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Dimerized small-molecule acceptors (SMAs) built by the conventional connection of terminal groups of monomers have
contributed to exciting long-term stabilities of organic solar cells (OSCs). However, device efficiencies, especially fill factors
(FFs), still need to be improved. This probably originates from unsymmetrical molecular structure/conformation-determined less
compact/ordered molecular stackings, such as ineffective stackings of constraint terminals. Herein, an exotic dimerized SMA of
BC-Th is established by bridging the branched groups (BC-type, branch coupling) of two monomers rather than conventional
terminal units (TC-type, terminal coupling). Benefiting from the three-dimensional conformation and more uncurbed terminals,
BC-Th exhibits multiple molecular orientations along with a larger dielectric constant and electron mobility compared with TC-
Th. Finally, an efficiency of 17.43% is achieved by BC-Th-based OSCs, along with the highest FF of 79.13% among all
dimerized SMAs-based OSCs to date. When introducing L8-BO as the third component, overall enhanced efficiency of 18.05%
and FF of 80.11% are further afforded. Contrarily, TC-Th-based OSCs exhibit much inferior PCE of 16.29% and FF of 74.81%,
demonstrating the great advantages of “branch coupling” over “terminal coupling” when building dimerized SMAs.
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Introduction transparency [1—4]. Recent years have witnessed the sig-

Organic solar cells (OSC) have been regarded as the next-
generation photovoltaic technology due to their high light
acquisition ability, excellent flexibility, low cost, and tunable
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nificant development of small-molecule acceptors (SMAs)
that feature an acceptor-donor-acceptor (A-D-A) structure,
boosting power conversion efficiencies (PCEs) over 19% in
single junction- and over 20% in tandem-OSCs [5—11]. Since
the PCEs of OSCs have achieved the stage that is likely to
meet the requirements for commercial viability, more and
more efforts have been devoted to conquering the challenges
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of unsatisfied long-term operational stability [12—14]. Note
that one of the most crucial reasons for device degradation
should be the diffusion of small-molecule acceptors (SMAs)
in blended films during the evolution from a dynamic equi-
librium state to a thermodynamic one [15—17]. Thus, enlar-
ging the molecular size of acceptors to decrease molecular
diffusion coefficients, such as developing SMAs of dimers,
trimers, and polymers, is becoming an effective strategy to
improve device stability and, at the same time, maintain a
decent efficiency [18-21].

