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A bridged low band gap A—D-A quaterthiophene as
efficient donor for organic solar cellst

Frangois Baert,? Clément Cabanetos,® Antoine Leliege,® Eva Kirchner,? Olivier Segut,?
Olivier Alévéque,® Magali Allain,? Gijun Seo,” Sungyeop Jung,® Denis Tondelier,?
Bernard Geffroy,“ Jean Roncali,? Philippe Leriche® and Philippe Blanchard*?

a,w-Bis(dicyanovinyl)quaterthiophene 1 with a median 4,4-diethyl-4H-cyclopental2,1-b:3,4-b']-
dithiophene has been synthesized. UV-Vis absorption data show that the covalent bridging of the inner
2,2'-bithiophene leads to a significant reduction of the HOMO-LUMO gap essentially due to an increase
of the HOMO level as confirmed by electrochemical and theoretical results. X-ray diffraction analysis of
a single crystal of 1 shows that except for the out-of-plane ethyl groups, the conjugated system displays
a quasi-planar geometry while the molecular packing exhibits strong m-stacking interactions and
multiple short intermolecular contacts. Quaterthiophene 1 has been used as active donor material in
organic solar cells of various architectures including bi-layer planar hetero-junctions and hybrid co-
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Accepted 7th Novernber 2014 evaporated bulk hetero-junctions with Cgq as electron acceptor material. A maximum conversion
efficiency of 4.30% is obtained with a hybrid co-evaporated device. These results are discussed in terms

DOI: 10.1039/c4tc02212b of structure—properties relationships with reference to the open-chain parent a,w-bis(dicyanovinyl)

www.rsc.org/MaterialsC quaterthiophene 2.

Introduction

Small m-conjugated molecules containing electron-donating
and electron-accepting units are a focus of considerable current
interest as active donor materials in organic photovoltaics
(OPV).* Although solution-processed OPV cells based on low
band gap conjugated polymers have reached power conversion
efficiencies (PCE) in the range of 9.0% for single junction
devices,” discrete molecules present some advantages in terms
of reproducibility of synthesis and purification and analysis of
structure-properties relationships.™* While initial prototypes of
solution-processed molecular bulk hetero-junction (BH])
exhibited modest performance,* the field has rapidly progressed
and recently, several groups have reported PCE in the 7.0-8.0%
range by combining molecular donors of sophisticated design
with PC;;BM as acceptor and specific additives.>” In parallel,
OPV cells based on vacuum-deposited molecular donors have
also recorded considerable progress and PCE of 6.0-7.0% have
been reported for multi-layer planar hetero-junction (PHJ) cells
combining molecular donors and Cg, or C, as acceptor.®**° An
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interesting advantage of vacuum-deposited PH]J cells is that the
absence of solubility requirements allows the design of simpler
donor structures of lower molecular weight that are generally
more stable than their soluble versions.

Oligothiophenes (nTs) have been widely used as p-type
organic semiconductors in organic (opto)electronics devices
such as OFETs, OLEDs and OSCs."*** While the maximum PCE
of cells based on pure nTs has remained at a modest level for a
long time,**” a PCE of 1.50% was recently reported for a hybrid
co-evaporated cell with 6T as donor, Ce, as acceptor and an
exciton-blocking buffer layer.*®

Biuerle, Leo and co-workers have intensively investigated
various series of nTs end-capped with electron-accepting
dicyanovinyl (DCV) groups as donor materials in multi-layer
PHJ cells prepared by vacuum-process.” In particular they
analyzed the effects of alkyl substituents on various series of
DCV-end-capped nTs and highlighted the key role of the
number and position of short alkyl groups on the crystallo-
graphic structure and OPV performance of the donor material.
Thus, a highest PCE of 6.90% has been reported for an opti-
mized multi-layered cell with a 5T with a median 3,4-dime-
thylthiophene unit.’

