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Star-shaped small molecules have attracted great attention for organic solar cells (OSCs) because they
have three-dimensional charge-transport characteristics, strong light absorption capacities and easily tun-
able energy levels. Herein, three- and four-armed star-shaped small molecule donors, namely BDT-3Th
and BDT-4Th, respectively, have been successfully designed and synthesized, which used benzodithio-
phene (BDT) as the central unit. The two star-shaped intermediates (2a and 2b) could be simultaneously
obtained by one-step of Suzuki coupling, and 1,2-dimethoxyethane played a key role in the Suzuki cou-
pling. Both of them have excellent thermal stability, good solubility and broad absorption. Four-armed
BDT-4Th shows a slightly higher extinction coefficient, a deeper HOMO energy level and an obviously
better phase separation morphology when blended with Y6 than three-armed BDT-3Th. As a result, in-
creased power conversion efficiency (PCE) of 5.83% is obtained in the BDT-4Th:Y6-based OSC devices,
which is obviously higher than that of the BDT-3Th:Y6-based devices (PCE = 3.78%). To the best of our
knowledge, this is the highest PCE among the BDT-based star-shaped donors-based OSCs. This result pro-
vides an effective strategy to obtain star-shaped small molecule donor materials for high efficient organic

solar cells.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Owing to the properties of light-weight, flexibility and the abil-
ity of large-area fabrication, solution-processed organic solar cells
(0OSCs) have been extensively investigated in the past few decades
[1-4]. Currently, the power conversion efficiency (PCE) of the OSCs
based on polymer as donors and non-fullerene molecules as accep-
tors has reached over 18% [5-8]. Nevertheless, in comparison with
polymer materials, small-molecule materials, which have the ad-
vantages of definite molecular structure, easy separation and pu-
rification, and good batch-to-batch reproducibility, have aroused
great interest for the OSC application [9-13]. Up to date, the PCE
of all small molecules OSCs (ASM-0SCs) was up to 15%, indicating
a promising future [14-16].

Recently, star-shaped small molecules have attracted great at-
tention for OSCs because they have three-dimensional charge-
transport characteristics, strong light absorption capacities and eas-
ily tunable energy levels [17-19]. Numerous star-shaped small
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molecule acceptors have been successfully developed, the PCE
of the OSC devices based on that has exceeded 10% [20,21]. In
2017, H. Yan et al. reported a star-shaped acceptor FTTB-PDI4
bearing a cross-like core tetrathienylbenzene (TTB) and four end-
cappers perylenediimides (PDIs), and a high PCE of 10.5% in the
P3TEA:FTTB-PDI4-based OSC device was achieved [20]. However,
few works focused on star-shaped small molecule donors, the
highest PCE of the OSC device was only 7.4% so far [22]. Re-
markably, benzodithiophene (BDT) is a great unit for construct-
ing high-performance donor materials owing to the large planar
conjugated structure [23,24]. L. Yu and C. Yang et al. reported
some star-shaped acceptors using BDT as the central unit and
four PDIs as end-cappers, all of the PCEs of their OSC devices
exceeded 8% [25,26]. However, recently, M. Heeney et al. devel-
oped a star-shaped donor BDT(DPP),, containing a cross-like core
BDT and four end-cappers diketopyrrolopyrrole (DPP), and the
BDT(DPP)4:PC71BM and BDT(DPP)4:Cg-ITIC-based OSC devices ex-
hibited only 2.5% and 3.9% of efficiency, respectively [27]. There-
fore, it is a great challenge to develop high-performance BDT-based
star-shaped donors for organic solar cells.

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Scheme 2. Synthesis routes of the BDT-3Th and BDT-4Th.