Presently, nearly all high-performance giant molecular
acceptors, including dimers, trimers, and polymers, are
constructed by directly coupling electron-deficient terminals
(TC-type) of Y-series SMAs [22-25]. However, this con-
structing pathway would result in several inherent dis-
advantages. (1) Insufficient intermolecular packing. By
analyzing lots of single-crystal structures for well-known
Y-series SMASs, it can be revealed that the effective mole-
cular packings through both terminal and central units are
crucially important for constructing desirable three-dimen-
sional (3D) packing networks [26-28]. Nevertheless, the
chemical structure, electronic characteristics, and spatial
environments of terminal units will be significantly impacted
if coupling happens at the end unit with various linker units
(like thiophene and its analogs) [15,29-32]. In this way, the
nearing perfect molecular packing already formed by Y-
series SMAs will be hindered inevitably, thus harming the
performance of resulting OSCs. (2) Reduced halogen density
on molecular backbones. The pathway to construct dimer-
ized SMAs through terminal coupling will occupy two ha-
logenated active sites [33—35]. However, the halogens on
terminals have been proven to effectively induce more fa-
vorable molecular packing of SMAs and also more efficient
charge migration dynamics in OSCs. (3) Spatial isomeriza-
tion. Currently, the widely employed terminal units are 1,1-
dicyanomethylene-3-indanone (IC) and its halides [36]. Pre-
brominating on IC is usually essential to carrying out the
terminal coupling successfully. Unfortunately, a mixture of
two brominated isomers will be afforded due to the lack of
selectivity. Meanwhile, it is very difficult to purify in light of
their highly similar polarity [37,38]. If the problem of spatial
isomerization remains in target SMAs, the PCEs of resulting
OSCs will usually be decreased [39]. In spite of the exciting
long-term stabilities, all the deficiencies mentioned above
render that the PCE for giant molecular acceptor-based OSCs
may not be as high as their monomer counterparts ultimately,
especially for FFs that are closely associated with molecular
stacking strength/modes. Therefore, establishing more
compact/ordered molecular stackings for giant molecular
acceptors through some innovative pathways to delicately
optimize molecular structure/conformation should be cru-
cially important for OSCs that feature both long-term sta-
bilities and excellent PCEs.
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Bearing these thoughts in mind, an exotic pathway to
construct dimerized SMAs was explored by bridging bran-
ched groups of two monomers to obtain BC-Th acceptor
(BC-type, branch coupling). Its counterpart of TC-Th (TC-
type, terminal coupling) was also synthesized through con-
ventional terminal units, as shown in Figure la. Note that
BC-Th and TC-Th have almost identical molecular compo-
sitions but possess only one major difference in molecular
coupling sites. Benefiting from the three-dimensional con-
formation and less disturbed terminals, the BC-type acceptor
of BC-Th exhibits multiple molecular orientations along
with a larger molar extinction coefficient, dielectric constant,
and electron mobility compared with the TC-type acceptor of
TC-Th. Moreover, BC-Th-based blended films have better
compact/ordered molecular stacking and clear fibrillary
networks to afford facilitated charge migration and sup-
pressed recombination. Thus, the binary device of
BC-Th:D18 achieves a PCE of 17.43%, along with an ex-
cellent FF of 79.13%. Notably, the FF should be the highest
value among dimerized SMAs-based OSCs (Table S1,
Supporting Information online). On the contrary, a similar
device based on TC-Th exhibits only the PCE of 16.29% and
the FF of 74.81%. Furthermore, the ternary device of BC-Th,
with L8-BO as the third component, could achieve a re-
markable FF of 80.11% and a better efficiency of 18.05%.
Also, BC-Th:D18-based devices show much improved de-
vice stability (T, = 372 h) compared with TC-Th:D18-based
ones (Tgy = 244 h). These results demonstrate that by ex-
ploring such an exotic constructing strategy of dimerized
SMAs, a potential pathway to achieve highly stable OSCs
without sacrificing too much device efficiencies.

2 Results and discussions

The chemical structures of the Y-Th monomer, BC-Th, and
TC-Th dimers were exhibited in Figure la, and detailed
synthesis procedures were presented in Scheme S1 (Sup-
porting Information online). The nuclear magnetic resonance
(NMR) spectra and matrix-assisted laser desorption/ioniza-
tion time-of-flight (MALDI-ToF) mass spectrometry were
presented in Figures S12—-S25 (Supporting Information on-
line). All the molecules have a good solubility in common
solvents for device fabrication, such as chloroform (BC-Th,
40 mg/mL; TC-Th, 55 mg/mL) and chlorobenzene.

For current mainstream TC-type dimerized acceptors that
couple through electron-deficient terminals, the red shift of
maximum absorption peaks (A1) from solution to thin film is
about 60 nm, significantly smaller than that of corresponding
monomers (76-90 nm, detailed data is summarized in Table
S1 for dimer systems with current efficiency of over 17%),
suggesting the decreasing strength of molecular stacking for
dimerized SMAs. Given that the weaker intermolecular in-
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Figure 1 (a) Molecular structures of Y-Th, TC-Th and BC-Th. (b) Absorption spectra of Y-Th, TC-Th, and BC-Th in chloroform solutions and solid films.