Quaterthiophene (4T) has been identified as an interesting
p-type organic semiconductor already in 1990.>° In fact, together
with other short-chain oligothiophenes,* 4T could represent
an interesting starting point for the design of OPV
materials combining low molecular weight and structural
simplicity.*?*

This journal is © The Royal Society of Chemistry 2015


http://crossmark.crossref.org/dialog/?doi=10.1039/c4tc02212b&domain=pdf&date_stamp=2014-12-09

Paper

Chartl Molecular structures of the target compound 1 and the open-
chain reference compound 2.

We have extensively investigated the rigidification of -
conjugated thiophene-based systems by covalent bridging and
demonstrated that this approach represents a powerful tool for
the control of their electronic properties.”® Recently the exten-
sion of this approach to the electron-withdrawing end-group of
small push-pull molecular donors has shown to significantly
improve their performance in OPV cells.*

In this work, we report on the synthesis and characterization
of a DCV-end-capped 4T in which the inner 2,2’-bithiophene
block is rigidified by covalent bridging (1) (Chart 1). Note that
quaterthiophene derivatives with similar structures have been
previously reported as active materials for n-type organic field-
effect transistors® and OPV.?® The optical, electrochemical and
thermal properties of titled compound 1 have been investigated
and the crystallographic structure of a single crystal has been
analyzed. The potential of compound 1 as donor material has
been evaluated stepwise, as already reported,” first on vacuum-
processed bi-layer PHJ and then on co-evaporated BH]J using Ceo
as acceptor. The results are discussed in terms of structure-
properties relationships using the open-chain compound 2 as
reference.

Results and discussion

The reference compound 2 (ref. 19b) and 4,4-diethyl-4H-cyclo-
penta[2,1-b:3,4-b']dithiophene 3 (ref. 28) were prepared
according to the literature. The two short ethyl chains of 3 were
introduced to increase the solubility of the target compound 1
while still allowing intermolecular interactions. The synthesis
of 1 is described in Scheme 1. Lithiation of 3 with n-butyllithium
and subsequent quenching with trimethylstannyl chloride gave
the bis(stannyl) reagent 4. A twofold Stille cross-coupling® with
2-((5-bromothiophen-2-yl)methylene)malononitrile 5 (ref. 19c)
led to the target compound 1. However, as shown by mass
spectrometry, this compound contains traces of a sexithiophene
homologue by-product difficult to separate and resulting from
an undesired homocoupling reaction of 4 followed by a double
Stille reaction with 5. In order to circumvent this problem,
we used an alternative route based on the Stille coupling of
5-bromothiophene-2-carbaldehyde 6 with 4. In that case, the
sexithiophene by-product is separated by column chromatog-
raphy and the bis-aldehyde product 7 is obtained in 87% yield.
Finally, a Knoevenagel condensation of 7 with malonodinitrile

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Synthesis of compound 1. Reagents and conditions: (i) n-
Buli (2.5 eq.), MesSnClL (2.5 eq.), THF, —78 °C (96%); (ii) Pd(PPhs),4 (0.05
eq.), DMF, 80 °C; (i) Pd(PPhz)s (0.05 eq.), DMF, 80 °C (87%); (iv)
CH,(CN); (3 eq.), EtzN (0.1 eq.), CHCls (94%).

yielded the target compound 1 (93%). The presence of the two
ethyl chains on compound 1 significantly increases its solubility
compared to 2 thus allowing its purification by column
chromatography.

Single crystals suitable for X-ray diffraction were grown by
the slow evaporation of a CHCI; solution of compound 1. The
later crystallizes in the triclinic space group P1 with one inde-
pendent molecule of 1 and one independent molecule of CHCl;
per asymmetric unit (see ESI, Table S1, Fig. S7-S9%). Fig. 1
shows that the two terminal thiophene rings of 1 adopt two
different conformations, syn or anti, relatively to the central
bridged unit with the DCV units pointing toward opposite
directions with respect to the main axis of the 4T backbone. As
generally observed, the DCV groups adopt a cis conformation
relatively to the sulphur atom of their vicinal thiophene
unitS.IQb,Ztlb

Except for the two ethyl chains of the methylene bridge
perpendicularly to the main molecular plane, molecule 1 is
almost planar with a 0.03 A RMS deviation from planarity. As
expected, the bridged bithiophene core is fully planar. A slight
deviation from planarity results from a small dihedral angle
C12-C13-C14-C15 of 5.6° between the bridged core and the
terminal thiophene unit in syn conformation whereas a dihe-
dral angle C3-C4-C5-C6 of 1.1° is observed for the thiophene
ring in anti conformation.