Herein, two A-mw-D-m-A type star-shaped small molecule
donors BDT-3Th and BDT-4Th using BDT as the cross-like electron-
donor units, 3,3"-dioctyl-2,2":5’,2"'-terthiophene as the m-bridge
units and 2-ethylhexyl cyanoacetate as the electron-acceptor units,
have been successfully designed and synthesized, as shown in
Scheme 1. BDT-3Th and BDT-4Th correspond to three-armed and
four-armed compounds, respectively. Compared with three-armed
BDT-3Th, four-armed BDT-4Th displays a relatively blue-shifter ab-
sorption spectrum, but shows a higher extinction coefficient, a
deeper HOMO energy level and an obviously better phase sepa-
ration morphology when blended with Y6 (the chemical structure
are shown in Fig. S1 in Supporting information) [28]. As a result,
the PCE of 5.83% with an open-circuit voltage (Voc) of 0.84 V, a
fill factor (FF) of 0.402 and a short-circuit current density (Jsc) of
17.2 mA/cm? for the BDT-4Th:Y6-based OSC device was achieved,
which is significantly higher than that of the BDT-3Th:Y6-based
device (Voc = 0.87 V, FF = 0.365, Jsc = 11.9 mA/cm?, PCE = 3.78%).
The effect of different number of arms on the optoelectronic prop-
erties of star-shaped small molecules has been carefully investi-
gated.

The synthetic routes of BDT-3Th and BDT-4Th are depicted
in Scheme 2. The detailed synthetic procedures are described in
Supporting information. As we know, almost of the star-shaped
molecules were synthesized via Suzuki coupling reaction with a
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Table 1
The overview of the reaction results under different solvents.

No. Different conditions TLC
1 Pd,(dba)s/(p-MeOPh);P/2 mol/L K,CO3/THF No
2 Pd;(dba)s/(p-MeOPh)3;P/2 mol/L K,CO3/Toluene No
3 Pd,(dba); /(p-MeOPh);P/2 mol/L K,CO3;/DMF No
4 Pd,(dba)s/(p-MeOPh);P/2 mol/L
K,CO3/1,2-dimethoxyethane Observed

common condition of Pd,(dba)s/(p-MeOPh)3P or Pd(PPhs),, K;CO5
aqueous solution and tetrahydrofuran (THF) [17]. Taking this con-
dition, BDT-based star-shaped molecules were successfully synthe-
sized via Suzuki coupling between BDT-Th-4Bpin with 4 equiv.
of monobrominated PDI or DPP units with good yields of over
40% [25-27]. However, when we took the above condition on the
Suzuki coupling between BDT-Th4-Bpin and compound 1, com-
pounds 2a or 2b could not be observed in the reaction mix-
ture by thin layer chromatography (TLC) analysis. We tried to ex-
tend the reaction time, but failed. Finally, the different organic
solvents, such as toluene, N,N-dimethylformamide (DMF) and 1,2-
dimethoxyethane, were used for the Suzuki coupling. As shown in
Table 1, only using 1,2-dimethoxyethane as solvent, compounds 2a
or 2b were observed. After careful separation and purification, five
compounds were obtained at the same time, the corresponding
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Fig. 1. UV-vis absorption spectra of BDT-3Th and BDT-4Th in thin film and in dilute solutions (a), BDT-3Th:Y6 and BDT-4Th:Y6 blend films (b), and the energy level diagrams

of the BDT-3Th, BDT-4Th and Y6 (c).

Table 2
Optical and electrochemical properties of the BDT-3Th and BDT-4Th.
Donors Absorption Amgx (nm) Eg‘" Eromo Erumo
Solution (L mol~! cm~1) Film (eV) (eV) (eV)
BDT-3Th 497 (1.43 x 10%) 539 1.97 -5.04 -3.39
BDT-4Th 487 (1.83 x 10%) 529 2.01 -5.14 -3.38

chemical structures are shown in Table S1 (Supporting informa-
tion). Among them, the three-armed compound 2a and four-armed
compound 2b were obtained with yields of 16% and 18%, respec-
tively. The low yields are attributed to the existence of other three
by-products, their chemical structures are shown in Table S1. Fi-
nally, the BDT-3Th and BDT-4Th were synthesized via Knoevenagel
condensation reaction with yields of 31% and 60%, respectively. The
objective molecular structures were characterized by 'H NMR, time
of flight mass (TOF-MS) spectrometer. Both of the BDT-3Th and
BDT-4Th can be soluble in chloroform (CF) and chlorobenzene (CB),
which could satisfy the needs of device fabrication requirements,
however BDT-4Th has an obviously higher solubility than BDT-3Th
(Table S2 in Supporting information). As shown in Fig. S2 (Support-
ing information), the thermal decomposition temperatures of BDT-
3Th and BDT-4Th are as high as 371 °C and 375 °C, respectively.
This indicates that both the two molecules have an excellent ther-
mal stability and could well meet the requirements of temperature
conditions for device preparation.