(c) Energy level alignments derived from CV (color online).

teractions usually lead to localized excitons with small ex-
citon radius and large binding energies [40], carrier transport
(electrons, holes) is also hindered because of the large energy
barrier for hoping [41]. This could also be the main reason
for the unsatisfactory device efficiencies, especially for FFs,
compared with monomers at present. As discussed above,
the exotic BC-type dimerized SMA of BC-Th in this study,
established by bridging branched groups of two monomers
rather than conventional terminal units, were expected to
leave less disturbed terminals and further enhance inter-
molecular stacking. Therefore, it is plausible to observe an
enlarged A4 of 65 nm for BC-Th from solution to thin film
with respect to that of 49 nm for TC-Th (Figure 1b and Table
1). The molar extinction coefficients at maximum absorption
(emax) Were estimated to be 2.06 x 10° and 2.22 x 10°L
mol ™' ¢m ' for TC-Th and BC-Th, respectively (Table 1 and
Figure S1, Supporting Information online). Moreover, the
onset absorption (Ay,s) 0f TC-Th and BC-Th films are 877
and 885 nm, respectively (Table 1). The larger ¢,,,, and red-
shifted 4., for BC-Th indicate more powerful light har-
vesting ability, especially for low-energy photons, which
could be in favor of a higher Jg¢ in resulting OSCs [42,43]. In

addition, the extended conjugated backbones of TC-Th and
BC-Th are larger than those of monomers, which should be
the main reason for the red shift of their absorption spectra in
solutions. Cyclic voltammetry (CV) was further performed
in order to unveil alignments of the highest occupied mole-
cular orbitals (HOMOs) and lowest unoccupied molecular
orbitals (LUMOs) of two dimers (Figure S2). The HOMO/
LUMO energy levels for TC-Th and BC-Th derived from
CV measurements are —5.66/—3.84 and —5.67/-3.87 eV, re-
spectively (Figure 1c and Table 1). The similar HOMO and
slightly down-shifted LUMO for BC-Th compared with TC-
Th contribute to a smaller bandgap, which is in good
agreement with the red-shifted absorption of BC-Th. To
clarify the variation from monomer to two different types of
dimers, BC-type BC-Th and TC-type TC-Th, we also listed
the fundamental physicochemical data of Y-Th in Table 1.
Apparently, both TC-Th and BC-Th demonstrate the blue-
shifted absorption compared with that of Y-Th. However,
BC-Th possesses the maximum absorption peak in films
close to the Y-Th film, suggesting their more similar stacking
behaviors and thus, possibly excellent FFs for OSCs based
on both BC-Th and Y-Th. Compared with the Y-Th mono-
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Table 1 The optical and electrochemical properties of Y-Th, TC-Th, and BC-Th

Molecule /{‘:j:‘ion /{‘::: AL Fonse Egopl i HOMO (eV) LUMO (eV) Egcv ! El 107
(nm) (nm) (nm) (nm) (eV) (eV) M em™)
Y-Th 732 815 83 898 1.38 -5.69 -3.91 1.78 1.89
TC-Th 741 790 49 877 1.41 -5.66 -3.84 1.82 2.06
BC-Th 734 799 65 885 1.40 -5.67 -3.87 1.80 222

a) Eg°p( is estimated by the equation £, = 1240/4,,s; b) EgCV is estimated by the difference between HOMO and LUMO energy levels. ¢) The molar

extinction coefficients in chloroform solution for TC-Th and BC-Th with 3x10 ®mol L ".

mer, the up-shifted LUMO energy levels can be observed for
both TC-Th and BC-Th, which is conducive to obtaining a
larger open circuit voltage in theory. Due to the high novelty
of constructing dimer molecules through branch coupling
rather than terminal coupling, the following investigation
will focus on the comprehensive comparison of TC-Th and
BC-Th.

