#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Optical and crystalline properties of benzo[1,2-
b:4,5-b’'ldithiophene derivativest

Caiyun Guo, Yibin Wang, Chenghao Zhang, Hui Liu* and Liangliang Han

{ ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 15604

*

When designing solution-processable semiconducting molecules and polymers, benzo(l,2-b:4,5-b']
dithiophene (BDT) derivatives are widely used because of their planar structures, superior optical
properties, ease of synthesis and ease of modification. In this work, four BDT derivatives—BDTT, BDTT—-
Et, BDTT-OMe and BDTT-CH,-OMe—were designed and synthesized with different side chains,
considering the important roles of side chains in the performance of organic semiconductors. Especially
for BDTT-CH,-OMe, with a new methoxymethyl chain, it exhibited excellent optical properties and the

deepest highest occupied molecular orbital energy level (Epomo) among these derivatives. Moreover, it
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Accepted 29th April 2025 emonstrated strong intermolecular interactions and tight m—m stacking. The optical, electrochemica
and crystalline properties suggested that BDTT-CH,-OMe could be further modified as a potential

DOI: 10.1039/d5ra02185h building block for the design of electron-donating small molecules (SMs) or polymers when used in
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Introduction

Organic solar cells (OSCs) have emerged as a promising
photovoltaic technique due to the advantages of low-cost
fabrication, light weight, flexibility and compatibility with
large-scale solution-processing technologies.”> OSCs utilize
various organic materials, offering unique advantages such as
tunable optoelectronic properties and the prospect of environ-
mentally friendly production processes.* Generally, there are
four types of bulk heterojunction (BHJ) OSCs: polymeric donor
with small molecule (SM) acceptor, polymeric donor with
polymeric acceptor (all-polymer OSCs), SM donor with poly-
meric acceptor and SM donor with SM acceptor.®® Regardless of
the type of BHJ-OSCs, the design of optically active materials is
highly critical. Ordinarily, the photophysical, electrochemical
and electrical properties of the electron donors or acceptors are
highly dependent on their physicochemical properties, such as
molecular configuration, molecular weight, and packing
patterns.>*

Benzo[1,2-b:4,5-b'|dithiophene (BDT) is one of the most
attractive electron-donating units and is a widely used chemical
moiety for BHJ-OSCs. The BDT unit has a symmetric and planar
conjugated structure, which leads to strong inter-molecular
orbital overlap, improves the electron delocalization and -7
stacking in thin solid films, and results in efficient charge
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organic electronics, such as bulk heterojunction organic solar cells (BHJ-OSCs).

carrier transport in devices." Moreover, the presence of a sulfur
atom promotes the electron density via a lone electron pair,
which increases the electron-donating capability of BDT.
Furthermore, owing to their facile manufacturing procedures,
BDT and its derivatives are primarily used as promising
donors.*

To date, BDT has proven to be one of the most important
fused-ring building blocks in the design of conjugated poly-
meric donors for BHJ-OSCs due to its high charge carrier
mobility and deep-lying highest occupied molecular orbital
energy level (Exomo)-** As an electron-donating moiety, BDT has
been chosen for the following merits: (a) the fused BDT ring
structure allows the incorporation of substituents on the central
benzene core while maintaining the planarity of the two thio-
phene units; (b) its structural symmetry and the fused aromatic
system enhance electron delocalization and inter-chain inter-
actions, improving charge carrier mobility and eliminating the
need to control regioregularity during the polymerization
process; (c) it maintains a deep Exomo in the resulting poly-
mers, as demonstrated by weak-donor and strong-acceptor
polymers.* At the same time, BDT derivatives are widely used
to construct SM electron donors or acceptors, ultimately form-
ing an acceptor-donor-acceptor (A-D-A) structure. These SMs
have rigid and planar skeletons that facilitate precise chemical
customization, resulting in highly versatile molecular configu-
rations, optical properties and electronic characteristics. Even
subtle changes in molecular structure, such as modifications to
side chains, end groups and 7 bridges, can have a significant
impact on photovoltaic performance.**"

Many side chains, such as alkyl chains, oxyalkyl chains and
aromatic chains, have been introduced on the central benzene

