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Benzolc]thiophene and its derivatives are attractive chromophores or
n-building blocks for emitters, photosensitizers, and semiconductors
used in organic optoelectronic devices. Herein, we provide facile
synthetic methods of 1,1'-diaryl-4,4’ -bibenzo[c]thiophene derivatives
by Stille or Suzuki coupling reaction and their photophysical proper-
ties in the solution and the solid state, electrochemical properties, and
X-ray crystal structures.

Benzo[c]thiophene and its derivatives have attracted not only
growing scientific interest in synthetic organic chemistry, poly-
mer chemistry, electrochemistry, photochemistry, and theore-
tical chemistry," but also considerable attention as a promising
chromophore or n-building block of emitters, photosensitizers,
and semiconductors for organic optoelectronic devices, includ-
ing organic light-emitting diodes (OLEDs),> organic photovol-
taics (OPVs),® dye-sensitized solar cells (DSSCs),* and organic
field-effect transistors (OFETs).’ Accordingly, some benzo[c]
thiophene derivatives with substituents on the thiophene ring
and/or the benzene ring such as 1,3- or 5,6-disubstituted benzo[c]
thiophenes® and 1,3,4,7- or 1,3,56-tetrasubstituted benzo[c]thio-
phenes” have been synthesized (Fig. 1a). Moreover, a few 3,
3'-disubstituted-1,1’-bibenzo[c]thiophenes as the 1,1’-dimer of bi-
benzo[c]thiophene (abbr. as BBT) have been developed by Cava,?
Ono,*® and Mohanakrishnan et al,"* and they offered their syn-
thetic methods and photophysical and electrochemical properties.
On the other hand, in our previous work,''* we have developed
1,1'-disubstituted 4,4’-BBT derivatives (BBT-Si, BBT-Sn, and BBT-
CHO) with various substituents (R = Si(CH3),C(CHj3);, Sn(CH3)s, and
CHO, Fig. 1a) as well as unsubstituted 4,4-BBT (BBT-H) by a
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straightforward reaction method from 1,1’,3,3"-tetrahydro{4,4’-
bibenzo[c|thiophene] 2,2'-dioxide (SO-BBT-H4, Scheme 1), and
revealed their photophysical and electrochemical properties.
Furthermore, we achieved the development of 1,1’-diaryl-4,4’-BBT
by Stille coupling reaction of 1,1’-distannyl-4,4’-BBT (BBT-Sn) with
aryl halide (Method A in Scheme 1)."* For example, the Stille
coupling reaction of BBT-Sn with 1-bromo-4-tert-butylbenzene gave
BBT-Ph‘Bu in a moderate yield (Fig. 1b). Indeed, the expansion of
the m-conjugated system by the introduction of aryl substituents on
chromophores is an effective way to adjust the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels, that is, the photophysical and electrochemical
properties for the development of high-performance optoelectronic
devices. However, 1,1'-diaryl-4,4-BBT could be obtained only
by Stille coupling reaction using BBT-Sn so far. Therefore, for this
purpose it is necessary to develop facile synthetic methods for 1,
1'-diaryl-4,4’-BBT derivatives.

In this work, with the aim of providing a new synthetic method
of 1,1’-diaryl-4,4’-BBT derivatives and their photophysical and
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Fig.1 (a) Chemical structures of benzolc]thiophenes, 1,1’-bibenzolc]
thiophenes, and 4, 4’-bibenzol[c]thiophenes. (b) Previous work (ref. 11c)
and this work for the synthesis of 1,1’-diaryl-4,4’-BBT.
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Scheme 1 Synthetic routes to 1,1’-diaryl-4,4’-bibenzolclthiophene deri-
vatives BBT-Ph'Bu and BBT-PhCN by Stille coupling reaction (Method A)
and Suzuki coupling reaction (Method B).

electrochemical properties, we successfully synthesized 1,1’
dibromo-4,4"-BBT (BBT-Br) as an intermediate in the synthesis
of the BBT derivative form SO-BBT-H4 (Fig. 1b); BBT-Br as a
synthetic building block enables us to develop various BBT series
for optoelectronic materials by a variety of synthetic approaches,
including homo- and cross-coupling reactions, nucleophilic aro-
matic substitution, and organometallic reagent formation.
Indeed, we have achieved the synthesis of BBT-PhCN with an
electron-withdrawing cyanophenyl group using BBT-Br and eva-
luation of its photophysical and electrochemical properties, as
well as BBT-Ph'Bu with an electron-donating tert-butylphenyl
group. Herein, we provide facile methods of 1,1’-diaryl-4,4’-BBT
derivatives by Stille coupling reaction of BBT-Sn with aryl halide
and Suzuki coupling reaction of BBT-Br with arylboronic acid and
their photophysical properties in the solution and the solid state,
electrochemical properties and X-ray crystal structures.