Density functional theory (DFT) was further applied to
disclose the variation of molecular geometries caused by two
different coupling strategies during the construction of di-
merized SMAs. As shown in Figure 2a, TC-Th and BC-Th
exhibit significant conformational differences. Among them,
the former possesses an S-shape conformation and a rela-
tively small dihedral angle between two conjugated mono-
mer planes. The latter adopts a C-shape back-to-back
symmetrical conformation along with a large dihedral angle
between two monomer-conjugated planes, making the linear
molecular skeleton multi-dimensional (Figure S3). Gen-
erally, the unique multi-dimensional structure of BC-Th with
conjugation extension in multiple directions is expected to
result in much different molecular stacking behaviors and
morphological features in blended films [44]. Therefore,
grazing incidence wide-angle X-ray scattering (GIWAXS)
measurements were further carried out to disclose the mo-
lecular stacking orientations of dimerized SMAs. As illu-
strated in Figure 2b, ¢, TC-Th neat film exhibits the apparent
n-n stacking (010) diffraction peaks, which are mainly lo-
cated in the out-of-plane (OOP) direction. Moreover, the
lamellar stacking (100) diffraction peaks mainly appear in in-
plane (IP) directions, indicative of a prior face-on orientation
in TC-Th neat films. In sharp contrast, BC-Th exhibits strong
n-n stacking (010) and lamellar stacking (100) diffraction
peaks in both IP and OOP directions, indicating that edge-on
and face-on orientations coexist in BC-Th neat films [45,46].
However, TC-Th showed a smaller n-n stacking distance of
3.97 A than that of 4.10 A for BC-Th in the OOP direction
(Table S2, Supporting Information online), BC-Th in turn
possesses a tighter m-m stacking with a distance of 4.27 A
comparing with that of 4.52 A for TC-Th in IP direction.
This should be induced by the 3D molecular conformation of
BC-Th, which may also contribute to an enlarged molecular
packing density and, hence, improved relative dielectric

constants [44,47]. In addition, a similar crystal coherence
length (CCL) of ~16.7 A in the OOP direction for both TC-
Th and BC-Th. However, an obviously enlarged CCL of
13.6 A for BC-Th compared with that of 10.2 A for TC-Th in
the IP direction (Table S2) can be observed, suggesting the
more ordered molecular packings for BC-Th in general. In
order to verify the dielectric properties of two dimerized
SMAs, the relative dielectric constant (g,) was further mea-
sured (Figure S4). It is worth noting that BC-Th shows a
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Figure 2 (a) Optimized molecular geometries of TC-Th and BC-Th.
(b) 2D GIWAXS patterns of TC-Th and BC-Th pristine films. (c) 1D
GIWAXS profiles of TC-Th and BC-Th pristine films. (d) Statistical dis-
tribution of dielectric constant results for TC-Th and BC-Th pristine film
using over 20 devices. (e) Normalized absorption and PL spectra of TC-Th
and BC-Th films (color online).
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larger average ¢, of 3.3 (statistical results from more than
twenty devices) than that of 3.1 for TC-Th in their neat films
(Figure 2d). The enlarged ¢, could lead to an improved
charge migration dynamic in theory and thus endow with
BC-Th-based OSCs a better FF and Jy [48,49]. Moreover,
the electron mobilities of TC-Th and BC-Th neat films have
been evaluated through the space charge limited current
(SCLC) method [50]. As illustrated in Figure S5a, b, BC-Th
displays a higher average electron mobility (x, =
24x 10" em >V 's™") than that of TC-Th (4, = 2.0 x 10*
em >V 's ™). As we know, the charge mobility of organic
semiconductors is tightly associated with molecular re-
organization energies based on nonadiabatic semiclassical
Marcus charge-transfer theory [51]. Therefore, the re-
organization energies of TC-Th and BC-Th were roughly
estimated by measuring their Stokes Shifts (A4, defined as
the gap between the maximum absorption and photo-
luminescence peaks) [52,53]. As displayed in Figure 2e, the
BC-Th film shows a relatively smaller A4 value of 183 nm
than that of 196 nm for TC-Th, indicating the reduced re-
organization energies from TC-Th to BC-Th and also is
consistent with electron mobility results [54].

