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Thienopentathiepine: a sulfur containing fused
heterocycle for conjugated systems and their
electrochemical polymerizationt
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A series of conjugated building blocks based on the thieno[3,4-f][1,2,3,4,5]pentathiepine (C4Se) core has
been synthesized by a new synthetic approach. The structural and optoelectronic properties of C4Se-
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Introduction

Thiophene-based conjugated systems represent one of the
most widely investigated groups of m-conjugated materials"?
because of the potential industrial applications of these
materials as active materials in organic electronic devices such
as organic light-emitting diodes (OLEDs),® field-effect transis-
tors (OFETs),”> and photovoltaic cells (OPVs).*’ Structural
modifications of the conjugated backbone are keystones to
control the energy levels of the frontier orbitals and the opto-
electronic properties of the resulting materials.® Developing a
synthetic approach for new n-conjugated building blocks with
the desired optoelectronic properties is imperative as conju-
gated materials with suitable consequences are limited.’
Among the numerous chalcogenophene-based polymers, poly-
thiophene (PT) derivatives have received growing attention
because of their fundamental advantages such as (i) stronger
donor characteristics, (ii) rigidity/crystallinity, (iii) good chemi-
cal stability, and (iv) high conductivity in the doped state.
Several strategies have been adopted to introduce new
building blocks for conjugated materials with the desired pro-
perties. One of the important strategies includes synthesis of
chalcogen containing heterocycles having multiple hetero-
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derivatives are tuned by a judicious choice of end-capping. Chalcogenophene-capped derivatives (2d, 2e,
2f) were successfully electrochemically polymerized. The optical band gaps (Egp‘) of P1, P2 and P3 were
found to be in the range of 1.7-1.8 eV. A spectroelectrochemical study of the polymers showed reversibil-
ity in the formation of singly (polaron) and doubly charged (bipolaron) species.

atoms in the fused ring systems. An amplified spatial electronic
arrangement because of the presence of multiple sulfur/
selenium atoms in the molecular building blocks delocalizes
the charge efficiently. In this regard, we have reported diseleno-
lodiselenole (C,Se,) as a new building block for organic elec-
tronics, containing four selenium atoms in the central core.’

Chenard et al. reported the first synthesis of thieno[3,4-f]-
[1,2,3,4,5]pentathiepine (C4H,S¢) in 2% yield where 3,4-di-
bromothiophene was used as a precursor.'* In spite of the accessi-
bility of the thienopentathiepine (C,Se¢) derivatives, synthetic
reports are scant.'>'* Although its nearest analogue benzo-
pentathiepine has been explored to some extent its electroche-
mical properties were not investigated.’>"” Recently, Swager
and coworkers reported multiple sulfur containing fused
dithiolodithiole (C,S,) derivatives focusing on their interesting
structural and optoelectronic properties, where the formation
of thienopentathiepines was observed as side products.'® Here
we report a new synthetic approach for the synthesis of thieno
[3,4-f][1,2,3,4,5]pentathiepine derivatives as novel conjugated
building blocks containing a fused pentathiepine ring in bi-
cyclic heterocycles. Optoelectronic and structural properties
were tuned by a judicial choice of end capping of the central
C,Se core. Chalcogenophene capped derivatives (2d, 2e, 2f)
were electrochemically polymerized and the resulting polymers
were successfully studied by spectroelectrochemistry.

Results and discussion

Synthesis of thieno[3,4-f][1,2,3,4,5]|pentathiepine (C,Ss) deriva-
tives (2a-2f) involves heating of 1,4-disubstituted 1,3-buta-
diyne (1a-1f) with elemental sulfur near about the melting
point of sulfur (125 °C) for 0.5 hour in a closed-flask

This journal is © The Royal Society of Chemistry 2015
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Scheme 1 Synthesis of C4Se derivatives 2a—2f.