J. Mater. Chem. C, 2015, 3, 390-398 | 391
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Fig. 1 ORTEP views of compound 1 with ellipsoids drawn at 50%
probability level.

Fig. 2 shows that molecules 1 are regularly stacked along the
a axis with a parallel orientation and a head-to-tail arrangement
with respect to the diethyl chains. The short mean intermolec-
ular distances inside the column d; = 3.577 A and d, = 3.541 A
are consistent with a compact packing associated with w-m
stacking interactions. Detailed analysis of the structure reveals
multiple S---S distances shorter than twice the van der Waals
radius of sulphur (3.70 A). For instance the sulphur atoms of the
bridged blocks in a stack are distant of 3.600(1) A (ds,_sy) and
3.646(1) A (ds3_s3). On the other hand, an intermolecular S---S
distance dg,_s of 3.650(1) A is observed between a sulphur
atom of a bridged bithiophene and a terminal thiophene.
Molecules 1 form an almost layered structure approximately in
the bc plane. Indeed, molecules 1 are nearly coplanar with small

Fig.2 Molecular packing of molecules 1 along the a axis showing the
mean intermolecular distances (d; = 3.577 A and d, = 3.541 A) and
S---S contacts (green and red dashed lines) shorter than the sum of van
der Waals radii of sulphur atom (3.70 A) inside a column. The offsets of
coplanarity between neighbouring molecules (ds = 0.531 A and d, =
0.496 A) are also indicated. (CHCls molecules have been omitted for
clarity).

392 | J Mater. Chem. C, 2015, 3, 390-398
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offsets of coplanarity of d; = 0.531 A and d, = 0.496 A between
neighbouring molecules of different columns.

The view in the bc plane shows the overlap of two neigh-
bouring molecules in the stack (Fig. 3). Again, a head-to-tail
organization is clearly apparent. Two consecutive molecules of a
column are slightly shifted along and perpendicular to the main
molecular axis so that the two related bridged units do not
overlap perfectly although short S---S intermolecular contacts
exist as already mentioned. Overlaps between terminal thio-
phene rings and DCV units are observed with some short
intermolecular C---C distances (dgs_coy = 3.759(6) A, da-car =
3.590(6) A and dcs_cry = 3.590(7) A) in agreement with the
existence of -7 stacking. It is worth noting that the perpen-
dicular orientation of the two ethyl chains relatively to the plane
of the conjugated system does not prevent close molecular
packing thus allowing intermolecular electronic coupling in the
stacks.

C-H---N hydrogen bonding interactions are represented in
Fig. 4. In fact, short intermolecular N---H contacts are observed
between nitrogen atoms of the DCV nitrile group and vinylic
hydrogen atoms of DCV (dnz-ms = 2.732(7) A and day-iin
2.398(6) A) or thiophenic hydrogen atoms of the bridged
bithiophene (dy;_111» = 2.480(6) A). Such hydrogen bonding

Fig. 3 Overlap of molecules 1 viewed in the bc plane.

This journal is © The Royal Society of Chemistry 2015



Fig.4 Short N---H intermolecular contacts (red dashed lines) between
molecules of 1.

interactions consolidate the crystal packing in a 2D network as
observed for 2.""

The thermal properties of 1 have been analyzed by differ-
ential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). The first DSC trace shows a sharp endothermic
peak with an onset at 303 °C corresponding to the melting point
of 1 (Fig. S107). At higher temperatures, the DSC trace exhibits
an intense exothermic peak with an onset at 384 °C assigned to
the beginning of decomposition. The high thermal stability of 1
was confirmed by TGA which indicates a decomposition
temperature Ty, defined at 5% weight loss, of 368 °C in close
agreement with DSC data.

