LUMOs of the tetramers (Figure 2b), are
also very similar to each other, both situated on the vertically
stacked arms. This result again demonstrates that there is
some degree of charge transfer upon excitation, which may
yield good excimer diffusion through the material in two
dimensions.

In parallel, a computational study was carried out to
compare the properties of the Ge cruciform and an analogous
Si-centered structure to determine the effect of varying the
central atom with other group 14 elements. We found that the
closely related Si structure would also be worth synthesizing
and studying and our reasoning is explained in the Supporting
Information.

The effect of the stacking pattern on the mobility of holes
was measured by the charge-generation layer TOF technique.
TOF measurements measure charge mobility in the direction
perpendicular to the film, which is the direction most relevant
to solar cells. It was found that both the Ge cruciform 6 and its
precursor 3 show dispersive charge transport. The transient
photocurrent measured for 3 and 6 at an applied electric field
of 1.1 � 105 V cm�1 is shown on a log-log scale in Figure 3. The

transit time (of charges across the film) is determined from
the knee in the double log plots and found to be 9.3 ms for the
precursor 3, and 7 ms for 6. This leads to mobility values of
2.2 � 10�5 cm2 V�1 s�1 for the precursor 3 and 4.2 �
10�5 cm2 V�1 s�1 for 6. For compound 1 the transit time was
11 ms, thus giving a mobility of 6 � 10�6 cm2 V�1 s�1 (data not
shown).

These results show that the 2D stacking of 6 is beneficial
for charge transport. It is interesting to compare these results
with other mobility measurements in the direction perpen-
dicular to the film on related materials. Highly dispersive

charge transport has already been observed in the case of 2
and septithiophene 4,[19] thus leading to a mobility value of
1.2 � 10�6 cm2 V�1 s�1 for 4 and 2.5 � 10�6 cm2 V�1 s�1 for 2.[19]

The mobility of 6 is an order of magnitude higher than that
reported for sexithiophene,[33] and the same order of magni-
tude as that reported for poly(3-hexylthiophene).[34]

To demonstrate that the stacking structure is suitable for
organic electronic devices, we made BHJ solar cells contain-
ing the Ge cruciform 6 as the donor and PC71BM as the
acceptor. The device characteristics at different blend ratios
are presented in Chart S2 of the Supporting Information.
Compound 6 exhibited a maximum PCE of 2.26% for a 1:6
blend ratio. This result is very encouraging considering that 6
has a wide band gap, with an absorption onset of l = 502 nm.
It compares favorably with reports on sexithiophene solar
cells. Muhammad et al. recently reported a power conversion
efficiency of 0.01 % for a solution-processed sexithiophene-
based solar cell.[8] Sakai et al. obtained 2.38% efficiency in
a sexithiophene solar cell, but their device required fabrica-
tion by evaporation.[7] Hence our results show that the
cruciform not only gives improved mobility but also improved
performance of solution-processed solar cells. By reducing
the energy gap, whilst retaining the cruciform structure,
considerable improvements in efficiency can be expected.
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