© 2025 The Author(s). Published by the Royal Society of Chemistry
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unit of BDT to optimize the optical, electrochemical and elec-
trical characteristics of the solution processed semi-conducting
polymers and SMs."® Moreover, the aromatic chain-substituted
BDT (2D-BDT) strategy demonstrates unique advantages
compared to other substituents, particularly when two thio-
phene rings are introduced. Note that the conjugated groups in
the orthogonal direction of BDT can delocalize w-electrons to
BDT, thereby increasing the 7 conjugation and UV-vis absorp-
tion. Moreover, these aromatic substituents can optimize the
inter-chain m-m stacking and energy levels of the final semi-
conducting materials."®

In addition, the flexible side chains that ensure solubility
have also been studied for organic electronics. These chains
play a very important role in the optimization of bandgaps,
optical properties and electrical characteristics. Therefore,
significant attention has been given to the design and synthesis
of BDT materials.”*?* In this work, four BDT derivatives—4,8-
di(thiophen-2-yl)benzo[1,2-b:4,5-b"]dithiophene (BDTT), 4,8-
bis(5-ethylthiophen-2-yl)benzo[1,2-b:4,5-b"]dithiophene (BDTT-
Et), 4,8-bis(5-methoxythiophen-2-yl)benzo[1,2-b:4,5-b']dithio-
phene (BDTT-OMe) and 4,8-bis(5-(methoxymethyl)thiophen-2-
yl)benzo[1,2-b:4,5-b"|dithiophene (BDTT-CH,-OMe)—were
synthesized with the aim of revealing how different side chains
influence the optical, electrochemical and stacking character-
istics of BDT and providing fundamental insights into the
design of semiconducting materials. The newly designed
BDTT-CH,-OMe exhibited clear advantages and could be
considered a potential building block for the construction of
semiconducting polymers and SMs.

Results and discussion

Alkyl and oxyalkyl chains are the most popular side chains that
can provide favorable solubility; moreover, they optimize the
crystallization of semiconductors too. However, the introduc-
tion of alkyl chains on thiophene always leads to poor produc-
tion yields and a difficult purification process, especially when
bulky or long alkyl chains are employed.” Oxyalkyl chain-
substituted thiophene can be easily obtained, but the oxygen
atom could remarkably increase the Eyomo of the polymers or
SMs owing to a strong p-m conjugative effect, which is not
conducive to obtain high open-circuit voltage (Voc) when the
polymers are used as electron donors in OSCs.** Therefore,
understanding the manner in which a thiophene with soluble
chains can be achieved and how the influence of a strong con-
jugative effect on the conjugated backbone can be avoided has
become very important. Here, a new alkoxymethyl chain was
designed and synthesized in comparison with alkyl and oxyalkyl
groups. To facilitate the growth of single crystals of the
compounds, the alkyl, oxyalkyl and alkoxymethyl chains were
represented by ethyl, methoxyl and methoxymethyl groups,
respectively. All compounds were synthesized as per previously
reported procedures.* Benzo[1,2-b:4,5-b"]dithiophene-4,8-dione
was used as the starting material, treated with different thio-
phene lithium salts, and then reduced in the presence of
SnCl,-2H,0 in a 10% HCI solution. BDTT-Et, BDTT-OMe and
BDTT-CH,-OMe, with different types of side chains, were
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designed to investigate their optical, electrochemical and
crystal properties, while BDTT was used as a reference molecule
(Scheme 1).