Thermal evaporation of 1 under vacuum readily affords
homogenous thin-films without any sign of decomposition as
confirmed by MALDI-TOF and UV-Vis analysis of a re-dissolved
film. Vacuum-deposited thin-films of 1 or 2 on glass at room
temperature with 15 nm or 80 nm thickness have been analyzed
by X-ray diffraction (XRD). In our conditions (see ESI}), the
absence of diffraction peaks, in each case, suggests the very low
degree of crystallinity of the films. The same behaviour has been
observed for 115 nm thick films of 1 and 2 vacuum-deposited on
ITO substrates recovered by PEDOT-PSS.

The electronic and electrochemical properties of 1 have been
analyzed by UV-Vis spectroscopy and cyclic voltammetry. The
absorption spectrum of compound 1 in CH,Cl, exhibits a broad
band extending from 450 to 700 nm attributed to a w-m* tran-
sition with an absorption maximum A, at 581 nm (Fig. 5, top).
Comparison with compound 2 shows that the bridging of the
central 2,2’-bithiophene block leads to a 65 nm bathochromic
shift of Amax, in agreement with a reduction of the HOMO-
LUMO gap, while the molar extinction coefficient ¢ increases
from 66 400 to 80 300 L mol~' cm™". The absorption spectrum
of a thin film of 1 evaporated on glass presents a 28 nm red shift
of Amax and a broadening of the absorption band compared to
the solution spectrum (Fig. 5, bottom). The well-defined
shoulder observed at ca. 660 nm is attributed to intermolecular
m-interactions in the solid state. Optical band gaps of 1.68 and
1.82 eV have been estimated respectively from the long wave-
length absorption edge of thin-films of 1 and 2. Consistently
with the results obtained in solution, the absorption
coefficient of the films increases from 1.59 x 10> cm ™" for 2 to
1.83 x 10°> em™* for 1.

Cyclic voltammetry was performed in CH,Cl, in the presence
of BuyNPF; as supporting electrolyte. The cyclic voltammogram
(CV) of 1 exhibits a first one-electron reversible oxidation wave
with an anodic peak potential Ep, at 0.64 V vs. Fe/Fc', associated

This journal is © The Royal Society of Chemistry 2015
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Fig.5 Absorption spectra of compound 1 (blue line) and 2 (pink line) in
CH,Cl, solution (top) and as films of 15 nm thickness evaporated on
glass (bottom).

to a stable radical cation, and a second irreversible oxidation
wave at Ep, at 1.21 V vs. Fe/F¢' (Fig. S11 and S127). An irre-
versible reduction wave is observed with a cathodic peak
potential (Ep) at —1.33 V. Comparison of the first standard
oxidation potentials of 1 and 2,"” shows that the bridging leads
to a significant negative shift from 0.84 V to 0.60 V associated
with an increase of the HOMO level, whereas no significant
change is observed on the reduction potential.

Theoretical calculations based on density functional
methods were performed with the Gaussian 09 program for
compounds 1 and 2.%*° Becke's three-parameter®* gradient-cor-
rected functional (B3LYP) with the 6-311G(d,p) basis set were
used to optimize their geometries and to compute their elec-
tronic structures at the observed minima. Except the two ethyl
chains perpendicular to the conjugated system, molecule 1
shows a planar structure with the two terminal thiophene rings
in an anti conformation relatively to the central bridged
bithiophene core and the two DCV moieties in syn conformation
relatively to the sulphur atom of the vicinal thiophene.

Fig. 6 compares the HOMO and LUMO energy levels of 1 and
2. The HOMO and LUMO of both molecules display typical
aromatic and quinoid characters, respectively, with a full

J. Mater. Chem. C, 2015, 3, 390-398 | 393
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Fig.6 HOMO and LUMO energy levels and their representations for 1
and 2 after optimization with Gaussian 09 at the B3LYP/6-311G (d,p)
level of theory.

delocalization on the whole m-conjugated backbone. The
bridging of 1 produces a significant increase of the HOMO level
(+0.23 eV) compared to 2, in full agreement with the CV results.
On the other hand, the LUMO level of 1 is increased by 0.06 eV.
These combined results lead to a 0.17 eV reduction of HOMO-
LUMO gap for the bridged system in agreement with optical
data.

