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were synthesized through Suzuki coupling and Stille coupling reactions. The optical and thermal
properties of these materials can be tuned by varying both substituents and the conjugation length.
The crystal structures have been determined and showed a syn- or anticlinal conformation in the crystal
of molecule 4. The electronic properties of the monomers and their electropolymerization ability are

discussed and rationalized as a function of their molecular structure. Moreover, stable cross-linked
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Introduction

Thiophenes are one of the most important classes of heterocyclic
compounds, not only as key structural units of compounds with
interesting biological activities but also in the field of material
chemistry. Interest in thiophenes has been extended to fused
thiophenes, such as thieno[3,2-b]thiophenes. Indeed, these and
closely related materials with the incorporation of rigid thieno-
[3,2-b]thiophene units in conjugated oligomers or polymers have
been developed to improve their electronic properties and to
optimize the performance of the corresponding devices, for
example, organic field-effect transistors (OFETs),"® organic
light-emitting diodes (OLEDs),”® photovoltaics.’ In fact, the
performance of a functional material is strongly dependent on
its molecular organization and structure. The arrangement,
namely the packing motif, plays a very important role in the
performance of an organic electronic device. Therefore, design
of functional molecular solid-state structures, or arrangements,
through tuning of the intermolecular interactions is important.
In this paper, we present a facile route to precisely obtain a
novel type of “butterfly-shaped” molecular material, wherein
one thieno[3,2-b]thiophene acts as the planar backbone, and
phenyl or thiophene acts as the branches. Novel butterfly
thieno[3,2-b]thiophene derivatives functionalized with phenyl
or thienyl aromatic groups at the o- and B-positions were
synthesized by Suzuki and Stille coupling reactions according
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conjugated polymers were formed by electropolymerization.

to Scheme 1 and their crystal structures, optical, and electro-
chemical properties were investigated.

Experimental
General procedures

Chemicals were purchased from Acros, Aldrich and used as
received. 2,3,5,6-Tetrabromothieno[3,2-b]thiophene was prepared
as outlined in the literature."* Solvents and other normal reagents
were obtained from the Sinopharm Chemical Reagent Co., Ltd.
(SCRC). Solvents for reactions and photophysical measurements
(chloroform, THF, etc.) were all distilled after dehydration
according to conventional methods.

Instrumentation

The H NMR and **C NMR spectra were recorded on a Bruker
DMX 400 NMR spectrometer. Chemical-shift data for each
signal were reported in ppm units with tetramethylsilane
(TMS) as internal reference, where J (TMS) = 0. MS spectra
were recorded on a Micromass GCT-MS spectrometer. Elemental
analyses were performed on a Carlo Erba model 1160 elemental
analyzer.

Syntheses
Preparation of 3

To a solution of 2 (1.38 g, 3 mmol) and phenylboronic acid (2.44 g,
20 mmol) dissolved in THF (300 mL) was added an aqueous 2 M
potassium carbonate solution (50 mL). The mixture was bubbled
with nitrogen for 30 min. Tetrakis-(triphenylphosphine)palladium
(0) (345 mg, 0.3 mmol) was then added. The mixture was heated to
80 °C for 48 hours under a nitrogen atmosphere. The reaction was
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Scheme 1 Synthetic route of molecules 3-6.

cooled to room temperature and poured into water (500 mL) to
give a precipitate. After the obtained materials were purified by
multiple Soxhlet extraction using methanol and acetone, they
were purified by gradient sublimation. Further purification was
carried out by sublimation along a temperature gradient of
250-180-100 °C at 10 2 Pa in a N, atmosphere to obtain a
colorless crystal block of 3. The resulting colorless crystal block
was suitable for X-ray analysis. 0.74 g, 56% yields. MALDI-TOF:
443.7; 'H NMR (400 MHz, CDCl,): 6 = 7.47 (m, 4H), 7.37
(m, 4H), 7.34 (m, 8H), 7.27 (m, 4H) ppm; *C NMR (CDCl,):
0 = 139.05, 139.01, 135.09, 134.61, 130.68, 129.35, 129.07,
128.80, 128.53, 127.65; anal. caled for Cs;oHyeS,: C, 81.04; H,
4.53; S, 14.42%; found: C, 80.87; H, 4.56; S, 14.52%.