As previously indicated, we have demonstrated that BBT-Sn
is a useful intermediate in the synthesis of 1,1’-diaryl-4,4’-BBT
derivatives by Stille coupling reaction with aryl halides (Method
A in Scheme 1); in fact, the reaction gave BBT-Ph‘Bu in a
moderate yield (44%)."'¢ Likewise, the Stille coupling reaction
of BBT-Sn with 4-bromobenzonitrile afforded BBT-PhCN with a
4-cyanophenyl group on each thiophene ring in a yield of 49%.
Meanwhile, for Suzuki coupling reaction, we prepared BBT-Br
by the dehydration of SO-BBT-H4 using tetramethylethylene-
diamine (TMEDA) and then n-BulLi, followed by treatment with
carbon tetrabromide (CBr,). Thus, we conducted the Suzuki
coupling reaction of BBT-Br with 4-tert-butylphenylboronic acid
or 4-cyanophenylboronic acid at room temperature (25 °C) due
to the thermal instability of BBT-Br (Method B in Scheme 1). As
a result, BBT-Ph’Bu and BBT-PhCN were successfully prepared
by the Suzuki coupling reactions even at a low temperature,
although the yields of the two BBT derivatives by Suzuki
coupling reactions were lower than those by the Stille coupling
reactions. Therefore, this result provides facile synthetic meth-
ods for the introduction of aryl substituents into the 1,
1’-positions on the thiophene rings of the 4,4’-BBT skeleton,
that is, 1,1’-diaryl-4,4’-BBT derivatives by Stille and Suzuki
coupling reactions.

A single-crystal X-ray structural analysis was successfully
performed for BBT-Ph‘Bu, but unfortunately we could not
obtain single crystals of BBT-PhCN with a sufficient size to
make the X-ray structural analysis possible. (Fig. 2). The crystal
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Fig. 2 Crystal structure of BBT-Ph'Bu: (a) molecular structure and (b)
intermolecular interactions.

structure of BBT-Ph’Bu has two crystallographically indepen-
dent molecules in which the dihedral angles between the two
benzo[c]thiophene units are 127.61 and 126.90°, respectively
(Fig. 2a). There are no short n-r contacts of less than 3.60 A
between the neighboring molecules (Fig. S3, ESIY), which
indicates the absence of n-m stacking between the molecules.
On the other hand, the formation of a one-dimensional con-
tinuous molecular chain by the intermolecular CH: - -S hydro-
gen bonding interactions'” between the thiophene rings of
neighboring molecules was observed in the crystal structure
of BBT-Ph’Bu (C(1)H(1)- - -S(3) angle = 162.85°, C(1)- - -S(3) dis-
tance = 3.833 A, and H(1)---S(3) distance = 2.915 A and
C(55)H(55)- - -S(2) angle = 153.77°, C(55)- - -S(2) distance = 3.668 A,
and H(55)- --S(2) distance = 2.792 A, Fig. 2b). Meanwhile, the
X-ray powder diffraction (XRD) patterns for BBT-PhCN as well
as BBT-Ph’Bu did not show diffraction peaks over 20 = 20°,
suggesting the absence of n-r stacking. On the other hand, the
XRD patterns for BBT-H exhibited diffraction peaks at around
20 =22°, 26°, and 28°, suggesting the presence of n-n stacking
(Fig. S4 in ESIt).