The photovoltaic performance of compound 1 as donor
material for OPV has been evaluated on simple bi-layer PHJ cells
using Cgo as acceptor material (Fig. 7, top). Cells of 27 mm?®
active area were fabricated by successive thermal evaporations
of donor 1, 20 nm of Cgy, and 150 nm of aluminum on ITO
substrates pre-coated with a 40 nm layer of spin-cast PEDOT-
PSS (see ESIT). Table 1 lists the photovoltaic parameters of the
devices under AM 1.5 simulated solar illumination.

Comparison of the data of entries 1-3 shows that the
maximum values of the short-circuit current density (Js.) and
PCE values are obtained with a donor layer of 15 nm thickness
(d). This value could represent the best trade-off between the
absorbance of the donor layer, exciton diffusion and charge
collection.?” With this thickness, the best cell gives a Js. of
5.07 mA cm > and a PCE of 2.82% (Fig. 7, middle). Under
identical conditions, compound 2 gives a J,. of 1.74 mA cm >
and a PCE of 0.51%. The difference in Js. between compounds 1
and 2 can be related to the better absorption properties of 1
which is also observed on the external quantum efficiency (EQE)
spectra (Fig. 7, bottom). The very low fill-factor (FF) recorded for
2 could be related to both hindered charge transport within the
active layer and limited charge-transfer at the donor/electrode
interface maybe due to a larger extraction barrier related to the
deeper HOMO level of 2.%

It is worth noting that in the best conditions, the bridged
compound 1 leads to higher values of the open-circuit voltage
(Voc) and FF than compound 2. Based on the higher HOMO level
of the bridged donor, a decrease of V,. could have been expec-
ted.** In fact, such concomitant increase of V,,. and FF caused by
the covalent bridging of the donor has already been observed
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Fig. 7 Top: architecture of bi-layer PHJ solar cells. Middle: current
density vs. voltage curves of bi-layer PHJ cells ITO/PEDOT-PSS/1
(circles) or 2 (triangles) (15 nm)/Cgo (20 nm)/AL (150 nm) in the dark (in
black) and under AM 1.5 simulated solar light (80 mW cm™2) (in colour).
Bottom: external quantum efficiency of the best bi-layer PHJ cells
under monochromatic irradiation. Blue line: 1, pink line: 2.
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Table 1 Photovoltaic parameters of bi-layers donor/Ceo under AM 1.5 simulated solar illumination with an average power intensity of ca.

80 mW cm—2%?

Entry Donor d (nm) Vo (V) Jse (MA em™?) FF PCE (%)

1 1 10 0.85 (0.83) 4.00 (3.75) 0.44 (0.43) 1.89 (1.66)
2 1 15 0.97 (0.94) 5.07 (4.88) 0.45 (0.41) 2.82 (2.34)
3 1 20 0.95 (0.94) 4.19 (3.55) 0.39 (0.36) 1.92 (1.50)
4 2 15 0.88 (0.86) 1.74 (1.50) 0.25 (0.24) 0.51 (0.41)

“ General structure of the bi-layer solar cells ITO/PEDOT:PSS (40 nm)/donor/Ceo (20 nm)/Al (150 nm). ? Data in brackets are the average values
measured on 18, 37, 25 and 22 cells respectively for entries 1, 2, 3 and 4; data in bold are the best of each series (see also ESI).

and attributed to changes in the interfacial dipoles at the donor/
electrode interface and/or at the donor/acceptor interface,***
further work is needed to clarify this question.