The UV-vis absorption spectra of BDT-3Th and BDT-4Th in thin
films and solutions are shown in Fig. 1a, and the correspond-
ing data are summarized in Table 2. In both dilute solutions and
thin films, the absorption maximum of BDT-4Th is blue-shifted by
10 nm from that of BDT-3Th, because the m-conjugated system
of BDT-3Th has a smaller twist between the thiophene ring and
the BDT core (10° vs. 12°, as shown in Fig. S3 in Supporting infor-
mation) than that of BDT-4Th, leading to a more planar conjuga-
tion systems of BDT-3Th. Nevertheless, BDT-4Th has a higher mo-
lar extinction coefficient of 1.83 x 10° L mol~! cm~! than BDT-3Th
(¢ = 143 x 10° L mol~! cm~'). Compared to the absorption spec-
tra in solution, the absorption spectra of BDT-3Th and BDT-4Th are
both red-shifted by around 40 nm owing to the strong m-m inter-
molecular interactions in the thin films [29]. The absorption edges
of BDT-3Th and BDT-4Th thin films are 630 nm and 618 nm, re-
spectively, corresponding to the medium optical bandgaps of 1.97
and 2.01 eV. As shown in Fig. 1b, when blended with non-fullerene
acceptor Y6, both of the blend films present a very broad absorp-
tion spectra over the 300-900 nm range. The BDT-3Th:Y6 film ex-
hibits a broader absorption spectra, however, the absorption inten-
sity is obviously lower than that of BDT-4Th:Y6 film. Consequently,
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the BDT-4Th:Y6 film can harvest more sun light, which may have
great influence on the generation of higher Js.

Cyclic voltammetry (CV) was measured to estimate the HOMO
and LUMO energy levels of BDT-3Th and BDT-4Th. As shown in
Fig. S4 (Supporting information), the HOMO/LUMO energy levels
of BDT-3Th and BDT-4Th are calculated to be —5.04/—3.39 eV and
—5.14/-3.38 eV, respectively. Relative to BDT-3Th, the HOMO en-
ergy level of BDT-4Th is 0.1 eV deeper, hence higher Vo, may be
observed in the corresponding OSC devices [30]. In addition, the
HOMO and LUMO energy levels of Y6 are calculated to be -5.43
and -3.79 eV, respectively [31]. Fig. 1c clearly shows that HOMO
and LUMO energy levels of the two materials can match well with
Y6, which are beneficial for exciton dissociation and charge sepa-
ration [32]. As shown in Fig. S5 (Supporting information), BDT-3Th
and BDT-4Th films present a strong fluorescence emission with the
maximum peak of 690 and 680 nm, respectively. When blended
with the non-fullerene acceptor Y6, both of the fluorescence emis-
sions are quenched well. It is indicated that both of them possess
an efficient charge transfer and charge separation [33,34].

A normal device structure with ITO/PEDOT:PSS/active
layer/PDINO/Al was fabricated to investigate the photovoltaic
properties of BDT-3Th and BDT-4Th [35]. The active layers are
optimized by carefully varying the blend ratios of the donor and
acceptor (D:A, weight ratio), and thermal annealing tempera-
tures, the photovoltaic performances are summarized in Table
S3 (Supporting informaiton). The J-V curve of the device under
the optimized condition and the corresponding external quantum
efficiency (EQE) curves are shown in Fig. 2, and the corresponding
data as summarized in Table 3. The BDT-3Th:Y6-based OSCs
device exhibits a PCE of 3.78% with a Voc of 0.87 V, a Js of
11.9 mA/cm?, and a FF of 0.365. While the BDT-4Th:Y6-based OSCs
device displays an enhanced PCE of 5.83% with a Vo of 0.84 V,
a high Jsc of 17.2 mA/cm?, and a FF of 0.403. The enhanced PCE
is ascribed to the obviously higher Jsc and FF as compared to the
BDT-3Th:Y6-based device. To explain the origin of the higher J,
the EQE spectra of the devices were measured, as shown in Fig. 2b.
The much increased EQE values are observed in BDT-4Th:Y6-based
devices from 350 nm to 950 nm range, thereby resulting in the
high Jsc.