(Scheme 1). Without using any initiator/catalyst, the yields
were obtained in the range of 12-31%. This new synthetic
approach is quick and simple compared to that of Chenard
et al. and also benign in terms of precursors. The product
yields did not improve by increasing the reaction time (up to
12 hours). In the presence of a solvent (1,2-dichloroethane)
very low yields (2-3%) were obtained. The reaction at higher
temperature (>150 °C) afforded C,S, derivatives as previously
reported by Swager et al.'® The precursor diynes 1a-1f were
prepared either by a previously reported procedure’®***° or by
new synthetic strategies (see the ESI}). The conversion of
diynes to C,Se derivatives might proceed through the radical
mechanism (Fig. S11).>

Single crystal X-ray structures of 2a and 2c-2e

Crystals of 2a, and 2c-2e suitable for single crystal X-ray crys-
tallography were obtained from slow evaporation of their
dichloromethane solutions. In the molecular structure of 2a,
terminal phenyl rings are twisted from the central thiophene
core by dihedral angles of ~37° and ~45° (Fig. S2at), whereas
the packing diagram shows formation of 1D chains via inter-
molecular interactions (S3-C8 = 3.40 A and S4-S6 = 3.47 A)
(Fig. S2ct). Similarly in the molecular structure of 2c
(Fig. S2bf¥), both p-fluoro substituted phenyl rings are twisted
by a dihedral angle of ~43° from the central thiophene of the
C4Se-core. The structure of 2c¢ exhibits resolute S---S inter-
molecular interaction (S4-S3 = 3.39 A and $4-S5 = 3.39 A). In
the structures 2a and 2c, the S---S interaction leads to the
arrangement of a virtual —(S-S---S-S),~ polymeric chain along
the b- and a-axes, respectively (Fig. S2c and S2df).

In the molecular structure of 2d and 2e, the terminal thio-
phene and selenophene rings are anti to the central thio-
phenes (Fig. 1).>* In the thiophene-capped C,Se-derivative 2d,
the torsional angles of the terminal thiophenes with the
central thiophene of the C,S¢-core are ~9° and ~23°, respect-
ively; whereas in the selenophene-capped C,S¢-derivative 2e,
the corresponding torsional angles are ~3° and ~7°. It is con-
gruent with the earlier reports®*** which showed that seleno-
phene based conjugated systems are more planar and rigid
because of the low aromaticity of selenophene and the higher

This journal is © The Royal Society of Chemistry 2015

polarizability of Se. In the crystal packing of 2d, three mole-
cules are connected by four S---S interactions (S1-S8 = 3.56 A
(two), S6-S6 = 3.48 A, and $3-S7 = 3.47 A) (Fig. 1b) to form a
2D zip-lock structure.>®*® In compound 2e, Se---C (Se2-C10 =
3.55 A (forming n-stacking dimer) and Se2-C11 = 3.59 A) and
S-S (S5-S6 = 3.43 A) interactions form a typically 2D closed
packed arrangement (Fig. 1d). In 2e, the S---S interaction con-
structs a —(S-S---S-S),,~ polymeric chain.

Optical and electrochemical properties of 2a-2f

Compounds 2a-2f exhibited two distinct absorption bands in
their absorption spectra with absorption maxima (Amax)
ranging from 258 to 277 nm (high energy bands) and 316 to
429 nm (relatively broad and low energy bands) (Fig. 2a).
TD-DFT calculations on 2d and 2e indicate that the lower
energy absorption bands include (i) the = - «* (HOMO —
LUMO) transition of the terthiophene/selenophene-thio-
phene-selenophene backbone and (ii) the transition from the
n-orbital of terthiophene/selenophene-thiophene-selenophene
to the n* orbital of the central thiophene ring coupled with the
antibonding orbitals of S-S bonds of the pentathiepine hetero-
cycle (Tables S2 and S37). The higher energy band mainly origi-
nates from (i) the transition from the n orbital (HOMO) to the
antibonding orbitals of the pentathiepine heterocycle and (ii)
the non-bonding orbital on the S atoms of pentathiepine to
the n* orbital (LUMO). Compounds with electron donating
groups exhibited a bathochromic shift in the absorption
spectra. The absorption spectrum of selenophene-capped 2e
showed a red shift (of 27 nm) compared to that of thiophene-
capped 2d because of the better conjugation in 2e. The bithio-
phene-capped C,Se-derivative 2f showed lower-energy absorp-
tion bands due to the extended conjugation.