Preparation of 4 and 5

Compounds 4 and 5 were prepared according to the procedure
used for 3 and by the Suzuki coupling reaction between 2
(1.38 g, 3.0 mmol) and a-thiopheneboronic acid (1.92 g,
15 mmol). The obtained materials were purified by multiple
Soxhlet extraction using methanol, acetone and chloroform.
The chloroform solvent was removed to give a yellow solid.
Further purification was carried out by sublimation along a
temperature gradient of 250-180-100 °C at 10 > Pa in a N,
atmosphere to obtain a yellow crystal block of 4. The resulting
yellow crystal block was suitable for X-ray analysis. 0.7 g, (50%).
MALDI-TOF: 468.0; '"H NMR (400 MHz, acetone-dg): § = 7.64
(dd,J = 6.8 Hz, 2H), 7.60 (dd, ] = 6.8 Hz, 2H), 7.32 (dd, ] = 4.8 Hz,
2H), 7.29 (dd, J = 4.8 Hz, 2H), 7.20 (dd, J = 6.8 Hz, 2H), 7.14
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(dd, J = 6.8 Hz, 2H) ppm; >C NMR (CDCl,): § = 138.32, 135.27,
135.12, 133.08, 128.15, 127.51, 127.36, 127.29, 126.41, 124.77;
anal. calcd for C,,H;,S¢: C, 56.37; H, 2.58; S, 41.05%; found: C,
56.03; H, 2.62; S, 41.39%.

The black residue was purified by sublimation as colorless
solids to give 5. Further purification was carried out by sublima-
tion along a temperature gradient of 250-180-100 °C at 10~ Pa
in a N, atmosphere to obtain a yellow crystal prism of 5. The
resulting yellow crystal prism was suitable for X-ray analysis.
0.22 g (15%). MS: 461; 'H NMR (400 MHz, CDCl,): § = 7.48 (d, ] =
3.6 Hz, 2H), 7.42 (d, J = 4.0 Hz, 2H), 7.13 (t, J = 8.0 Hz, 2H) ppm;
anal. calcd for C,HeBr,S,: C, 36.38; H, 1.31; Br, 34.57; S, 27.75%);
found: C, 36.07; H, 1.35; Br, 35.06; S, 27.58%.

Preparation of 6

2 (1.38 g, 3 mmol) and tributyl(5-hexylthiophen-2-yl)stannane
(9.16 g, 20 mmol) were dissolved in toluene (300 mL). The mixture
was bubbled with nitrogen for 30 min. Bis(triphenylphosphine)-
palladium(u)chloride (226 mg, 0.3 mmol) was then added. The
mixture was heated to 120 °C for 48 hours under a nitrogen
atmosphere. The reaction was cooled to room temperature and
the toluene was removed. The obtained solids were purified by
multiple Soxhlet extraction using methanol and ethanol. The
solvent of ethanol was removed to give yellow solid. Recrystallization
from ethanol gave yellow solids. 1.8 g (75%), mp: 75 °C. MALDI-TOF:
804.2; "H NMR (400 MHz, acetone-dg): § = 7.14 (d, J = 3.6 Hz, 2H),
7.10 (d,J = 3.6 Hz, 2H), 6.89 (d, ] = 3.6 Hz, 2H), 6.84 (d, ] = 3.2 Hz,
2H), 2.82-2.89 (m, 8H), 1.64-1.74 (m, 8H), 1.39-1.44 (m, 24H),
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1.33-1.36 (m, 12H) ppm; anal. caled for C46HgoSe: C, 68.60; H,
7.51; S, 23.89; found: C, 68.42; H, 7.59; S, 24.15%.