The photoabsorption and fluorescence spectra of BBT-H,
BBT-Ph‘Bu, and BBT-PhCN in toluene are shown in Fig. 3a and
their photophysical data are summarized in Table 1. BBT-Ph’Bu
and BBT-PhCN show intense photoabsorption bands [Amaxabs =
386 nm and 399 nm, respectively) with relatively high molar
extinction coefficients (gma=20700 M~ ' ecm ™" and 27000 M~ * cm ™Y,
respectively) in longer wavelength regions by 27 nm and
40 nm, respectively, in comparison with BBT-H (ima"° =
359 NM, &max = 7500 M~ cmfl), due to the expansion of the
n-conjugated system by the introduction of an aryl substituent
on the benzo[c]thiophene chromophore. The corresponding
fluorescence bands (/max = 469 nm and 472 nm) of BBT-Ph’Bu
and BBT-PhCN also appear in longer wavelength regions by 59 nm
and 62 nm, respectively, in comparison with that (Amay" = 410 nm)
of BBT-H. Therefore, the Stokes shift (SS) values of BBT-Ph’Bu and
BBT-PhCN are 4585 cm™ ' and 3876 cm ™, respectively, which are
larger than that (3465 cm ') of BBT-H. Meanwhile, the fluores-
cence quantum yield (5 = 0.27) of BBT-PhCN is lower than those
(@4 = 0.41 and 0.39, respectively) of BBT-H and BBT-Ph’Bu. Time-
resolved fluorescence spectroscopy demonstrated that the fluores-
cence lifetime (tq = 1.27 ns) of BBT-PhCN is shorter than those
(3.46 ns and 2.33 ns, respectively) of BBT-H and BBT-Ph‘Bu. The
radiative rate constant (k. = 2.13 x 10® s ') for BBT-PhCN is

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 3 (a) Photoabsorption (solid line) and fluorescence (dotted line)

spectra of BBT-H, BBT-Ph'Bu and BBT-PhCN (3.0 x 107> M) in toluene.
(b) Solid-state UV-vis diffuse reflection—absorption (solid line) and fluores-
cence (dotted line) spectra (1** = 360 nm for BBT-H and BBT-Ph'Bu and
422 nm for BBT-PhCN) of the as-recrystallized BBT-H, BBT-Ph'Bu and
BBT-PhCN.

somewhat larger than those (1.18 x 10%® s~ and 1.63x 10% s,
respectively) for BBT-H and BBT-Ph‘Bu, but the nonradiative rate
constant (k= 5.75 x 10°® s™*) for BBT-PhCN is two to three times
higher than those (2.62 x 10° s~ " and 1.70 x 10® s™*, respectively)
for BBT-Ph’Bu and BBT-H. Consequently, the ratio of nonradiative
constant to radiative constant (k,/k; = 2.70) for BBT-PhCN is
larger than those (1.44 and 1.56, respectively) for BBT-H and
BBT-Ph'Bu, indicating that the lower @q value of BBT-PhCN is
mainly due to the larger &, value compared to those of BBT-H and
BBT-Ph‘Bu. The larger k,, value of BBT-PhCN may be induced by
rotation between the electron-withdrawing cyanophenyl group
and BBT fluorophore, leading to excited-state intramolecular
charge transfer (ICT)-based fluorescence quenching.”

Moreover, the solid-state photophysical properties of BBT-H,
BBT-Ph’Bu, and BBT-PhCN have been investigated by using the
solid-state UV-Vis diffuse reflection-photoabsorption and
fluorescence spectral measurements (Fig. 3b) and their photo-
physical data are summarized in Table 2. BBT-Ph‘Bu in the
solid state exhibits a photoabsorption maximum (Lya,*"*°19)
at 400 nm, which is similar to the photoabsorption spectrum in
toluene (Fig. 3a). On the other hand, the photoabsorption
bands of BBT-H and BBT-PhCN in the solid state are broadened
in longer wavelength regions with an onset of ca. 500 nm,
compared to those in toluene. In the corresponding solid-state
fluorescence spectra, BBT-H, BBT-Ph’Bu, and BBT-PhCN show
fluorescence bands (A"maxﬂ’s"“d =455 nm, 510 nm and 548 nm,
respectively) in longer wavelength regions by 45 nm, 41 nm,
and 76 nm, respectively, compared to those in toluene. The
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Table 2 Photophysical data of 4,4’-bibenzolc]thiophene derivatives in
the solid state

Dye ;Lmaxa bs»solid/nm llmaxtl-SOIid/nm (Qﬂ—solid)a
BBT-H 360° 455 (< 0.02)
BBT-Ph'Bu 400” 510 (0.04)

BBT-PhCN 422 548 (< 0.02)

“ Fluorescence quantum yields (®g.g011q) Were determined by using a
calibrated integrating sphere system (1 = 360 nm for BBT-H and
BBT-Ph’Bu and 422 nm for BBT-PhCN). ? Previous work (ref. 11c).