Cyclic voltammograms (CV) of 2a-2f showed irreversible
oxidation peaks ranging from 0.80 V to 1.60 V vs. Ag/AgCl
(Fig. 2b).”” Although selenophene is electron rich compared to
thiophene, 2e exhibited higher oxidation potential than 2d.
The planar conjugated backbone of 2e could result in superior
delocalization of the electrons throughout the molecular
plane, which might decrease the electron density on the C,S¢

Polym. Chem., 2015, 6, 7658-7665 | 7659
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Fig. 1

(a) and (c) ORTEP diagram of 2d and 2e, (b) and (d) packing of 2d and 2e. The ellipsoids are drawn at the 50% probability level in (a) and (c).
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Fig. 2

(a) UV-vis spectra in DCM and (b) electrochemical properties of compounds 2a—2f in 0.1 M TBAPF¢ in dry DCM as the solvent using a Pt-disk

working electrode, a Pt-wire counter electrode and a Ag/AgCl reference electrode.

unit. The UV-vis and CV data were used to measure the band
gap (E;) and HOMO/LUMO energy levels (Table 1).

Electrochemical properties of the polymers

Under repeated CV cycles, compounds 2d, 2e and 2f polymer-
ized smoothly via progressive growth of a visible polymer film

7660 | Polym. Chem., 2015, 6, 7658-7665

a platinum-disk working electrode (Scheme 2, Fig. 3, and S37).
The polymer films were investigated for their scan rate depen-
dence at 50-250 mV s~ for P1 and 50-300 mV s~ for P2 and
P3. All the polymers showed linear scaling of the anodic cur-
rents with the increasing value of scan rate (Fig. 3c, d and
S3t), as expected from an electrode-supported electroactive

This journal is © The Royal Society of Chemistry 2015
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Table 1 Yields, absorption and electrochemical properties of 2a—2f

Compounds % Yield Amax(nm) Egnset(V) Egpt “(eV) Enomo b(ev) Erumo (eV)
2a 27 258, 316 1.53 3.40 -5.97 —-2.57
2b 31 266, 330 1.14 3.22 —5.58 —2.36
2¢ 22 258 1.49 3.41 -5.93 —-2.52
2d 17 270, 366 0.90 2.87 -5.34 —-2.47
2e 12 277,393 1.01 2.73 —-5.44 -2.71
2f 21 261, 429 0.76 2.45 -5.20 —-2.75

“ Efg"" = 1240/Aonset- * Eromo = —4.44 + Egser. “ Eumo = Eromo + E§Pt~

Scheme 2 Synthesis of polymers P1, P2 and P3.
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Fig. 3 (a) and (b) Multisweep electropolymerization of 2d and 2e on a Pt electrode in DCM and 0.1 M TBAPF¢ at 50 mV s~ vs. Ag/AgCl wire. (c) and
(d) CV of P1 and P2 in monomer free DCM and 0.1 M TBAPF¢ as a function of scan rate.
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film. Cyclic voltammograms of P1, P2, and P3 polymer films
on a Pt working electrode showed quasi-reversible p-doping/
dedoping processes over a positive potential range in the
DCM/0.1 M TBAPF, solvent/electrolyte system at 50 mV s~
scan rate (Fig. 4b). The onsets of the oxidation potentials
(Eonset) of P1, P2 and P3 were found to be 0.67, 0.49 and 0.43
V, respectively, corresponding to the HOMO levels at —5.11,
—4.93 and—4.87 eV, respectively. The LUMO levels, estimated
from the HOMO and the onsets of the absorption peaks, were
found to be —3.35, —3.27, and—3.07 eV for P1, P2, and P3,
respectively (Fig. 4, Table 2). P2 exhibited a lower oxidation
potential than P1, which can be attributed to the presence of
more polarizable Se.