The quite different construction strategies for dimerized
SMAs discussed above have given rise to remarkable var-
iations of physicochemical properties and molecular packing
behaviors, which should also exert significant influences on
the photovoltaic performance of OSCs based on these two
different types of dimers. Therefore, OSCs with conven-
tional structure (Figure 3a) were fabricated by choosing D18
polymer as an electron donor to blend with BC-Th and
TC-Th because of its well-matched energy levels and com-
plementary absorptions [55]. The device fabrication condi-

(@) (b)

ITO

804 * OQur work ternary

_Our work binary

E ‘ Other work

-~
©

Fill factor (%)
~
o

~
N

17.0 17.5 18.0 18.5 19.0
PCE (%)

Sci China Chem 5

tions have been carefully screened and the detailed device
parameters are listed in Tables S3—S5. Among them, the best
J-V characters for TC-Th- and BC-Th-based OSCs were
presented in Figure 3b and the best photovoltaic data were
enumerated in Table 2. OSCs based on BC-Th:D18 blend
exhibit a remarkable PCE of 17.43% with a V¢ of 0.893 'V,
Jsc 0f 24.67 mA cm ~ and FF of 79.13%, which is generally
better than TC-Th:D18-based devices (modest PCE of
16.29% with Ve 0f 0.909 V, Jsc 0f 23.96 mA cm ~ and FF of
74.81%). Compared with TC-Th-based devices, the Ve of
BC-Th-based ones decreases slightly, which should be as-
cribed to the down-shifted LUMO energy levels of BC-Th
compared with TC-Th [56,57]. On the other hand, the FF and
Jsc of BC-Th-based OSCs are obviously higher than that of
TC-Th-based ones, which can be ascribed to facilitated
charge migration in BC-Th blended films (discussed below
in detail). To our knowledge, the obtained FF of 79.13% for
BC-Th-based OSCs is the highest value for dimers-based
OSCs, including binary and ternary devices to date (Figure
3c and Table S1). This manifests great effectiveness in im-
proving the FFs of OSCs by constructing dimerized SMAs
through bridging branched groups of two monomers rather
than conventional electron-withdrawing terminals. To fur-
ther exploit the potential of dimerized BC-Th in photo-
electric devices, L8-BO was added as the third component
into BC-Th:D18 blends to construct a ternary device. As
shown in Table 2, when employing L8-BO as a third com-
ponent, both Js (25.55mA cm °) and FF (80.11%) of
ternary OSCs improved simultaneously, rendering an ex-
cellent PCE of 18.05%. From the external quantum effi-
ciency (EQE) spectra (Figure 3d), it can be seen that both
BC-Th-based OSCs exhibit stronger photo-response than
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Figure 3 (a) Device structure of OSCs. (b) J-V characteristics of OSCs. (c) FF alignments of all dimer acceptor-based OSCs with PCE over 17%. (d) The

EQE spectra of OSCs (color online).
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TC-Th-based ones from 400 to 850 nm. The Jg values in-
tegrated from EQE spectra are 22.95, 24.09 and
24.88 mA cm ~ for OSCs based on TC-Th:D18, BC-Th:D18
and BC-Th:D18:L8-BO-based devices, respectively, in ac-
cordance with the Jg values derived from their J-V curves.
The facilitated charge migration dynamics could account for
the vastly improved Jgc and EQEs for TC-Th:D18,
BC-Th:D18, and BC-Th:D18:L8-BO-based OSCs and the
inner mechanism for photovoltaic performance upgrade will
be further uncovered below. In addition, OSCs based on
Y-Th:D18 achieved a PCE of 17.68% with a V5 0of 0.862 V,
Jgc of 26.09 mA cm °, and FF of 78.62% (Figure S6a, b).
The comparable and even better device efficiencies and FFs
for BC-Th-based OSCs compared with its monomer of Y-Th
manifest the advantages of constructing dimerized SMAs
through branch coupling rather than terminal coupling.
Therefore, accompanied by considerably better device sta-
bility (discussed below), the great possibility of commercial

Table 2 Optimized device performance of OSCs under the illumination of AM 1.5 G, 100 mW cm’

Sci China Chem

applications has been fully unveiled for dimerized SMAs
constructed by branch coupling.

