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The effective design and synthesis of novel small-molecule donors (SMDs) is extremely essential for
the in-depth study of the scientific problems of bulk heterojunction morphology and the improvement
of photovoltaic performance in organic solar cells (OSCs). Importantly, developing a series of donors
with different conjugated central donor (D) units is a remarkable strategy to obtain high-performance
donors. Herein, two acceptor-donor-donor-acceptor (A-D-D-A) type oligomeric donors 2DTBDT and
2DTBDT-2T with two dithieno[2,3-d:2’,3'-d’|benzo[1,2-b:4,5-b’|dithiophene (DTBDT) as D units, without
and with bithiophene as the 7 bridge respectively are designed and synthesized successfully. The central
linked-DTBDT unit can provide a larger conjugated plane and promote 7 electron delocalization, which
can effectively improve 7-7 interactions between donors and regulate the crystallinity. And we found
that the m bridge provided 2DTBDT-2T with 12.31% efficiency that is already a high efficiency in OSCs,
whereas 2DTBDT with merely 3.63% efficiency, both with 2,2-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-
diundecyl-12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2,"3"":4’,5 |thieno[ 2’,3":4,5 ]| pyrrolo[ 3,2-g]thieno-
[27,3:4,5]thieno[3,2-b]indole,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo0-2,3-dihydro-1H-indene-
2,1-diylidene)) dimalononitrile (Y6) as the acceptor. We conjecture that the main reason for the different
device performance may be ascribed to the different molecular stacking orientation of the oligomeric
donors and morphology features of the donors:Y6 blend films. Compared to the predominant face-on
orientation of the 2DTBDT neat film, the 2DTBDT-2T neat film performed a preferential edge-on orienta-
tion, which obtained a smoother surface, stronger crystallinity and more uniform phase separation in the
2DTBDT-2T:Y6 blend films with nanofiber structure, which delivered higher and more balanced carrier
mobilities, the more efficient exciton dissociation and reduced biomolecule recombination, therefore
obtaining better power conversion efficiencies (PCEs). We speculate that the transformation of molecular
stacking orientation of oligomeric donors is possibly due to that 7 bridge extended and twisted the
molecular structure of 2DTDBT-2T, resulting in an edge-on orientation relative to the substrate. These
findings demonstrate that the single-bond-linked donor strategy is an alternative method to design the
donors towards high-performance OSCs.

© 2022 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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The solution-processed bulk heterojunction (BHJ) organic solar
cells (OSCs) are considered the effective devices for converting re-
newable clean light energy into electricity due to their advantages
of light weight, flexibility, compatibility with large-area fabrication
and semi-transparency, which have received extensive academic
and commercial attention [1-10]. In general, BHJ-OSCs are mainly
divided into polymer solar cells (PSCs), all-polymer cells and all-
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small-molecule organic solar cells (ASM-0SCs). Driven by the de-
velopment of new materials, including non-fullerene acceptors
(NFAs), polymer acceptors, polymer donors and small-molecule
donors [11-14], the power conversion efficiencies (PCEs) of OSCs
have increased substantially in the past few years. Currently, a sig-
nificant breakthrough in PCEs that has approached 19% achieved in
0SCs by combining material design with a ternary blending strat-
egy reported by Hou's group [15]. At the same time, benefiting
from the advantages of NFAs and small molecular donors (SMDs)
with well-defined structures, less batch-to-batch variation and ver-
satile chemical structures, the PCE of ASM-OSCs has been con-
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tinuously refreshed and successfully upgraded to more than 17%
[16]. However, in consequence of inappropriate crystallinity and
unmanageable nano-scale bi-continuous interpenetrating networks
in blend films resulting from similar and shorter acceptor-donor-
acceptor (A-D-A) structures and inefficient pre-aggregation proper-
ties between SMDs and NFAs, the PCEs of current state-of-the-art
ASM-0SCs are still much lower than that of polymer-based OSCs.
Therefore, the exploitation of novel SMDs with better photovoltaic
performance matching to the acceptors is particularly important to
further improve the PCEs and study the scientific issues of OSCs
systems in depth [17-21].