View Article Online

Polymer Chemistry
Spectroelectrochemistry

Polymers were chronoamperometrically deposited on an ITO-
coated glass electrode from 1 x 10~> M monomer solutions in
DCM and the spectroelectrochemical properties were investi-
gated in situ in the monomer-free electrolyte solution under a
variety of voltage pulses. The absorption spectra in the UV-vis-
NIR region of P1, P2 and P3 films (Fig. 5, S4t) revealed good
electrochromic nature at distinct applied potentials in the
DCM/TBAPF, solvent/electrolyte couple. The onset values of
the lowest energy bands correspond to the optical band gaps
(EP) of 1.76, 1.69 and 1.80 eV for P1, P2 and P3, respectively
(Table 2). P2 exhibited a smaller band gap than P1 because of

(a) g = (b) —P1 -S<,
i 0.5 —pP2
3 —P3
0.4+ —
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£ £
$ 0.3- -
o c
it e
T 0.2
8 5
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Fig. 4 (a) Absorption spectra of P1—-P3 in thin film. (b) CV of P1, P2 and P3, using the DCM/TBAPF¢ solvent/electrolyte system.
Table 2 Absorption and electrochemical properties of P1, P2 and P3
Polymer Amax(nm) EgP (eV) onset(V) Enomo (eV) Erumo (eV)
P1 439 1.76 0.67 -5.11 -3.35
P2 550 1.69 0.49 —4.93 -3.27
P3 518 1.80 0.43 —4.87 -3.07
(a)o.s dedopect () 04
P1 — 03V P2 dop
e 0.2 V| —-0.2V|
R —-0.1V|
0.6- —o(.)':\y 0.3 0.1V
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Fig. 5 Spectroelectrochemistry of (a) P1 and (b) P2 thin films prepared on ITO-coated glass as a function of applied potential between —0.3 and
+1.3V for P1, and —0.2 and +1.3 V for P2 in DCM.
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the presence of selenophene in P2 instead of thiophene in P1.
Notably, these polymers having the fused pentathiepine ring
as a substituent on thiophene possess a smaller band gap com-
pared to polythiophene (2.0 eV) and polyselenophene (1.9
eV).»*®?° The band gaps of all three polymers remained in
between the band gaps of poly(3-hexylthiophene) (1.9 eV) and
poly(3-hexylselenophene) (1.6 eV).*>*' The lowering in the band
gap of these polymers can be attributed to the delocalization of
the n electron density over the pentathiepine rings and interchain
interactions due to the presence of multiple sulphur atoms.

In the spectroelectrochemical experiments, switching of the
polymers from neutral to oxidized states was associated with
the color change from deep brown to transparent-peach for P1,
purple to transparent-gray for P2, and violet to transparent-
gray for P3. With the increasing applied potential, the intensity
of the absorption band in the visible region (arises due to the
n-n* transition) was gradually decreased and two new bands
gradually appeared in the higher wavelength region. New
peaks at 820, 905, and 750 nm for P1, P2 and P3, respectively,
in their absorption spectra (Fig. 5 and S4t) indicate the for-
mation of singly charged species (polaron), while the lower
energy bands at 1180, 1480, and 1160 nm correspond to the
formation of doubly charged species (bipolaron), respect-
ively.*>** The deviation in spectroelectrochemical experiments
precisely comes at 850 nm (Fig. 5a and b) which is due to the
lamp change (deuterium to tungsten lamp) during the NIR
region to VIS region transformation.

Conclusion

In conclusion, a series of conjugated compounds, thieno[3,4-f]
[1,2,3,4,5]pentathiepine derivatives, was synthesized by a
simple synthetic method of heating diaryl diynes with elemen-
tal sulfur. The structural and optoelectronic properties of C,S¢-
derivatives were tuned successfully by the choice of end
capping. Multiple close S-S contacts due to the presence of a
fused pentathiepine ring in C,Se-derivatives and their polymers
may be beneficial for the extended conjugation and charge
transport. The C,Se-derivatives with thiophene- and seleno-
phene-capping were successfully electrochemically polymerized.
The low band gap polymers P1-P3 exhibited well-defined
spectroelectrochemistry and sufficient stability in the oxidized
state, which can be exploited for organic electronic devices.