Multiple photodynamic measurements were carried out to
clarify the photovoltaic parameter difference of OSCs in-
duced by two constructing strategies of dimerized SMAs.
Firstly, we resorted to SCLC to evaluate the hole (u;,)/elec-
tron mobilities (u,) of TC-Th:D18, BC-Th:D18 and
BC-Th:D18:L8-BO-based devices (Figure 4a), being 1.11 x
10%/1.40 x 10, 1.29 x 10 %/1.55 x 10 * and 1.35 x 10"/
1.61 x 10 *em > V' s, respectively (Figure S7 and Table
S6) [50,58]. Despite the gradually increased gy, and y, from
TC-Th:D18, BC-Th:D18 and BC-Th:D18:L8-BO blends,
more balanced charge carrier mobility (u;,/u, = 0.83 for BC-
Th:D18, 0.84 for BC-Th:L8-BO:D18) than that of TC-Th:
D18 (uy/u. = 0.79) can also be observed. All factors above
work together to improve the Js- and FF for BC-Th:D18 and
BC-Th:D18:L8-BO-based devices, thus further leading to
enhanced photovoltaic performances. Then, the photo-

a)

Active layers Voc (V) Jse (mA cm ) L]SCC“] (mA cm %) ® FF (%) PCE (%)
0.909 23.96 74.81 16.29
TC-Th:D18 (0.907 £ 0.002) (23.80 £ 0.11) 2295 (74.54 £ 0.53) (16.10 £ 0.12)
0.893 24.67 79.13 17.43
BC-Th:D18 (0.889 £ 0.005) (24.81 £ 0.13) 24.09 (79.00 £ 0.44) (17.41 £ 0.06)
BC-Th:D18:L8-BO 0.882 2555 24.88 80.11 18.05

(0.881 = 0.003)

(25.65 + 0.18)

(79.36 + 0.53) (17.94 = 0.12)

a) The average photovoltaic parameters were calculated from 15 independent devices; b) current densities were calculated from EQE plots.
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generated current density (J,;,) against effective voltage (V)
measurement was conducted to unveil charge generation/
collection processes in OSCs (Figure 4b) [59]. All the OSCs
show the exciton dissociation probability (Pg;,) approaching
unit, whereas slightly larger for BC-Th:D18 (0.976) and BC-
Th:D18:L8-BO (0.978) based devices compared with that of
TC-Th:D18-based one (0.960). As regards the charge col-
lection probability (P,,), BC-Th:D18 and BC-Th:D18:L8-
BO-based devices were estimated to be 0.896 and 0.897, also
slightly higher than TC-Th-based optimal devices (0.832).
These results indicate that more efficient charge generation
and collection processes occurred in BC-Th-based OSCs,
which are consistent with their enlarged Jgc compared with
TC-Th-based ones. To further shed light on charge re-
combination and extraction behaviors in OSCs, transient
photocurrent (TPC) and transient photovoltage (TPV) were
investigated. As shown in Figure 4c, BC-Th:D18-based de-
vice shows a slightly faster extraction time of 0.26 ps than
the device based on TC-Th:D18 (0.31 ps). Moreover, the
ternary device affords the shortest charge extraction time of
0.19 ps. The stepwise faster charge extractions are in good
agreement with their gradually increased charge mobility
and p/u, ratios. The charge carrier lifetimes (z) derived from
TPV measurements are 0.13 ms for TC-Th:D18-, 0.18 ms for
BC-Th:D18- and 0.21 ms for BC-Th:D18:L.8-BO-based de-
vices (Figure S8a), suggesting suppressed charge re-
combination in BC-Th-based binary and ternary devices
[60,61]. Finally, the P}, dependence of Js-, which can be
described as Jgc o P , Was analyzed to disclose the charge
recombination mechanism. The power law exponent S
usually indicates the degree of bimolecular charge re-
combination in OSCs [62]. All the devices exhibit equal and
close unit S values of 0.99, indicating weaker and negligible
bimolecular recombination (Figure S8b). According to plots
showing the Py, dependence of Ve (Figure 4d), the slope
value can be regarded as an indicator of the degree of trap-
state assisted charge recombination under open-circuit con-
ditions [63]. TC-Th:D18-, BC-Th:D18- and BC-Th:D18:L8-
BO-based devices afforded slopes of 1.27, 1.23 and 1.17 kT/q,
respectively. The slope for BC-Th-based devices, which is
closer to a unit, is indicative of suppressed Shockley-Read-
Hall recombination [64,65].