Importantly, adjusting the crystallinity and molecular stacking
orientation of SMDs by structural design is an effective measure
to obtain a blend film with excellent morphology in ASM-OSCs.
Previous studies have shown that increasing the conjugated struc-
ture of molecules to regulate the crystallinity of SMDs can make
the blend films have a more suitable phase separation morphol-
ogy for exciton dissociation and transport, thus achieving consider-
able photovoltaic performance [22-36]. Among the available SMDs,
benzo[1,2-b:4,5-b’|dithiophene (BDT) units as central conjugated
electron-rich units are promising and widely used donor units in
A-D-A type SMDs, which effectively improve the charge transfer
and promote the 7 electron delocalization within molecule. There-
fore, the strong m-7 interaction between molecules is promoted,
which is conducive to the preparation of materials with stronger
crystallinity. Typically, Hou’s group adopted the single-bond-linked
donor strategy and replaced the central donor unit BDT with 3BDT
to design and synthesize two donors DRTB-O with alkoxyls and
DRTB-T with alkyl-thienyls as side chains. And the authors found
that the two donors exhibited different crystalline structures in
solid films and after blending with IDIC [37], the PCEs of DRTB-
O:IDIC and DRTB-T:IDIC based devices were 0.15% and 9.06% in
0SCs, respectively [22]. Subsequently, this group also obtained four
donors with 3BDT as the central donor unit, i.e., DRTB-T-C2, DRTB-

2DTBDT

Y6
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T-C4, DRTB-T-C6 and DRTB-T-C8, and a top PCE of up to 11.24% is
achieved with a DRTB-T-C4:IT-4F-based device [38,39]. All these
works proved that the single-bond-linked donor strategy played
an important role in designing efficient oligomeric donors and re-
searching scientific problems of OSCs.

The DTBDT unit is a linear five-membered fused-ring aromatic
hydrocarbon with a thiophene that was attached to each side of
the BDT unit, which makes DTBDT have a longer conjugated back-
bone and a more effective 7w electron delocalization than BDT
unit, thus achieving stronger intermolecular m-7 interactions in
donors [40-42]. Recently, our group reported the synthesis of a
DTBDT-based SMDs, named ZR1, which produced an excellent PCE
of 14.34% with Y6 as acceptor, due to a relatively broader absorp-
tion spectrum of small molecule acceptor Y6. Furthermore, the
ZR1:Y6 blends performed an optimizing hierarchical morphology
due to the high crystallinity of ZR1. In this study, the existence of
hierarchical morphologies is important for the charge separation
and transport, and ultimately led to a high PCE. Hence, this work
provides opportunities to design highly efficient SMDs with DTDBT
central donor unit for ASM-0SCs [43]. Subsequently, based on ZR1,
our group also designed and synthesized a series of SMDs with
DTBDT as donor unit, which showed excellent photovoltaic perfor-
mance in ASM-0SCs [44-46]. On the basis of these and the rele-
vant studies, we intend to introduce the linked DTBDT to replace
DTBDT to design and synthesize corresponding oligomeric donors,
which will achieve a larger conjugated plane and a more effec-
tive w-w molecular interactions between oligomeric donors and
could regulate the molecular stacking orientation and crystallinity
of donors and blend films well, so expecting to achieve higher per-
formance in OSCs.

Herein, two novel A-D-D-A type oligomeric donors 2DTBDT and
2DTBDT-2T with linked-DTBDT as central donor unit, without and
with bithiophene as the m bridge respectively are designed and
synthesized successfully (Fig. 1a). The & bridge provided 2DTBDT-
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Fig. 1. (a) Molecular structures and UV-vis absorption spectra of oligomeric donors 2DTBDT, 2DTBDT-2T and small molecule acceptor (SMA) Y6 in (b) solution and (c) films

and (d) molecular energy-level diagram.
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Fig. 2. (a) Schematic illustration of the device structure in this work. (b) J-V curves and (c) EQE curves of the optimized 2DTBDT:Y6 and 2DTBDT-2T:Y6 devices. The Jp,
plotted against the Vg for the (d) optimal OSCs and the corresponding light intensity dependence of (e) Jsc and (f) Voc.

Table 1

Detailed photovoltaic parameters of the 2DTBDT and 2DTBDT-2T-based OSCs under simulated air mass (AM) 1.5G (100 mW/cm?) illumination.
Donors:Y6 Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
2DTBDT:Y6 0.747 +£0.014 (0.750) 13.35+0.62 (13.55) 35.09+0.32 (35.71) 3.50+0.25 (3.63)

2DTBDT-2T:Y6 0.838 +0.009 (0.840)

24.01+0.46 (23.61)

58.79+1.77 (62.06) 11.83+£0.34 (12.31)

Average PCE values were obtained from 10 devices. The parameters based on the best device are shown in parentheses.