The surface morphologies of the BDT-3Th:Y6 and BDT-4Th:Y6
blend films were measured by atomic force microscopy (AFM). As
shown in Fig. 3, both of the BDT-3Th:Y6 and BDT-4Th:Y6 blend
films show a smooth surface morphology with a similar root-
mean-square (RMS) roughness of around 0.50 nm. However, in
comparison to the BDT-3Th:Y6 blend film, the BDT-4Th:Y6 blend
film has a more clearly continuous interpenetrating network. Be-
sides, we noted that there are lots of black particles appeared on
the BDT-3Th:Y6 blend film, which may be attributed to the poor
solubility of the BDT-3Th, thereby leading to poor miscibility with
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Table 3
Photovoltaic parameters of the BDT-3Th:Y6 and BDT-4Th:Y6-based OSC devices with D:A ratio of 1:1.
Active layer 2 Voe (V) Jsc (MA/cm?) £ (mA/cm?) FF PCE (%) b

BDT-3Th:Y6
BDT-4Th:Y6

0.87 (0.85 + 0.02)
0.84 (0.84 + 0.01)

119 (11.7 + 0.2)
17.2 (17.0 + 02)

114 (112 £ 0.3)
16.6 (16.4 + 0.2)

3.78 (3.50 + 0.24)
5.83 (5.60 + 0.20)

0.365 (0.350 + 0.020)
0.403 (0.396 + 0.014)

2 The active layers were thermal annealed at 100 °C for 10 min.
b The average values are calculated from 10 cells.
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Fig. 2. J-V curves (a) and EQE curves (b) of the BDT-3Th:Y6 and BDT-4Th:Y6-based
0SC devices.

Y6. Consequently, the phase separation behavior of BDT-4Th:Y6
blend film is obviously better than that of BDT-3Th:Y6 blend film,
which is beneficial for charge transport, resulting in the higher Js
and FF of BDT-4Th:Y6-based device. Grazing-incidence wide-angle
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X-ray scattering (GIWAXS) measurements were utilized to inves-
tigate the molecular packing and orientation of the BDT-3Th:Y6
and BDT-4Th:Y6 blend films. The 2D GIWAXS images and the cor-
responding plots in the in-plane (IP) and out-of-plane (OOP) di-
rections are given in Fig. 3 and Fig. S6 (Supporting information).
Both of the blend films display a clearly feature comprising of face-
on and edge-on crystalline orientations [36,37]. However, the BDT-
4Th:Y6 blend film exhibits an obviously stronger (010) m-m stack-
ing peak at ~1.71 A-! (d = 3.64 A) in the OOP direction than that
of the BDT-3Th:Y6 blend film, which is beneficial for promoting
charge transport and reducing charge recombination. Consequently,
the enhanced Jsc and FF of the BDT-4Th:Y6-based OSC device could
be observed.

In summary, two novel star-shaped small-molecule donors,
three-armed BDT-3Th and four-armed BDT-4Th, have been success-
fully developed for organic solar cells. The two star-shaped inter-
mediates (2a and 2b) can be simultaneously obtained via one-step
of the Suzuki coupling. It is worth noting that 1,2-dimethoxyethane
plays a key role in the Suzuki coupling. Although three-armed
BDT-3Th has a relatively red-shift absorption spectrum, four-armed
BDT-4Th exhibits a higher extinction coefficient, a deeper HOMO
energy level and a much better phase separation morphology
when blended with Y6 than that of BDT-3Th, resulting in clearly
higher Jsc and FF of the corresponding OSC devices. As a result, the
PCE of the BDT-4Th:Y6-based OSC device is 5.83%, which is ob-
viously higher than that of the BDT-3Th:Y6-based device (3.78%).
Despite the PCE of absolute values are still low, we hope this
work can help chemists understand the relationship between star-
shaped small molecule donors and photoelectric performance, and
expect promising properties in the future.
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Fig. 3. AFM images for the BDT-3Th:Y6 (a, b) and BDT-4Th:Y6 (c, d) blend films, 2D GIWAXS images of the BDT-3Th:Y6 (e) and BDT-4Th:Y6 (f) blend films.
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