Transmission electron microscopy (TEM) and tapping-
mode atomic force microscopy (AFM) were applied to un-
veil the bulk and surface morphologies of blended films,
respectively. The TEM pattern of the TC-Th:D18 blend ex-
hibits featureless and homogenous textures. However, the
stronger aggregated clusters emerged in both BC-Th:D18
and BC-Th:D18:L8-BO blends, suggesting better domain
connectivity (Figure 5a). As shown in Figure S9, due to the
strong aggregation property of D18 [66], all the blends offer
similar and typical fibril networks with significant phase
separation. The root mean square (RMS) roughness value of
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BC-Th:D18:L8-BO (0.84 nm) is slightly smaller than that of
BC-Th:D18 (1.00nm) and TC-Th:D18 (0.92 nm)
(Figure 5b), which may be one of the reasons for its more
efficient charge generation/extraction processes. According
to the GIWAXS discussions above, the neat film of TC-Th
possesses the desirable face-on prior orientation, but BC-Th
shows coexisted edge-on and face-on orientations. After
blending with the D18 donor, the (010) diffraction peaks in
TC-Th and BC-Th-based blends only appeared in the OOP
direction and the (100) diffraction peaks only emerged in the
IP direction, indicating the preferred face-on arrangements
for all the blends (Figure 5¢) [67]. This face-on arrangement
is beneficial for the charge migration from the interfaces of
the D/A domain towards electrodes [68]. Furthermore, as
shown in Figure 5d and Table S7, BC-Th:D18 blend pos-
sesses a slightly smaller m-m distance of 3.83 A than that of
3.88 A for TC-Th:D18 blends, and the n-r stacking CCL for
BC-Th:D18 blends is also larger than TC-Th:D18 blends. In
addition, after adding L8-BO as the third component to BC-
Th:D18 blends, the ternary blended film gives rise to a
tighter m-n stacking and larger CCL than binary one, sug-
gesting more compact and ordered molecular packing for
BC-Th:L8-BO:D18 blends. This should be a response to the
improved charge transfer/transport dynamics and also pho-
tovoltaic parameters for ternary devices.

Then, we further disclose the phase separation in blended
films by evaluating D/A miscibility derived from the contact
angle measurements (Figure S10). Note that the miscibility
of different components can be indicated by the Flory-
Huggins interaction parameters (y) [69], which can be af-