Fig. 7 (bottom) shows the EQE action spectrum of the best bi-
layer PHJ devices based on 1 and 2 under monochromatic
irradiation. The spectrum of 2 shows small peaks around 360
nm associated with the contribution of C¢, followed by a broad
band extending from 450-700 nm with a maximum of ca. 8.0%
corresponding to the absorption of the donor. As expected, the
spectrum of the cell based on the bridged compound 1 shows a
strong enhancement of the photoresponse with a first
maximum of 35% at ~360 nm due to Cg, and a second
maximum of 38% at ~660 nm. On the other hand, a large
extension of photo-response toward longer wavelengths up to
750 nm is observed, in agreement with the reduced band gap of
the bridged donor.

The hole mobility (up) of donor 1 has been estimated on hole
only devices using the space-charge-limited conduction (SCLC)
method (see ESIT). The obtained value u, = 3.4 x 10 > em?V ‘s !
is comparable to the values found on many small molecular
donors.*® In the same conditions as for 1, the determination of
the hole mobility of reference compound 2 leads to a value of
2 x 10" ®em® V' s, The improved electronic charge transport
properties of titled compound 1 can contribute to its better OPV
performance. On the other hand, these results show also that,
while increasing the solubility of compound 1, the introduction
of ethyl substituents does not prevent efficient charge transport
in agreement with X-ray data displaying strong intermolecular
T-interactions in the solid state.

In previous work on the open-chain donor 2, a PCE of 1.20%
with a J;. of 2.90 mA cm > was reported for an inverted cell of
composition: ITO/Csy (15 nm)/2 (6 nm), 9,9-bis[4-(N,N-bis-
biphenyl-4-ylamino)phenyl]-9H-fluorene (BPAPF) (5 nm)/BPAPF
p-doped with NDP9 (a proprietary dopant) (50 nm)/NDP9 (1
nm)/Au (50 nm).**” More recently the same group reported a cell
of similar architecture with a 6 mm® area in which the planar
heterojunction was replaced by a layer of co-evaporated donor 2
and Cg (20 nm). This multi-layer cell delivered a J,. of 6.49 mA
cm 2 with a PCE of 3.00%.% Comparison of these results with
those of Table 1 shows that the introduction of buffer layers of
optimized thickness and doping together with the fabrication of
a BH] cell structure can greatly improve the PV performance of
devices based on donor 2.

This journal is © The Royal Society of Chemistry 2015

In order to further investigate the potential of donor 1,
various experiments aiming at optimizing the device have been
performed. Attempts to apply thermal treatment to the bi-layer
cells remained unsuccessful and only led to a degradation of the
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Fig. 8 Top: architecture of a gradiently doped BHJ device: ITO/
PEDOT-PSS/a-NPB/1/1:Cgq (45 to 70%)/Ceo/LiF/AL Bottom: current
density vs. voltage curves in the dark (black circles) and under AM 1.5
simulated solar light (100 mW cm™2) (blue circles).
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performance. More advanced BH] cells have been prepared by
co-evaporating 1 and Cg, with a spatial gradient of concentra-
tion and by inserting a hole extraction layer of 4,4’-bis[N-(1-
naphtyl)-N-phenylamino]biphenyl («-NPB) at the anode and LiF
at the cathode, as described in Fig. 8.>*

The cells of 28 mm?® area have been optimized by: (i) varying
the thickness of «-NPB, (ii) inserting an additional layer of pure
1 before co-evaporation with Cg, and (iii) controlling the
gradient of co-evaporation while maintaining a 40 : 60 ratio of 1
and Cg. The best results have been obtained with a device with
the following of structure: ITO/PEDOT:PSS (40 nm)/a-NPB (15
nm)/1 (5 nm)/1:Cey (45 to 70%) (30 nm)/Ce, (30 nm)/LiF (1.2
nm)/Al (100 nm). The current density vs. voltage curves of three
cells of this type showed a PCE,,.x of 4.30% (average value of
4.0%) associated with Vi, Js. and FF values of 0.89 V, 9.12 mA
cm ? and 0.53, respectively (Fig. 8). As expected, the corre-
sponding EQE spectrum exhibits an enhanced photocurrent
with a plateau of ~52% in the 570-640 nm range (Fig. S157).