Experimental section

Most of the reagents and solvents of reagent grade were
obtained from commercial sources and used without any
further purification. NMR spectra were recorded on a Jeol-ECS
400 MHz spectrometer using CDCl;/C¢Dg as the solvent and
chemical shifts are reported in parts per million (§ scale) rela-
tive to tetramethylsilane (TMS) as the internal standard.
Columns were equipped with silica gel (100-200 mesh). A non-
aqueous Ag/AgCl electrode was made by dipping silver wire

This journal is © The Royal Society of Chemistry 2015
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into a FeCl3/HCI solution. Electrochemical analysis was carried
out with a Princeton Applied Research 263A potentiostat using
a platinum (Pt) disk electrode (dia. 1.6 mm) as the working
electrode, a platinum wire as the counter electrode, and an
AgCl coated Ag wire as the reference electrode. Pt disk electro-
des were gleamed with alumina, water, and acetone and were
dried with nitrogen to remove any incipient oxygen. The elec-
trolyte used was 0.1 M TBAPF, in DCM. Films were electrode-
posited in 0.1 M TBAPFs in DCM by cyclic voltammetry (CV)
between various applied potentials at 50 mV s™* for 20 cycles.
2d, 2e and 2f were electrochemically polymerized on indium
tin oxide (ITO) coated glass as a working electrode. Before
examining the optical properties of polymer films, the films
were rinsed with DCM. UV-vis-NIR spectra were recorded on a
HITACHI U-4100 UV-vis-NIR spectrophotometer.

Fine crystals of 2a and 2c-2e were collected on a SuperNova,
Dual, Cu/Mo at zero, Eos diffractometer. Using Olex2,** the
structure was solved with the Superflip®® structure solution
programme applying Charge Flipping and refined with the
ShelXL*® refinement package applying least squares
minimization.

Synthesis of 1e

A tetrabutylammonium fluoride solution (3 mL, 1 M in THF)
was added dropwise into a stirred solution of trimethyl(seleno-
phen-2-ylethynyl)silane (500 mg, 2.19 mmol) in 10 mL THF
and stirred for 10 min at rt. This solution was added into a
three necked round-bottom flask containing Cu(OAc),
(553 mg, 3.06 mmol) and 10 mL of pyridine/methanol mixture
(1:1 v/v) and refluxed for 2 h. The reaction mixture was allowed
to cool at rt and added to crushed-ice and 3.6 mL of 9 M H,SO,.
The resulting solution was extracted with diethyl ether (3 x
25 mL). The ether layers were mixed, dried over anhydrous
Na,SO, and concentrated to produce a deep brown crude
product. Column chromatography of the crude on silica gel
using hexane as the eluent gave 1e as a pale yellow solid
(170 mg, 50%). 'H NMR (400 MHz, &, ppm, CDCL,): 8.07 (d, 2H,
J = 4.6 Hz), 7.54 (d, 2H, J = 3.44 Hz), 7.24-7.21 (m, 2H,). *C
NMR (100 MHz, CDCl,): 6 136.6, 134.9, 129.6, 126.0, 79.6, 79.5.

Synthesis of 1f

Compound 1f was synthesized by using a similar synthetic pro-
cedure to 1e using (2,2"-bithiophen-5-ylethynyl)trimethylsilane
(563 mg, 2.15 mmol), which afforded 1f as a pale brown solid
(300 mg, 73%). "H NMR (400 MHz, &, ppm, C¢Ds): 6.83 (d, 2H,
J =3.84 Hz), 6.80 (d, 2H, J = 3.84 Hz), 6.65 (d, 2H, J = 5.36 Hz),
6.57-6.52 (m, 4H). >*C NMR (100 MHz, C¢Ds): § 140.9, 136.5,
135.8, 128.1, 125.5, 125.0, 123.8, 120.6, 79.8, 78.1.

General procedure for the synthesis of 2a-2f

Butadienes (1 mmol) and sulfur powder (8 mmol) were
charged into a Schlenk flask and it was stoppered. The reac-
tion mixture was heated at 125 °C for 0.5 h. The reaction was
cooled and the resulting residue was purified by column
chromatography on 100-200 mesh silica gel (2% CH,Cl, in
hexane) to obtain the products.