Optical properties

The UV-vis absorption and photoluminescence (PL) spectra of
BDTT, BDTT-Et, BDTT-OMe and BDTT-CH,-OMe in chloro-
form solutions are shown in Fig. 1a and c, respectively. A
distinctive redshifted transition was observed for BDTT-OMe
(Table 1), which was mainly due to the electron-donating p-m
conjugation effect of the oxygen atom. This result agreed well
with previous reports.?® To eliminate the effect of solvation, we
also tested the UV-vis absorption and PL spectra of these four
BDT derivatives in toluene, tetrahydrofuran and ethanol solu-
tions, which showed the same trend as in chloroform solution
(Fig. S1t). BDTT-Et and BDTT-CH,-OMe showed slight
redshifted transitions compared to BDTT, indicating that the
electron-donating o-m hyperconjugation effects of the alkyl
chains existed, or that the presence of side chains might
influence the molecular configuration of BDTT. It should be
noted that these characteristics are independent of molecular
aggregation in dilute chloroform solutions. However, in their
thin film states, the shape of the PL spectra for BDTT-OMe and
BDTT-CH,-OMe (Fig. 1d) exhibited distinctive shoulder peaks
compared to BDTT and BDTT-Et. This suggested that the
oxygen atom played an important role in the aggregation of
BDTT. Many studies have shown that oxygen atoms can increase
intra-molecular/inter-molecular interactions through weak
O---H or O---S interactions, thereby optimizing the planarity
and stacking properties of the polymers.”””® This enhanced
inter-molecular interaction may explain the change in the solid-
state PL peak patterns of BDTT-OMe and BDTT-CH,-OMe.* All
the molecules had high molar extinction coefficients (¢) of 10.26
x 10°, 8.51 x 10°, 9.41 x 10° and 10.16 x 10° L mol > * em™*
for BDTT, BDTT-Et, BDTT-OMe and BDTT-CH,-OMe, respec-
tively, measured in their chloroform solutions (Fig. 1b). The
light absorption efficiency directly affects the ability of the
material to capture incident light. The ¢ of BDTT-CH,-OMe was
higher than that of the ethyl and methoxyl substituted mole-
cules, which was crucial when considering its application in
OSCs. The differences in optical properties for BDTT derivatives
indicated that the introduction of side chains might have an
impact on their molecular aggregation and crystallinity. At the
same time, the electronic effects of side chains are also crucial,

0
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RT\S) n-BuLi, THF 0 SnCly*H,0 y S,
|
7 -78°C HCI S 7
2
R=H,BDTT —
R = Et, BDTT-Et
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R = CH,0OMe, BDTT-CH,-OMe

Scheme 1 Synthetic method for BDTT, BDTT-Et, BDTT-OMe and
BDTT-CH,-OMe.
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Fig. 1 (a) Normalized UV-vis absorption spectra of the four
compounds in chloroform solution at a concentration of 1 x
10> mol L™ (b) Molar absorption coefficients of the four compounds.
(c) PL spectra of the four compounds in chloroform solution at
a concentration of 1 x 107> mol L% (d) PL spectra of the four
compounds in their solid states.

Table 1 UV-vis absorption, PL and electrochemical data of BDTT,
BDTT-Et, BDTT-OMe and BDTT-CH,-OMe

Compound EP [eV] Eox [V] Erea [V] Enomo [€V] Eromo [eV]
BDTT 1.86 1.08 —0.78 —5.43 —3.57
BDTT-Et 1.74 0.99 —0.75 —5.34 —3.60
BDTT-OMe 1.38 0.70 —0.68 —5.05 —3.67
BDTT-CH,-OMe 1.88 1.13 —0.77 —5.48 —3.60

making the choice of side chains more complicated and worthy
for further exploration.

Electrochemical properties

The electrochemical properties of these molecules are studied
using cyclic voltammetry (CV) and are shown in Fig. 2a. The
energy level diagrams of these molecules are shown in Fig. 2b.
BDTT-Et and BDTT-OMe have predictably lower oxidation
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Fig. 2 (a) CV curves of the four compounds in a 0.1 mol per L
acetonitrile solution, scan rate: 20 mV s, with ferrocene/
ferrocenium (Fc/Fc*) couple provided as internal standard. (b) Energy
level diagrams of the four compounds.
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potentials (E,,) than BDTT (Table 1); however, interestingly,
BDTT-CH,-OMe has a considerably higher E,, compared to
other derivatives, a reasonable explanation for this is that the
methoxymethyl group exhibits a very weak electron donating
effect and even shows a weak electron withdrawing effect
because of the higher E, and decreased Eyomo compared with
BDTT. The separation of oxygen atom and thiophene ring by the
insertion of a methylene does achieve the idea of how to design
a BDT derivative that can maintain low Eyomo to compensate
for the insufficiency of the alkyl chains. Electrochemical data
provide additional evidence for the potential application of
BDTT-CH,-OMe on the design of electron donors for OSCs.

