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New ethylene-separated benzothiadiazoles were synthesized for the first time by using a facile proce-
dure, and they showed lower bandgaps than the reported benzothiadiazole-containing compounds. This
new benzothiadiazole-containing unit could be introduced into the backbone of the p-conjugated small
molecules or polymers to develop new materials with a low bandgap that may have potential applica-
tions in optoelectronic fields.
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Among the aryl heterocyclic compounds, those containing a
2,1,3-benzothiadiazole unit have received much attention in the
past decades because of their interesting properties and potential
applications in many areas such as biology,1 iatrology2 and opto-
electronic devices.3 In particular, the ability of this unit to tune
the bandgap of the compounds has gathered much interest in the
field of organic solar cells.4 Some examples such as those incorpo-
rating this unit to fluorene, carbazole, thiophene to obtain small
molecules or polymers with low bandgap had been reported.5,6

Usually, a 2,1,3-benzothiadiazole unit is called as a low bandgap
unit or a bandgap tuner. Theoretically, such an ability to tune
bandgap is derived from the strong electron affinity of the 2,1,3-
benzothiadiazole unit.7 Hence, to prepare the materials with a low-
er bandgap, many efforts to enhance the electron affinity have
been carried out, including the synthesis of the compounds with
a bisbenzothiadiazole unit,8a a benzobisthiadiazole unit,9 and a
thiadiazoloquinoxaline unit.10 The obtained materials showed a
very low bandgap and can be used in photovoltaic cells (PVCs),9f,10b

near-infrared organic light-emitting diodes (NIR OLEDs),9d,e and
near-infrared liquid crystal (NIR LC) display.9c

However, the above-mentioned efforts were unsatisfactory be-
cause the inconvenient procedures for the preparation of the thia-
diazole-based compounds were employed.8 Moreover, in some
cases, introducing some thiadiazole units into the backbone of
the other compounds cannot greatly decrease the bandgap of the
molecules. Are there any facilely prepared thiadiazole derivatives
that can greatly decrease the bandgap of the molecules? This moti-
vates us to design new thiadiazole derivatives. We found that the
compounds based on ethylene-separated benzothiadiazoles were
more easily prepared and showed a lower bandgap, compared to
the reported benzothiadiazole-containing compounds.8,11 In this
ll rights reserved.
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contribution, we report the synthesis and properties of these
new compounds, as shown in Scheme 115 and Scheme 2.16,17

As can be seen from Scheme 1, the ethylene-separated bro-
mobenzothiadiazole 5 was prepared via the Horner–Wittig reac-
tion from 3 and 4 in a yield of 84%. The precursors, 1 and 4 were
synthesized according to the literature,12 and 2 was prepared in
high yield by bromination of 1 with a controlling equivalence ratio
of 1 and NBS (N-bromosuccinimide). The precursor, 7-bromo-2,1,3-
benzothiadiazole-4-carbaldehyde 3 was prepared by a modified
procedure. In comparison with the reported methods that 4-bro-
mo-7-(bromomethyl)-2,1,3-benzothiadiazole was oxidized to ob-
tain the aldehyde 3,13 the modified method gave high yield and a
product which can be easily purified. The FT-IR spectrum of 5
shows an absorption at 968 cm�1, suggesting the existence of a
double band with trans configuration in this compound.

The UV–vis spectrum of 5 in THF is presented in Figure 1. For
comparison, the spectrum of 4,7-dibromobenzothiadiazole (BT) is
also given in Figure 1. Obviously, the absorption maximum (kmax)
Scheme 1. Synthesis of the ethylene-separated benzothiadiazole 5.
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Scheme 2. The procedure for the preparation of the new low bandgap molecules 6
and 7.

Figure 1. Normalized absorption spectra of compounds 5 and 4,7-dibromobenzo-
thiadiazole in THF.

Figure 2. Normalized absorption spectra of compounds 6 and 7 in THF.