Pp.so1ia Values of BBT-H, BBT-Ph’Bu, and BBT-PhCN in the solid
state are <0.02, 0.04, and <0.02, respectively, which are
significantly lower than those in toluene (Table 1). Thus, the
precise evaluations of the tq.¢01i4 values for the three derivatives
were difficult due to their feeble solid-state fluorescence prop-
erties. In general, the bathochromic shifts of S and Amax
and the lowering of the @4 value by changing from the solution
to the solid state is quite common and explained in terms of the
formation of intermolecular n-n interactions or continuous
intermolecular hydrogen bonding between the fluorophores
in the solid state and consequent delocalization of excitons or
excimers.'* Thus, based on the XRD patterns for BBT-H, the
bathochromic shift of /., and the lowering of the ®@q value of
BBT-H by changing from the solution to the solid state would
be attributed to the formation of intermolecular n-m interac-
tions between the molecules in the solid state. Meanwhile,
based on the XRD patterns for BBT-Ph‘Bu and BBT-PhCN as
well as the crystal structure of BBT-Ph‘Bu, the continuous
intermolecular CH- - -S hydrogen bonding interactions between
the neighboring molecules might be responsible for the
aggregation-caused quenching (ACQ) of BBT-Ph’Bu and BBT-
PhCN.

The electrochemical properties of BBT-H, BBT-Ph’Bu, and
BBT-PhCN were investigated by cyclic voltammetry (CV) in
acetonitrile or DMF containing 0.1 M tetrabutylammonium
perchlorate (BuyNClO,). The potentials were internally refer-
enced to ferrocene/ferrocenium (Fc/Fc'). The cyclic voltammo-
grams of the three derivatives showed an irreversible oxidation
at 0.88 V for BBT-H, 0.55 V for BBT-Ph’Bu, and 0.73 V for
BBT-PhCN, while any obvious reduction wave did not appear within
the potential window (Fig. S5, ESIt). The oxidation waves for
BBT-Ph‘Bu and BBT-PhCN were cathodically shifted by 0.33 V and
0.15 V, respectively, compared to that for BBT-H. This
result indicates that the introduction of the electron-donating

Table 1 Photophysical and electrochemical data and the HOMO and LUMO energy levels of 4,4’-bibenzolc]thiophene derivatives in solution

Dye T MM (emad/MF em™ ) Ao lnm (@g)” ta/ns® ks Fnr/s ¢ ko/ke Eonsec™ V' E°P'/eVE HOMO/eV" LUMO/eV"
BBT-H 359 (7500)° 410 (0.41)' 3.46° 1.18 x 10% 1.70 x 10% 1.44' 0.75' 3.16' —5.55' —2.39'
BBT-Ph’Bu 386 (20 700)’ 469 (0.39)’ 2.33°  1.68 x 10% 2.62 x 10* 1.56' 0.42' 2.87' —5.22" —2.35'
BBT-PhCN 399 (27 000) 472 (0.27) 1.27 2.3 x 10° 5.75 x 10° 2.70 0.59 2.82 ~5.39 —2.57

“In toluene. ? In toluene. Fluorescence quantum yields (@) were determined by using a calibrated integrating sphere system (1 = 359 nm,
386 nm and 399 nm for BBT-H, BBT-Ph‘Bu, and BBT-PhCN, respectively). ¢ Fluorescence lifetime. 4 Radiative rate constant (k, = ®g/tq).
¢ Nonradiative rate constant (kn, = (1 — @p)/tn). 7 Onset (Eonsec™) versus Fe/F¢' of the oxidation potential. € Optical energy gaps (E,") were
determined from the intersection (393 nm, 432 nm, and 439 nm for BBT-H, BBT-Ph‘Bu, and BBT-PhCN, respectively) of the photoabsorption and
fluorescence spectra in toluene. * Versus vacuum level. * Previous work (ref. 11c).
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tert-butylphenyl group and the electron-withdrawing cyanophe-
nyl group into the benzo[c]thiophene skeleton causes the low-
ering of the oxidation potential. The HOMO energy levels
(—[Eonset™ + 4.8] eV) versus vacuum level were estimated from
the onset potentials (Egpsec - = 0.75 V for BBT-H, 0.42 V for
BBT-Ph’Bu, and 0.59 V for BBT-PhCN) of the oxidation waves
and the LUMO energy levels were estimated from the Eqpsec
and intersections (optical energy gap: E,°"* = 3.16 eV for BBT-H,
2.87 eV for BBT-Ph’Bu, and 2.82 eV for BBT-PhCN) of the
photoabsorption and fluorescence spectra in toluene. The
HOMO energy levels (—5.22 eV and —5.39 eV, respectively), of
BBT-Ph’Bu and BBT-PhCN are higher than that (—5.55 eV) of
BBT-H. On the other hand, the LUMO energy levels (—2.39 eV
and —2.35 eV, respectively) of BBT-H and BBT-Ph’Bu are similar
to each other, but the LUMO energy level (—2.57 eV) of
BBT-PhCN is lower than that of BBT-H. Thus, this fact reveals
that the bathochromic shift of the photoabsorption band from
BBT-H to BBT-Ph’Bu and BBT-PhCN is mainly attributed to the
destabilization of the HOMO energy level for BBT-Ph‘Bu and
the destabilization of the HOMO energy level and the stabili-
zation of the LUMO energy level for BBT-PhCN through the
introduction of the electron-donating ter¢-butylphenyl groups
and the electron-withdrawing cyanophenyl groups, respectively,
into the benzo[c]thiophene skeleton, leading to a decrease in
the HOMO-LUMO band gap.