X-ray diffraction

Finally, the crystal structures were studied to understand the
influence of different side chains on the packing patterns of
BDTT derivatives. X-ray single-crystal diffraction showed that
BDTT formed an orthorhombic crystal structure with a specific
molecular arrangement and symmetry.*>** In contrast, BDTT-
Et, BDTT-OMe and BDTT-CH,-OMe adopted monoclinic
crystal structures with (§ angles of 101.118°, 104.263° and
104.165°, respectively, indicating that the introduction of
substituents increased steric hindrance and disrupted ortho-
rhombic symmetry. The dihedral angles between the side
thiophene ring and the central BDT unit were 45.17°, 59.63° and
44.75° for BDTT-Et, BDTT-OMe and BDTT-CH,-OMe, respec-
tively, all larger than that of BDTT (35.86°). However, the w—
stacking distances (d), calculated from the diffraction data,
indicated that BDTT-Et, BDTT-OMe and BDTT-CH,-OMe
exhibited tighter packing than BDTT (Fig. 3), with BDTT-CH,-
OMe showing the smallest d,. value. The d, values for BDTT,
BDTT-Et, BDTT-OMe and BDTT-CH,-OMe were 3.693 A, 3.579
A, 3.472 A and 3.392 A, respectively. These results demonstrated
that flexible side chains had minimal influence on the w7
stacking of BDTT; moreover, they could promote tighter
packing of adjacent molecules. In BH]J-OSCs, controlling the d .
can significantly affect the charge transfer performance of the
materials. Reducing the d,. distance enhances charge transfer
between adjacent molecules, thereby improving carrier mobility
and photovoltaic performance. For example, silicon-based
substitution®® has proven to be an effective strategy for
designing high-performance conjugated polymers or SMs. The
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Fig. 3 Crystal structures of BDTT, BDTT—Et, BDTT-OMe and BDTT-
CHZ—OMe.
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distances between sulfur atoms on any two parallel thiophene
side chains in BDTT, BDTT-Et, BDTT-OMe and BDTT-CH,-
OMe were 9.269 A, 9.531 A, 9.530 A and 9.611 A, respectively.
This trend aligns well with previously reported results, as the
distance is generally proportional to the length of the side
chain.?> BDTT exhibited the shortest distance, while BDTT-
CH,-OMe showed the longest, consistent with the methox-
ymethyl group being the longest chain among them. The X-ray
single-crystal diffraction data also highlighted BDTT-CH,-OMe
as a potential building block for the design of semiconductors
with tight - stacking, which was beneficial for charge carrier
transport.”®

Although the optical, electrochemical properties and crystal
structure of the monomer do not directly correspond to the
photovoltaic properties of the final polymer, many studies have
shown that investigating the fundamental physical and chem-
ical properties of the monomer can help explain the photo-
electric properties of the resulting polymer.****%%* We believe
that the lower Eyomo and tighter w—m stacking of BDTT-CH,-
OMe likely influence the photoelectric properties of the poly-
mer. In particular, the low Exomo is highly favorable for
achieving a high open-circuit voltage. The design and perfor-
mance characterization of polymers based on BDTT-CH,-OMe
are currently in progress in our laboratory. In addition, ther-
mogravimetry analysis of the different derivatives (Fig. S2t)
showed that BDTT-CH,-OMe exhibited excellent thermal
stability, with a thermal decomposition temperature exceeding
200 °C, which met the requirements for solar cell materials.

Conclusions

In summary, four BDT derivatives—BDTT, BDTT-Et, BDTT-OMe
and BDTT-CH,-OMe—were designed and synthesized with
different thiophene side chains. The photophysical, electro-
chemical and crystallographic properties were also characterized
to assess the potential application of these molecules in the
design of semiconducting polymers and SMs. Among these, the
newly designed BDTT-CH,-OMe exhibited excellent packing
patterns and a deeper Eyomo Of —5.48 €V compared to the other
derivatives, making it particularly beneficial for the design of
electron donors in BHJ-OSCs. These results indicated that the
methoxymethyl side chain can not only function as a flexible side
chain to improve the solubility of the final semiconducting
materials, similar to alkyl chains, but also enhance intermolec-
ular interactions due to the introduction of the oxygen atom. At
the same time, it disrupts the strong -7 conjugation effect,
making BDTT-CH,-OMe a potential candidate for designing
semiconducting materials. BDTT-CH,-OMe exhibited similar
absorption to other analogues but showed an obvious red-shift in
PL, caused by strong intermolecular interactions. Although
BDTT-CH,-OMe had relative lower stability, this limitation could
be addressed through chemical design and modification.

Data availability

Supplementary crystallographic data for BDTT, BDTT-Et,
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