Polym. Chem., 2015, 6, 7658-7665 | 7663
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2a: Yellowish brown solid. Yield: 106 mg, 27%. M.p.:
154 °C. UV-vis in DCM: A (nm) (10* x ¢ (M™" em™)) = 258
(4.5), 316 (3.4). '"H NMR (400 MHz, CDCl3): § 7.55-7.51 (m,
2H), 7.49-7.43 (m, 3H). *C NMR (100 MHz, CDCl,): § 148.3,
137.9, 132.5, 130.0, 129.1, 128.5. HRMS (ESI+): calculated for
C16H10S6, 393.9107; found 393.9029.

2b: Yellow solid. Yield: 184 mg, 31%. M.p.: 122 °C. UV-vis
in DCM: Apay (nm) (10* x ¢ (M™' em™)) = 266 (5.9), 330 (4.7).
"H NMR (400 MHz, CDCl3): § 7.46 (d, 2H, J = 8.4 Hz), 6.97 (d,
2H, J = 8.4 Hz), 4.00 (t, 2H), 1.80 (m, 2H), 1.51-1.43 (m, 2H),
1.38-1.32 (m, 4H), 0.91 (t, 3H). >C NMR (100 MHz, CDCl,):
§159.9, 147.9, 136.8, 131.2, 124.7, 114.4, 68.1, 31.5, 29.1, 25.7,
22.5, 14.0. HRMS (ESI+): calculated for C,5H340,Ss, 594.0883;
found 594.0229.

2¢: Yield: 94 mg, 22%. M.p.: 143 °C. UV-vis in DCM: Apax
(nm) (107 x ¢ M~ em™)) = 258 (7.8). "H NMR (400 MHz,
CDCl,): § 7.53-7.48 (m, 2H), 7.19-7.13 (m, 2H). *C NMR
(100 MHz, CDCl,): 6 164.2 (d, J = 199.3 Hz), 138.1, 134.5 (d, ] =
6.5 Hz), 131.9 (d, J = 6.5 Hz), 128.5, 115.8 (d, J = 18.05 Hz).
HRMS (ESI+): calculated for C;sHgF,Se, 429.8918; found
429.8120.

2d: Yellowish brown solid. Yield: 68 mg, 17%. M.p.: 167 °C.
UV-vis in DCM: Apay (nm) (107 x ¢ (M~ em™)) = 270 (9.5),
366 (4.4). "H NMR (400 MHz, CDCl;): § 7.45 (d, 2H, J = 3.80
Hz), 7.40 (d, 2H, J = 3.84 Hz), 7.18-7.07 (m, 2H). >C NMR
(100 MHz, CDCl,): § 140.5, 136.7, 133.8, 128.5, 128.4, 127.3.
HRMS (ESI+): calculated for C;,HgSs, 405.8235; found
404.8191.

2e: Yellowish brown solid. Yield: 60 mg, 12%. M.p.: 179 °C.
UV~vis in DCM: Apay (nm) (107 x & (M~ em™)) = 277 (10.5),
393 (3.2). "H NMR (400 MHz, CDCl,): § 8.16 (d, 2H, J = 5.32
Hz), 7.61 (d, 2H, J = 3.8 Hz), 7.34-7.30 (m, 2H). *C NMR
(100 MHz, CDCl,): § 142.4, 138.0, 136.3, 134.9, 130.2, 129.4.
HRMS (ESI+): calculated for C;,H¢SeSe,, 501.7124; found
501.7051.

2f: Deep orange solid. Yield: 118 mg, 21%. M.p.: 194 °C.
UV-vis in DCM: Apa (nm) (107* x ¢ (M™' em™)) = 261 (4.0),
429 (4.5). "H NMR (400 MHz, C¢Dy): § 6.96-6.92 (m, 4H), 6.81
(d, 2H, J = 3.8 Hz), 6.70 (d, 2H, J = 3.84 Hz), 6.61 (m, 2H). *C
NMR (100 MHz, C¢Dg): 6 150.4, 148.4, 147.2, 143.4, 139.3,
139.2, 127.3, 124.8, 124.3, 120.0. HRMS (ESI+): calculated for
C20H10S10, 569.7990; found 569.8073.

Theoretical methods

Single point TD-DFT calculations were performed on the struc-
ture obtained from the single crystal X-ray diffraction of 2d
and 2e by using the Gaussian 09 programme®’ at the B3LYP/6-
31G(d) level.
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