The electronic structures and molecular orbitals of BBT-H,
BBT-Ph’Bu, and BBT-PhCN were calculated by using DFT at the
B3LYP/6-31G(d,p) level (Fig. S6, ESIt). The DFT calculations
demonstrate that the HOMO for BBT-H is delocalized on each
benzo[c]thiophene unit, but the HOMOs for BBT-Ph‘Bu and
BBT-PhCN are delocalized on each benzo[c]thiophene unit and
the aryl substituent. The LUMOs for BBT-H and BBT-Ph’Bu are
mainly delocalized over the whole benzo[c]thiophene skeleton
through the 4,4’-positions, but the LUMO for BBT-PhCN is
delocalized over the whole molecule containing cyanophenyl
groups through the 4,4'-positions. It was found that the
HOMO energy level (—5.06 eV) of BBT-Ph’Bu is higher than
that (—5.29 eV) of BBT-H, but the LUMO energy levels (—1.55 eV
and —1.58 eV, respectively) of BBT-H and BBT-Ph’Bu are similar
to each other. The HOMO and LUMO energy levels (—5.64 eV
and —2.32 eV, respectively) of BBT-PhCN are significantly lower
than those of BBT-H, but the lowering in the LUMO energy level
is larger than that in the HOMO energy level, although CV
showed that the HOMO energy level of BBT-PhCN is higher
than that of BBT-H. Nevertheless, the DFT calculations sug-
gested that compared to BBT-H, the rise of the HOMO energy
level for BBT-Ph‘Bu and the lowering of the LUMO energy level
for BBT-PhCN result in a decrease in the HOMO-LUMO band
gap (3.74 eV, 3.56 eV, and 3.32 eV, respectively), from BBT-H to
BBT-Ph‘Bu and BBT-PhCN. Furthermore, time-dependent den-
sity functional theory (TD-DFT) calculations were performed to
elucidate the photophysical properties of the three derivatives
(Fig. S7, ESIT). The calculated Amq, 5™ and ey cq values of BBT-
H, BBT-Ph’Bu, and BBT-PhCN are 345 nm and 7800 M~ ! cm ™,
361 nm and 44300 M * em ™%, and 403 nm and 38300 M ' ecm ™%,
respectively. The S, — S; transitions are mainly attributed to
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the transitions from the HOMO to the LUMO (67% for BBT-H,
88% for BBT-Ph’Bu, and 93% for BBT-PhCN). Indeed, the
TD-DFT calculations are in good agreement with the experi-
mental results about bathochromic shifts of the photoabsorp-
tion bands from BBT-H to BBT-Ph‘Bu and BBT-PhCN, although
the &caicq value of BBT-PhCN is lower than that of BBT-Ph’Bu,
which is opposite to the experimental results.

In conclusion, we developed facile synthetic methods of 1,
1'-diaryl-4,4’-bibenzo[c]thiophene (-BBT) derivatives by Stille or
Suzuki coupling reaction and their photophysical and electro-
chemical properties and X-ray crystal structures were elucidated
sufficiently by an experimental approach and DFT calculations.
Further studies on the synthetic routes from 1,1’-diaryl-4,
4'-BBT derivatives to 1,1,3,3'-tetraaryl-4,4’-BBT derivatives are
now in progress to gain insight into the effect of aryl substi-
tuents on the photophysical and electrochemical properties of
4,4'-BBT derivatives.
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