forded by the equation y o< ( NN b D)z’ where y, and y

represent surface tensions of donors and acceptors, respec-
tively. The surface tension (y) was determined to be 26.3,
26.8, 27.5, and 19.6mNm ' for TC-Th, BC-Th,
BC-Th:L8-BO, and D18, respectively, by employing Wu’s
model [70,71]. As can be seen from Figure 6a and Table S8,
the y values of D:A blends are in order of TC-Th:D18 (0.49)
<BC-Th:D18 (0.56) < BC-Th:L8-BO:D18 (0.67), indicating
gradually decreased D/A miscibility and also coinciding with
the increased domain sizes in TEM images from TC-Th:D18,
BC-Th:D18 to BC-Th:L8-BO:D18. Moreover, the stability
of two dimerized SMAs-based OSCs was also evaluated and
compared. Note that the morphological stability is strongly
determined by diffusion coefficients of SMAs [72,73] and
the molecular diffusion properties can be indicated by proxy
metrics such as glass transition temperatures (7,) [74]. The
T, can be roughly estimated by measuring the UV-vis ab-
sorbance of molecules in films at various annealing tem-
peratures (40-160 °C) [75]. As shown in Figure 6b, ¢ and
Figure S11, BC-Th exhibits a much higher 7, of 102 °C than
that of TC-Th (89 °C), which should be main attributed to the
slightly larger molar mass of BC-Th and the tighter inter-
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molecular packing in IP direction. In addition, the 7, (87 °C)
of Y-Th is slightly lower than TC-Th due to its lower mo-
lecular weight. The higher 7, can inhibit molecular diffusion
in D/A blends for de-mixing and maintaining better device
stability [74]. Promisingly, the devices based on BC-Th and
BC-Th:L8-BO afford a slightly better long-term stability
than TC-Th-based ones (Figure S12). Furthermore, after
being aged at 65 °C, it is evident that the BC-Th-based OSCs
exhibit a larger Ty, (more stable) of 372 h, followed by
TC-Th-based OSCs with a Ty, of 244 h (Figure 6d). In ad-
dition, the further improved stability of ternary OSCs after
introducing a relative small acceptor molecule of L§-BO
may be benefitting from the attenuated collapse of mor-
phology in blended films that involving donor and acceptor
components with quite large molecular sizes [76]. Moreover,
it is evident that the stability of TC-Th and BC-Th is sig-
nificantly better than that of Y-Th-based OSCs (T, = 192),
which is also our initial motivation for dimerizing small
molecule acceptors.

3 Conclusions

To overcome the inferior device efficiencies of conventional
terminal coupling dimerized (TC-type) SMAs-based OSCs,
an exotic pathway (BC-type) to construct dimerized SMAs is
explored by bridging the branched groups of two monomers
(like BC-Th acceptor) rather than conventional terminals
(like TC-Th counterpart). A comprehensive investigation has
revealed that the BC-Th acceptor with BC-type architecture
exhibits multiple molecular orientations along with a larger
molar extinction coefficient, dielectric constant and electron
mobility compared with that of TC-Th with TC-type archi-
tecture, which mainly benefits from the distinctive 3D con-
formation and less disturbed terminals in such a BC-type
molecule. When blending with the D18 donor, more com-
pact/ordered m-m stacking, obvious fibrillary network and
efficient charge migration can be achieved in BC-Th blends
compared with those of TC-Th. As a result,
BC-Th:D18-based OSCs afford a superior PCE of 17.43%
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and an excellent FF of 79.13% compared with the TC-Th:
D18-based OSCs with a PCE of 16.29% and an FF of
74.81%. Notably, the FF based on BC-Th:D18 blends should
be the highest value among dimerized SMAs-based OSCs
reported to date, including both binary and ternary devices.
Furthermore, the L8-BO, as the third component, was in-
troduced to the BC-Th:D18 blends; overall enhanced per-
formances are afforded with an efficiency of 18.05% and
even higher FF of 80.11%. At last, BC-Th:D18-based de-
vices exhibit better operational stability than TC-Th:D18-
based ones. Furthermore, the BC-Th:D18:L8-BO-based
ternary devices demonstrate further improved stability
compared with the corresponding binary devices. By ex-
ploring such an exotic and efficient constructing strategy of
dimerized SMAs, our work has provided a highly potential
pathway to conquer the significant gap of FFs and even PCEs
between dimerized SMAs-based OSCs and their monomer
counterparts, thus boosting dimerized SMAs toward com-
mercial applications further.
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