2T with 12.31% efficiency and 2DTBDT with merely 3.63% efficiency
mixed with Y6 in OSCs. Compared to the 2DTBDT:Y6 blend films,
the 2DTBDT-2T:Y6 blend films with nanofiber structure achieved
a smoother surface, stronger crystallinity and more uniform phase
separation, which delivered more efficient exciton dissociation, re-
duced biomolecule recombination and higher carrier mobilities in
0SCs. Therefore, the 2DTBDT-2T:Y6 devices obtained better fill fac-
tor (FF) and PCEs. These findings demonstrate that the single-
bond-linked donor strategy combined with 7 bridge engineering
is an alternative method to design the oligomeric donors towards
high-performance OSCs.

The synthetic routes of the oligomeric donors 2DTBDT and
2DTBDT-2T are presented in Scheme S1 (Supporting information).
And the detailed synthesis methods, 'H nuclear magnetic reso-
nance (!H NMR) and matrix-assisted laser desorption/ionization
time of flight mass spectrometry (MALDI-TOF MS) analysis were
clearly provided the Supporting information. To explore the optical
properties of the oligomeric donors 2DTBDT and 2DTBDT-2T, the
UV-vis absorption of donors and acceptor was measured in chlo-
roform solution as well as in thin films, as shown in Figs. 1b and
c. In the solution state, 2DTDBT-2T showed wider absorption than
2DTBDT, but no significant shoulder peak appeared, meaning that
the two donors did not form the pre-aggregation. However, the ab-
sorption curves of two small molecules in thin films showed obvi-
ous difference, which suggests that w-m stacking interactions of
these molecules were different. Obviously, the 2DTBDT films ex-
hibit the first main peak at 540nm and a sharp shoulder peak at
578 nm in films, and the 2DTBDT-2T films show the main peak
at 560nm and a gentle shoulder peak at 596 nm in films, which
implies that both donors have stronger intermolecular interaction
in the films than those in solutions. However, compared with
2DTBDT, the 2DTBDT-2T films performed reduced molecule aggre-
gation and a stronger and wider absorption. Likewise, the absorp-
tion edge of 2DTBDT and 2DTBDT-2T films are located at 626 nm
and 675nm, corresponding to the optical bandgap of 1.98eV and

1.84 eV, respectively. Therefore, the oligomeric donors 2DTBDT and
2DTBDT-2T can both effectively provide complementary absorption
for Y6, which is beneficial to achieve high short circuit current
density (Jsc).

The highest occupied molecular orbitals (HOMO) and low-
est unoccupied molecular orbitals (LUMO) of the oligomeric
donors 2DTBDT and 2DTBDT-2T in the thin films were de-
termined by obtaining cyclic voltammetry measurements with
Ag/Agt as the reference electrode (Fig. S1 in Supporting in-
formation). The result was shown in Fig. 1d. According to the
equation of Eyomojiumo = —(Eoxjred — Ercjrc/? +4.8) eV [38,47], the
HOMO/LUMO of the 2DTBDT and 2DTB- DT-2T were calculated to
be -5.50/-3.46 and -5.42/-3.43. Obviously, the identical end-group
in the two donors provides similar LUMO levels, whereas the intro-
duction of r bridge enhances the electron donating ability within
the 2DTBDT-2T molecule, resulting in a higher HOMO level and a
narrower band gap, which is consistent with the UV-vis results.
Additionally, the oligomeric donors 2DTBDT and 2DTBDT-2T exhib-
ited appropriate molecular energy level alignment with Y6, which
is necessary for the efficient driving force for charge separation.

To investigate the photovoltaic performance, we fabricated
0SCs using a conventional architecture of indium tin oxide (ITO)/
poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:
PSS)/oligomeric donors:Y6/electron transfer layer/Al (Fig. 2a). As
shown in the current density-voltage (J-V) plots (Fig. 2b) and the
summary of the detailed parameters (Table 1), the 2DTBDT:Y6
based devices revealed a Vo of 0.750V, a Jsc of 13.55mA/cm?, a
FF of 35.71% and ultimately a PCE of 3.63%. However, the 2DTBDT-
2T:Y6 devices exhibited enhanced Jsc of 23.61 mA/cm? and FF of
62.06%, as compared 2DTBDT:Y6, revealed obvious better PCE of
12.31%. Likewise, the external quantum efficiency (EQE) measure-
ments of two optimized systems were carried out to explain the
difference in the Jsc values of the blended films (Fig. 2c). Even
though all the blends exhibited a broad range from 300nm to
1000nm, a different EQE response intensity was observed with
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the maximum value of 49.08% and 77.89% and the integrated Jsc
values from EQE curves were 13.00 mA/cm? and 22.13 mA/cm? for
2DTBDT and 2DTBDT-2T based devices, respectively, which is al-
most in agreement with the results of the J-V tests.