Figure 3. Normalized emission spectra of compounds 6 and 7 in THF.
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of 5 exhibits a 76 nm red shift as compared to BT. This shift is also
observed for the bandgap. The onset of the absorption spectrum of
5 is at 478 nm which corresponds to a band gap (Eopt

g ) of 2.59 eV,
while for BT the absorption edge is at 387 nm, corresponding to
a band gap (Eopt

g ) of 3.20 eV. Surprisingly, the Eopt
g of 5 is even lower

than 2.99 eV, which is that of bisbenzothiadiazole.8a It is noted that
the molecules with muti-benzothiadiazole units are regarded as a
new class of low bandgap compounds, whereas they are prepared
with difficulty.8 In our case, the lower Eopt

g shown by 5 suggests that
the ethylene-separated benzothiadiazole unit may be used as a
new unit for tuning the bandgap of the compounds.

To further confirm the ability of the ethylene-separated benzo-
thiadiazole unit to tune the bandgap, two new compounds 6 and 7
were prepared by using the standard Suzuki coupling reaction, as
shown in Scheme 2. The chemical structure of 6 and 7 was con-
firmed by 1H NMR, 13C NMR spectra, elemental analysis and mass
spectrometry (MALDI-TOF).

Figure 2 depicts the UV–vis spectra of 6 and 7 in THF, which
indicate a big red shift for 6 (kmax = 474 nm) and 7 (kmax = 495 nm),
compared to that of 5 (kmax = 426 nm). This behavior is attributed
to the charge transfer between a donating group (fluorene or car-
bazole) and an accepting ethylene-separated benzothiadiazole
unit. Due to the electron-donating ability of carbazole unit is stron-
ger than that of fluorene group, the absorption maximum (kmax) of
7 exhibits a bathochromic shift of 21 nm, compared to that of 6.
From their UV–vis absorption onset wavelength, the Eopt

g of 6 and
7 are estimated as 2.31 and 2.20 eV, respectively. Such results
are lower than both Eopt
g of a compound with a configuration of

fluorene-benzothiadiazole-fluorene (FBF)11 (Eopt
g ¼ 2:70 eV) and a

molecule containing fluorene-bisbenzothiadiazole-fluorene (FDBF)
structure (Eopt

g ¼ 2:50 eV),8a indicating that the ethylene-separated
benzothiadiazole unit with higher conjugation possesses greater
electron-accepting ability, and is a new potential bandgap tuner.
In many cases, the bandgap of p-conjugated compounds may
become narrow with the increase of the conjugated units. For
example, poly(fluorene-co-benzothiadiazole) shows an Eopt

g of
2.34 eV,11,14 which is lower than that of above-mentioned FBF. This
means that the polymers would show lower bandgap if the ethyl-
ene-separated benzothiadiazole unit would be introduced into the
backbone of the conjugated polymers.

The photoluminescent (PL) spectra of 6 and 7 are shown in
Figure 3. As can be seen from Figure 3, 6 and 7 show a maximum
emission peak (kem) at 563 and 585 nm, respectively. Compared
to that of the above-mentioned FDBF (kem = 531 nm, in THF),8a

the kem of 6 has a red shift of about 32 nm, suggesting that the
ethylene-separated benzothiadiazole unit has a higher conjugated
level than the bisbenzothiadiazole unit.

The fluorescent quantum yields (uf) of solutions of 6 and 7 in
THF were determined to be 2.52 and 1.09, respectively, by using
an acetonitrile solution of DCM as a reference.18 Such uf values
are over 100%, indicating that the compounds show good photolu-
minescent emission behavior.

The electrochemical properties of 6 and 7 were observed in a
CH2Cl2 solution containing [Bu4N]ClO4 (0.10 M, Bu = n-butyl) using
an Ag/AgCl and a platinum disk as the reference and counter elec-
trodes, respectively. Figure 4 shows the cyclic voltammograms of
compounds 6 and 7. Electrochemical oxidations of 6 and 7 start