Conclusions

A covalently bridged a,w-bis(dicyanovinyl)quaterthiophene with
a central cyclopenta[2,1-b:3,4-b']dithiophene has been synthe-
sized and purified by standard column chromatography thanks
to the improved solubility imparted by ethyl chains introduced
on the methylene bridge. Comparison of the electrochemical
and optical data to those of an open-chain analogue shows that
the bridging of the central 2,2-bithiophene core produces a
significant reduction of the band gap associated with a raising
of ca. 0.15 eV of the HOMO level. X-Ray diffraction analysis of a
single crystal reveals a compact structure in which m-stacked
molecules are stabilized by multiple short intermolecular
contacts.

The photovoltaic performance of the new donor has been
analyzed on basic bi-layer planar hetero-junction cells with Cg,
as acceptor. In these conditions, the results show that the
bridged donor leads at the same time to improved current
density, voltage and fill factor and thus to conversion efficiency
ca. five times larger than that of the open-chain reference
compound. In addition, the value of the hole mobility of the
new donor is one order of magnitude higher than that of the
open-chain compound. The bridged compound has been used
as donor in hybrid hetero-junction cells based on active layers
produced by co-evaporation with Cg, under controlled concen-
tration gradient and involving anode and cathode buffer layers.
The PCE of 4.30% obtained under simulated solar light provides
a further clear confirmation of the interest of covalent rigidifi-
cation as a powerful synthetic tool for the design of efficient
molecular donors with limited structural complexity. Work
aiming at the extension of this approach to other classes of
molecular donors is now underway in our laboratory and will be
reported in future publications.

Experimental

All reagents from commercial sources were used without further
purification. Reactions were carried out under nitrogen
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atmosphere unless otherwise stated. Solvents were dried and
purified using standard techniques. Flash chromatography was
performed with analytical-grade solvents using Aldrich silica gel
(technical grade, pore size 60 A, 230-400 mesh particle size).
Flexible plates ALUGRAM® Xtra SIL G UV,s5, from MACHEREY-
NAGEL were used for TLC. Compounds were detected by UV
irradiation (Bioblock Scientific) or staining with I,, unless
otherwise stated. NMR spectra were recorded with a Bruker
AVANCE III 300 (*H, 300 MHz and "*C, 75 MHz). Chemical shifts
are given in ppm relative to TMS and coupling constants J in Hz.
IR spectra were recorded on a Bruker spectrometer Vertex 70
and UV-Vis spectra with a Perkin-Elmer 950 spectrometer.
Matrix Assisted Laser Desorption/Ionization was performed on
MALDI-TOF MS BIFLEX III Bruker Daltonics spectrometer using
dithranol as matrix.

Cyclic voltammetry was performed in 0.10 M Bu,NPF,/
CH,Cl, (HPLC grade). Solutions were degassed by nitrogen
bubbling prior to each experiment. Experiments were carried
out in a one-compartment cell equipped with platinum elec-
trodes and a saturated calomel reference electrode (SCE) using a
Biologic SP-150 potentiostat with positive feedback compensa-
tion. Elemental analyses were performed with a thermo-elec-
tron instrument (FLASH 2000, Thermo Scientific). DSC and TGA
were performed with TA Instruments Q20 and Q500
respectively.