X-ray crystallography

Crystallographic data for 3: chemical formula: C3¢H,0S,; for-
mula weight (M): 444.58; temperature: 293(2) K; monoclinic;
P24/c; a = 6.1134(12), b = 12.529(3), ¢ = 14.622(3) A, o = 90.00°,
B =92.51(3)°, 7 = 90.00°% V = 1118.9(4) A% Z = 2; peareq = 1.320 g
cm>; number of reflections collected: 11 099; final R = 0.0444,
WR = 0.1151. Crystallographic data for 4: chemical formula:
Cy,H1,Se; formula weight (M): 468.68; temperature: 113(2);
monoclinic; P2,/n; a = 6.1799(12), b = 7.6986(15), ¢ =
21.307(4) A, o = 90.00°, f = 97.69(3)°, 7 = 90.00% V =
1004.6(3) A%, Z = 2; peatea = 1.549 g cm™>; number of reflections
collected: 6086; final R = 0.1182, wR = 0.3378. Crystallographic
data for 5: chemical formula: C;,HBr,S,; formula weight (M):
462.25; temperature: 113(2); monoclinic; P2,/c; a = 3.9007(11),
b = 11.814(3), ¢ = 15.453(3) A, « = 90.00°, = 94.644(14)°, 7 =
90.00% V = 709.8(3) A%; Z = 2; pealea = 2.163 g cm°; number of
reflections collected: 1223; final R = 0.0971, wR = 0.2700. From
the crystallographic data of compound 5, it is found that there
is a large and unexplained residual electron density of 2.65 in
this structure, located at (0.0656, 0.7156, 0.0961) and at a
distance of 1.29 A from the Br atoms.

Results and discussion

Thieno[3,2-b]thiophene (1)'° was chosen as the parent compound
and was easily converted to 2,3,5,6-tetrabromothieno[3,2-b]thio-
phene (2) in high yield with bromine (Br,)-CHCl,."" The target
compound 3 was then assembled via palladium-catalyzed Suzuki
coupling reactions of 2 with phenylboronic acid under reflux for
24 h in the aqueous K,COj; and tetrahydrofuran (THF) in 56% yield.
This is a new method to synthesize compound 3, which avoids the
photochemical reaction conditions and bothersome purification
steps that previous methods suffered from.'>'® The target com-
pounds 4 and 5 were obtained via Suzuki coupling reactions of 2
with a-thiopheneboronic acid in different ratios. Compound 6 was
synthesized via an excess of tributyl(5-hexylthiophen-2-yl)stan-
nane* with compound 2 to ensure completion of the Stille-
coupling reaction in 75% yield. The solubility of compound 6 is
the best in this series of target compounds, while compounds 4
and 5 are slightly soluble in common organic solvents (such as
CHCl; and THF). The target compounds were characterized by
NMR spectroscopy, mass spectrometry (MS), and elemental
analysis.

The thermal properties of the new thieno[3,2-b]thiophene
oligomers have been evaluated by thermal gravimetric analysis
(TGA) and differential scanning calorimetry (DSC) under an
argon atmosphere. TGA measurements were carried out on a
TA SDT 2960 instrument under a dry nitrogen flow, heating
from room temperature to 550 °C, at a heating rate of 10 °C
min~'. DSC analyses were performed on a TA DSC 2010
instrument under a dry N, flow at a heating rate of 10 °C
min~". All compounds showed significant thermal stability
(Tq), with 2% weight loss, values higher than 275 °C. The Ty
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values of compounds 3 and 4 were 319 °C and 346 °C respec-
tively. Compound 5 demonstrated the lowest stability (Tgq =
275 °C) due to the presence of two bromo-moieties. In contrast,
compound 6 bearing four 2-hexylthiophene units between the
thieno[3,2-b]thiophene, exhibited the decomposition tempera-
ture as high as 406 °C. The heating and cooling DSC scans of
the compound 3 show no glass transitions from room tempera-
ture up to 275 °C, due to dense molecular packing.">'® DSC
analysis revealed that compounds 4 and 5 exhibit reversible
thermal transitions at 250 °C and 235 °C, respectively. Com-
pound 6 containing four hexyl chains exhibited a lower melting
point at 75 °C than compounds 4 and 5.

Because of their virtual insolubility in organic solvents,
compounds 3, 4 and 5 were purified by gradient sublimation
along a temperature gradient of 250-180-100 °C at 10 > Pa in a
N, atmosphere. X-ray crystal structure measurements were car-
ried out in the reflection mode using a Rigaku MM-007 X-ray
diffraction system (Mo-Ko radiation, / = 0.71073 A). The result-
ing colorless crystal block of 3, the yellow crystal block of 4 and
the yellow crystal prism of 5 were suitable for X-ray analysis.