Figure 4. CV charts of 6 and 7 measured in a solution of dichloromethane
containing 0.1 M Bu4NClO4 at a scan rate of 50 mV/s. Figure 5. The experimental band gaps and the calculated HOMO–LUMO energy

gaps (eV). Calculated at B3LYP/6-31G* level.
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at about 1.25 and 0.92 V versus Ag/AgCl, respectively, and both 6
and 7 show two oxidation peaks (6: 1.33 and 1.47 V; 7: 1.04 and
1.29 V). Compared with those of poly(fluorene-co-benzothiadiaz-
ole) and poly(carbazole-co-benzothiadiazole),6,11 the two oxida-
tion peaks are attributed to the oxidation of the carbazole unit
and the fluorene unit in 6 and 7. According to the relationship be-
tween oxidation onset potential (Eox

onset) and the highest occupied
molecular orbital (HOMO) energy, HOMO ¼ �ðEox

onset þ 4:4Þ, the
HOMO values of 6 and 7 are estimated as �5.65 eV and
�5.32 eV, respectively. The electrochemical reductions of 6 and 7
start at about �1.12 and �1.22 V versus Ag/AgCl, respectively,
which agree with the reported results for poly(2,1,3-benzothiadi-
azole)19 and poly(fluorene).20 The reduction potential peaks for 6
and 7 are at �1.23, �1.38 and �1.28, �1.49 V versus Ag/AgCl,
respectively. From the reduction onset potentials, the lowest unoc-
cupied molecular orbital (LUMO) values of 6 and 7 can be esti-
mated as �3.28 eV and �3.18 eV, respectively, using the equation
LUMO ¼ �ðEred

onset þ 4:4). These results also agree with those re-
ported on poly(2,1,3-benzothiadiazole) and poly(fluorene).
Figure 6. The optimized structures with calculated HOMO–LUMO energy gaps (eV). All s
31G* level.
Based on the above-mentioned electrochemical results, the
electrochemical bandgaps for 6 and 7 are obtained as 2.37 and
2.14 eV, respectively, which are close to the Eopt

g of 6 and 7. Such
electrochemical bandgaps are also lower than those of above-men-
tioned FBF (e.g., about 2.70 eV),11 further confirming that the eth-
ylene-separated benzothiadiazole unit can efficiently tune the
bandgap of these compounds.

To better understand why the compounds with ethylene-sepa-
rated benzothiadiazole unit showed good bandgap-tuning ability, a
theoretical calculation using density functional theory (DFT) was
carried out.21 The calculation was carried out with the GAUSSIAN03
program employing the B3LYP22 method and 6-31G* basis set. In
the calculation models, the side chains in the fluorene and carba-
zole units were simplified to methyl groups. The calculated
HOMO–LUMO gaps along with the experimental values are shown
in Figure 5, and the optimized structures are listed in Figure 6.
For benzothiadiazole, bisbenzothiadiazole, and compound 5, the
tructures have C2 symmetry except for the benzothiadiazole. Calculated at B3LYP/6-
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calculations on the 6-311+G** basis set were also performed, and
the calculated energy gaps were 3.59, 2.90, and 2.32 eV, respec-
tively, which are very close to the results of 6-31G* basis set
(3.61, 2.90, and 2.33 eV), suggesting that the 6-31G* basis set is
suitable for this calculation.

As shown in Figure 6, the two benzothiadiazole units in bis-
benzothiadiazole are staggered with a dihedral angle of 31.3�,
whereas the ethylene unit in 5 releases the steric repulsion be-
tween the adjacent benzothiadiazole units and brings about the
whole molecule to be nearly coplanar. As a result, the conjugated
level increases, and subsequently, the energy gap decreases. The
same situation can be found in 6 and FDBF. Thus, except for
extending the conjugated system, the insertion of the ethylene
units changes the molecule from staggered to coplanar, resulting
in the increase of the conjugated level.

In summary, two new compounds with an ethylene-separated
benzothiadiazole unit have been synthesized using a simple
method. Compared with the reported compounds containing bis-
benzothiadiazole unit, the molecules with an ethylene-separated
benzothiadiazole unit can greatly decrease the bandgap of the com-
pounds, and such a unit can be introduced into the backbone of p-
conjugated small molecules or polymers to develop new materials
with low bandgap that may have potential applications in optoelec-
tronic fields. The investigation on the synthesis and properties of the
polymers containing this unit used in organic light-emitting diodes
(OLED) and organic photovoltaic cells is carried out.
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