Synthesis

Compounds 2,** 3 (ref. 28) (see ESIT) and 5 (ref. 19¢) have been
synthesized following reported procedures.
(4,4-Diethyl-4H-cyclopenta(1,2-b:5,4-b'|dithienyl-2,6-diyl)bis-
(trimethylstannane) 4. #-BuLi (1.6 M in hexanes, 5.73 mL, 9.17
mmol) was added dropwise to 3 (860 mg, 3.67 mmol) in 25 mL
of anhydrous THF cooled to —78 °C. The mixture was then
warmed up to room temperature and further stirred for 2 h. The
reaction mixture was cooled to —78 °C and Me;SnCl (1 M in
hexanes, 9.17 mL, 9.17 mmol) was added. The reaction mixture
was warmed to room temperature and stirred for 14 h. Water
and CH,Cl, were added. The organic phase was separated and
washed with a saturated NaHCOj; solution and brine, dried with
MgSO, and concentrated under reduced pressure yielding 4
(1.98 g, 3.54 mmol, 96%) as a slightly brown solid. "H NMR (300
MHz, CDCl;, 6): 6.94 (s, 2H), 1.87 (q, ] = 7.4, 4H), 0.64 (t, ] = 7.4,
6H), 0.37 (s, 18H).
5,5'-(4,4-Diethyl-4H-cyclopenta[1,2-b:5,4-b'|dithienyl-2,6-diyl)-
dithiophene-2-carbaldehyde 7. A mixture of 4 (1.00 g, 1.79
mmol), 5-bromothiophene-2-carbaldehyde 6 (751 mg, 439 mL,
3.93 mmol) and tetrakis(triphenylphosphine)palladium(0) (103
mg, 0.09 mmol) in 40 mL of degassed DMF was stirred at 80 °C
for 14 h. After cooling, water and CH,Cl, was added. The organic
phase was separated and washed with brine, dried with MgSO,
and concentrated under reduced pressure. The crude oil was
purified by column chromatography on silica gel (eluent:
CH,Cl,—petroleum ether 1 : 1 to CH,Cl,) yielding 7 (710 mg, 1.56
mmol, 87%) as a red powder. mp 214 °C (onset DSC). "H NMR
(300 MHz, CDCl,, 6): 9.85 (s, 2H), 7.66 (d, J = 4.0, 2H), 7.24 (d, ] =
4.0,2H),7.21 (s, 2H), 1.96 (q,J = 7.4, 4H), 0.65 (t,] = 7.4, 6H). 1*C
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NMR (75 MHz, CDCl;, 6): 182.37 (s), 159.39 (s), 147.94 (s), 141.19
(s), 138.45 (s), 137.65 (s), 137.48 (s), 123.48 (s), 120.56 (s), 55.67
(s), 30.30 (s), 9.27 (s). IR (neat): » = 1645 cm™ " (C=0). HRMS
(MALDI-TOF): m/z caled for C,3H;50,S,: 454.0190, found:
454.0197.

2,2'-[(4,4-Diethyl-4H-cyclopenta[1,2-b:5,4-b'|dithienyl-2,6-diyl)-
bis(thiene-5,2-diylmethylylidene)]dipropanedinitrile 1. A solution
of 7 (400 mg, 0.88 mmol), malononitrile (175 mg, 2.64 mmol) and
triethylamine (9 mg, 12 pL, 0.09 mmol) in 100 mL of CHCl; was
stirred under reflux for 14 h. The reaction mixture was allowed to
cool to room temperature and the solvent was rotary evaporated.
The residual powder was purified by column chromatography on
silica gel (eluent: CH,Cl,—petroleum ether 3:1 to CH,Cl,)
yielding 1 (456 mg, 823 mmol, 94%) as a dark blue-green powder.
mp 303 °C (onset DSC). 'H NMR (300 MHz, CD,Cl,, 6): 7.80 (s, ] =
0.6, 2H), 7.64 (d, J = 4.8, 2H), 7.37 (s, 2H), 7.31 (d, J = 4.2, 2H),
2.00 (d, J = 7.1, 4H), 0.63 (t, J/ = 7.3, 6H). *C NMR (75 MHz,
CD,Cl,, 6): 160.93 (s), 150.56 (s), 150.30 (s), 141.31 (s), 140.31 (s),
137.86 (s), 133.79 (s), 124.44 (s), 122.26 (s), 115.08 (s), 114.38 (s),
75.88 (s), 56.39 (s), 30.84 (s), 9.38 (s). IR (neat): » = 2216 cm™*
(C=N). UV-Vis (CH,CL): Amax () = 581 nm (80300 L mol *
ecm ™). HRMS (EI): m/z caled for C,oH;gN,Sy: 550.0414, found:
550.0438. Anal. calc. for C,oH;gN,S,: C, 63.25; H, 3.29; N, 10.17; S,
23.29%; found: C, 62.99; H, 3.18; N, 10.05; S, 23.21%.
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