As shown in Fig. 1, all molecules display an inner flat,
symmetric molecular geometry, while the peripheral phenyl
or thienyl units adopt twisted forms, connecting with the
thieno[3,2-b]thiophene like a flying butterfly. The three mole-
cular structures lie about an inversion center at the mid-point
of the central C-C bond of the thieno[3,2-b]thiophene. The
dihedral angles of 35.8° and 59.4° are observed between the
thieno[3,2-b]thiophene and phenyl rings in molecule 3, and
22.0° and 77.8° between the thieno[3,2-b]thiophene and thienyl
rings in molecule 4, and 7.6° between the thieno[3,2-b]thio-
phene and thienyl rings in molecule 5. The molecular sheets for
compound 3 piled up in the g-axis direction, and formed a
columnar stacking with an interplanar separation of 3.85 A
(Fig. 1a). Between the stacks, the interaction is reinforced by
close intermolecular C-H- - -n contacts, which are significantly
different from intermolecular S---S contacts found in most
other fused thiophenes.'”™ From Fig. 1b, a peculiar structural
feature of the compound 4 was prepared with disordered S
atoms. Interestingly, the four thiophene rings at the o- and -
positions of the central unit can freely form a syn- or anticlinal
conformation. The population ratio is about 68: 32 for the ring
connected to C2 and 89:11 for the ring connected to C3 from
the crystal data. A similar situation has been observed for the
tetrathienylthiophene system.?® One of the conformations in
the molecule 4 was S atoms in four thienyl arms facing each
other (Fig. 1e) and the other in the opposite direction (Fig. 1d).

As shown in Fig. 2, "H NMR spectra reveal the two sets of
protons with a splitting characteristic for the thiophene unit
because the protons of the two thiophenes at a- (2,5 position of
thieno[3,2-b]thiophene core) and B-positions (3,6 position of
thieno[3,2-b]thiophene core) are not equivalent (labelled a-c
and a’-c’), because the protons of the thienyl arms at the o-
positions are more involved in conjugation with the central
core than those at the B-position. This is confirmed by the
difference in the corresponding dihedral angles between the
plane of the core and that of the arms.

New J. Chem.


http://dx.doi.org/10.1039/c3nj40909k

Downloaded by University of Hong Kong Libraries on 16 February 2013
Published on 28 January 2013 on http://pubs.rsc.org | doi:10.1039/C3NJ40909K

Paper

i
)

Z
57

View Article Online

NJC

Fig. 1 Crystal structures of 3 (a), 4 (b, d, e), and 5 (c) with 40% probability ellipsoids. [Hydrogen atoms were omitted for clarity in (a) and (b). Symmetry operators
indicated by “A” in the atom labels: (—x, 1 — y, 1 — z) for compound 3; (1 — x, 2 — y, —z) for compound 4; (1 — x, 1 — y, —z) for compound 5.]
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Fig.2 'H NMR spectrum of 4 at room temperature in acetone-dg (labelled a—c >?
and a’-c’). )

The optical absorption spectra of compounds 3-6 in THF
solutions are shown in Fig. 3. Compounds 3, 4, 5, and 6 exhibit
maximum absorption at 339, 361, 367, and 374 nm, respec-
tively, but a shoulder peak appears in the spectra at 275 nm for
compound 4 and at 290 nm for compound 6. Compounds 4 and
6 all have oligothiophene branches (thiophene or 2-hexylthio-
phene). The connection between each thiophene unit includes
a- and B-position linkages with the thieno[3,2-b]thiophene core.
The a-linkage thiophene segment provides the best n-electron
conjugation, and B-linkages between the branches may lead to
the shoulder peaks, which is in agreement with previously
reported related research on substituted thiophene architec-
tures. The absorption spectra of 2-hexylthiophene substituted
compound 6 exhibit a small redshift similar to that of

New J. Chem.
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Fig. 3 Normalized absorption spectra of compounds 3-6 in tetrahydrofuran
solution.