Moreover, to understand the exciton dissociation and charge
collection characteristics of the 2DTBDT:Y6 and 2DTBDT-2T:Y6 sys-
tems in the OSCs, the experiments of comparing the photogener-
ated current density (Jp,) and effective voltage (V) were carried
out (Fig. 2d). The Jp, is the difference between light current den-
sity and dark current density, the Vg is the difference value be-
tween the compensation voltage (Vo, determined when the J,;, is
zero) and the applied external voltage bias (Vapp). The exciton dis-
sociation probability (n4;ss) Was estimated using the equation of
Ndiss =Jph[Jsat, Where Jsat is the saturation photocurrent density, and
charge collection efficiency (7cc =Jmax power/Jsat). Under short cir-
cuit conditions, the 74 of 2DTBDT:Y6 and 2DTBDT-2T:Y6 based
devices were calculated to be 63.18% and 93.11%, respectively, and
the n¢ of 2DTBDT:Y6 and 2DTBDT-2T:Y6 based devices were cal-
culated to be 36.65% and 83.71%, respectively, indicating that the
2DTBDT-2T:Y6 based device has a higher efficiency in the photo-
generated exciton dissociation and charge collection.

Furthermore, we carried out the incident light intensity (P) de-
pendent J-V characterization to investigate the different charge re-
combination of two systems in the devices. The relationship be-
tween Jsc and P can be quantitatively interpreted using a power-
law function in which the parameter is close to unity when the bi-
molecular recombination is negligible (Fig. 2e). The estimated val-
ues are 0.944 and 0.959 for the 2DTBDT:Y6 and 2DTBDT-2T:Y6 de-
vices, respectively, implying the reduced bimolecular recombina-
tion loss in 2DTBDT-2T:Y6 blend films. The relationship between
Voc and P was plotted in Fig. 2f. The slopes (A) of these devices
are 1.16 kT/q and 1.01 kT/q for the 2DTBDT and 2DTBDT-2T-based
devices (k is Boltzmann constant, T is the temperature in Kelvin,
and q is the elementary charge), suggesting that the 2DTBDT-2T-
based OSCs suppresses trap-assisted recombination, which is ben-
eficial for higher Jsc and FF in their corresponding devices.

To directly evaluate the vertical charge carrier mobility of
both blend films, the space charge limited current (SCLC) method
was used with the hole only device (ITO/PEDOT:PSS/Active
layer/MoOx/Ag) and electron only device (ITO/ZnO/Active
layer/Ca/Al). We found that 2DTBDT:Y6 had hole and electron
mobilities of 5.30x 1074 cm? V-! s~! and 1.20x 10~% cm? V!

Gy ]

2DTBDT-2T/Y6

Gy (A1)

Fig. 3. 2D GIWAXS patterns of (a) 2DTBDT neat films, (b) 2DTBDT-2T neat films, (c) Y6 neat films,
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s~1, respectively, with a high py/pe ratio of 4.42. Such extremely
unbalanced charge transport could lead to a severe charge recom-
bination for the corresponding OSCs. By contrast, 2DTBDT-2T:Y6
not only afforded increased hole and electron mobilities of
561x107% cm? V-1 s71 and 246 x 1074 cm? V-1 s71, respec-
tively, but also had a more balanced py, /e ratio of 2.28, which can
partly explain its improved Jsc and FF values as well as PCE values
for the 2DTBDT-2T:Y6 than 2DTBDT:Y6 devices in OSCs.