thiophene substituted compound 4. In contrast to their absorp-
tion spectra, only one emission peak was observed in the
emission spectra of these compounds. The emission peaks shift
from 420 to 593 nm upon gradually changing the conjugated
branches. These results demonstrate that the compounds can be
electronically fine-tuned by manipulating the branch segments.
The optical bandgap of the compounds can be deduced from the
longest-wavelength absorption edge. The band gaps of 4, 5, and
6 with thiophene units (2.92, 2.98, and 2.82 eV, respectively) are
narrow compared to that of phenyl units 3 (3.23 eV).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013
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The electronic properties of these compounds were investigated
by cyclic voltammetry (CV). CV measurements were carried out on
a computer-controlled CHI660C instrument at RT using vacuum-
deposited thin film (thickness of the oligomer: 10 nm) onto
indium tin oxide (ITO)-coated glass as a working electrode in order
to estimate the oxidative stability of thin films of the oligomers. A
platinum rod was used as a counter electrode, Ag/AgCl as a
reference electrode, dichloromethane (dried by distillation over
CaH,) as a solvent and 0.1 M tetrabutylammonium hexafluorophos-
phate as a supporting electrolyte, the scan rate being 100 mv s .
The CV plots displaying oxidation processes and reduction poten-
tials below zero voltage could not be observed, which are shown in
Fig. 4. We could see that the highest occupied molecular orbital
(HOMO) levels of the four compounds show a slight increase as
the number of thiophene rings increases. The HOMO level is
raised in energy by —5.61, —5.37, —5.55 and —5.28 eV, whereas the
LUMO level is estimated to be —2.38, —2.45, —2.57 and —2.46 eV
in 3, 4, 5, and 6, respectively.

For all four monomers, multiple potential scans on the ITO
electrode were carried out. No polymerization was observed for
phenyl end-caped compound 3 and the o-position-blocked
compound 6. This result is not surprising because it is well-
known that polymerization takes place easily at the a-position
of thiophenes.?’>* As shown in Fig. 4, compounds 4 and 5 are
more susceptible to being deposited as polymer films on the
electrodes by potential cycling. The electrochemical studies of
the films of poly(4) (the polymers of 4) and poly(5) (the poly-
mers of 5) both showed switching from yellow, brown to purple
in color. The gradual increase in the current response and the
new broad peak observed at lower potentials are typical char-
acteristics of conducting-polymer formation on the electrode
surfaces.”>! The onset oxidation potentials of poly(4) and
poly(5) are higher than those of the monomers 4 and 5. More-
over, the electrochemical processes of the films are very stable,
with no obvious changes in the cyclic voltammetry during
subsequent repeat scanning.

For optical studies, monomer 5 was electropolymerized on
an indium tin oxide (ITO) transparent electrode under different

(a) —_—m (b) 200

——Poly(4)

400 800 1200 1600
potential (mV)

0.0 0.2 04 06 0.8 1.0 1.2 1.4 16 1.8
potential (mV)

400 800 1200 1600
potential (mV)

Fig. 4 Cyclic voltammograms of compounds 3-6 in CH,Cl; (a). Electropolymer-

ization of 4 (b) and 5 (c), repeat potential scanning 10 cycles.

This journal is @ The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013

View Article Online

1 —Poly(5)-1
0.4+ e POlY(B)-2
PN —--Poly5)-5

0.3 /,'\‘\\ .. - —Poly5-10

e
-
1

UV-vis absorbance (a.u.)
o
b

o
o
M=

350 400 450 500 550

Wavelength (nm)
Fig. 5 UV-vis absorption spectra of poly(5) films deposited on ITO.

polymerization conditions. Fig. 5 shows the absorption spectra
of the poly(5) films deposited by cyclic voltammetry over 2, 5,
and 10 cycles. In this way, the photophysical properties of the
polymers could be investigated under different polymerization
conditions. The red-shift of the absorption and band broad-
ening indicate that the polymers have an extended conjugation
system compared to the monomers. The absorption maxima of
the polymers are all quite close to that of polyalkylthiophenes
(434 nm).>* The results suggest the formation of the dendritic
hyperbranched polythiophenes. Because of the ease of synth-
esis of the monomer, larger quantities of polymers are likely to
be achieved by chemical polymerization with iron(ui) chloride
and this is currently under investigation.

Conclusions

A series of new conjugated oligomers based on the thieno[3,2-b]-
thiophene core with phenyl and thiophene units were successfully
synthesized by a facile synthetic route and could be described as
having a butterfly-like shape. The synthetic route would also be
applicable to the preparation of various functional materials by
modifying thieno[3,2-b]thiophene. It was demonstrated that the
optical and thermal properties of these materials can be fine-tuned
by varying both substituents and the conjugation length. Moreover,
the molecular structures have an inversion center at the mid-point
of the central C-C bond of the thieno[3,2-b]thiophene. The crystals
of 4 freely formed a syn- or anticlinal conformation. The thiophene
functionalized monomers are susceptible to being deposited by
electropolymerization, which results in the formation of electro-
active polymers.
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