To deeply understand the difference in photovoltaic perfor-
mances of the 2DTBDT:Y6 and 2DTBDT-2T:Y6, grazing incidence
wide-angle X-ray scattering (GIWAXS) measurements were per-
formed to analyze crystallinity and molecular stacking orientation
of both neat oligomeric donors and their blend films. The 2D GI-
WAXS patterns and corresponding cutline profiles in the in-plane
(IP) and out-of-plane (OOP) directions are shown in Figs. 3a-f. The
acceptor Y6 shows a clear and strong face-on orientation, and the
neat film 2DTBDT performs the predominant face-on orientation
resulting from strong w-m (010) diffraction peaks in the OOP di-
rection and lamella stacking (100) peaks in the IP direction. In
contrast, the neat films 2DTBDT-2T exhibit the - (010) diffrac-
tion peaks in the IP direction and lamella stacking (100), (200) and
(300) peaks in the OOP direction, which indicates that it has a
preferential edge-on orientation. Similar to the traditional A-D-A
type SMAs, we speculated that when the central D unit was di-
rectly connected to end-group, intermolecular stacking tended to
assemble via the end-group mw-m stacking at the liquid-vapor in-
terfaces during solvent evaporation, which is beneficial to enhance
horizontal and face-on orientations. However, the oligomeric donor
2DTBDT-2T with a & bridge has a longer conjugated structure and
a greater configurational twist, which makes molecules prone to
stacking between conjugated units and reduced end-group stack-
ing during film formation, resulting in an edge-on orientation rel-
ative to the substrate (Fig. S2 in Supporting information). After
blending with Y6, both films exhibit the face-on arrangement,
which is beneficial for the charge transport in OSCs towards the
electrodes. However, compared with 2DTBDT:Y6 films (q=1.72 A,
d=3.67nm, CCL=14.79nm), the 2DTBDT-2T:Y6 films in the OOP
direction show similar -7 interactions distance and longer crys-
tal coherent length (CCL) (=1.71A, d=3.67nm, CCL=18.34nm),
which indicate that the 2DTBDT-2T:Y6 films can obtain stronger
crystallinity and better vertical charge transport, which is con-
ducive to form more suitable phase separation scale. Compared
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a A 2DZBDT-2T/Y
; .

Fig. 4. AFM height, phase and TEM images of (a, ¢, ) 2DTBDT:Y6 film and (b, d, f)
2DTBDT-2T:Y6 film.

with oligomeric donor 2DTBDT:Y6, the molecular stacking orienta-
tion of oligomeric donor 2DTBDT-2T was completely different from
that of Y6, and the donor was induced to face-on orientation by
the acceptor during the process of the film formation, which also
enhanced the crystallinity of the blend film.

The surface morphology of the blend films was also investigated
by atomic force microscopy (AFM) and transmission electron mi-
croscopy (TEM) as shown in Fig. 4. The AFM height images show
that the optimized 2DTBDT-2T:Y6 film exhibits a mean-square
surface roughness (Rq) of 1.21nm and the optimized 2DTBDT:Y6
film is 1.76 nm, which indicates a smoother surface of optimized
2DTBDT-2T:Y6 film (Figs. 4a and b). Simultaneously, the phase im-
ages show that 2DTBDT:Y6 film shows large-scale phase separa-
tion and 2DTBDT-2T:Y6 film performs an obvious nano-scale bi-
continuous interpenetrating network with clear phase separation,
(Figs. 4c and d). Similarly, in the TEM images (Figs. 4e and f), the
blend film 2DTBDT:Y6 shows a large phase domain and phase sep-
aration scale, which is not conducive to exciton dissociation in ac-
tive layers. On the contrary, 2DTBDT-2T:Y6 performs a small phase
separation scale and obvious nanofiber structure, which is consis-
tent with the results from AFM images and directly related to the
higher Jsc and FF in their corresponding devices.

In summary, we designed and synthesized two A-D-D-A type
oligomeric donors 2DTBDT and 2DTBDT-2T with single-bond-
linked DTBDT as donor units, without and with bithiophene as
the m bridge, respectively. We found that the neat film 2DTBDT
performed the predominant face-on orientation, whereas the
neat film 2DTBDT-2T had a preferential edge-on orientation. And
the m bridge engineering provided 2DTBDT-2T with 12.31% PCE,
23.61 mA/cm? Jsc and 62.06% FF, and 2DTBDT with merely 3.63%
PCE, 13.55mA/cm? Jsc and 35.71% FF, mixed with Y6 in OSCs,
which is mainly due to the stronger and wider absorption spec-
trum of the former. In addition, compared to 2DTBDT:Y6 blend

Chinese Chemical Letters 34 (2023) 107321

films, the 2DTBDT-2T:Y6 blend films with nanofiber structure
achieved a smoother surface, stronger crystallinity and more uni-
form phase separation, which delivered more efficient exciton dis-
sociation and collection, reduced biomolecule recombination and
higher and more balanced carrier mobilities in their OSCs. There-
fore, the 2DTBDT-2T:Y6 devices obtained better FF and PCEs. These
findings demonstrate that the single-bond-linked donor strategy
combined with 7 bridge engineering is an alternative method to
design the donors towards high-performance OSCs.
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