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It is necessary and challenging to achieve high-efficiency organic solar cells (OSCs) by suppressing nonradiative
energy loss (AEy,) and fine-tuning active layer morphology through the delicate active material design. In this
study, we design two asymmetric acceptors, a-CH-ThCl and a-CH-Th2Cl, featuring asymmetric conjugated
substitutions on central cores via single bond linkages. Single crystals analysis indicate that these two acceptors
exhibit intense J-aggregation induced by the asymmetric substitution, which favours for their high photo-
luminescence quantum yields and contributes to reducing non-radiative recombination. Meanwhile, the two
asymmetric acceptors demonstrate enhanced miscibility and optimized morphology with the donor D18.
Consequently, the binary device based on D18: a-CH-Th2Cl demonstrates an impressive efficiency of up to
19.10 % with a high open-circuit voltage of 0.935 V, attributed to the remarkably low AEy, of 0.179 eV and
optimized morphology. These results provide an effective strategy for material design to optimize molecular
packing, reduce non-radiative recombination and tune active layer morphology to achieve high-efficiency OSCs.

1. Introduction

In recent years, the photovoltaic performance of organic solar cells
(OSCs) has substantially increased, mainly due to innovations in active
layer materials, device engineering and a deeper understanding of de-
vice mechanisms [1-19]. In particular, the introduction of A-D-A type
non-fullerene acceptors (NFAs) such as ITIC, Y6, and their derivatives
has significantly boosted OSC efficiencies to impressive levels [20-22].
The efficiency of OSCs is primarily constrained by the large nonradiative
energy loss (AE,;) and unfavourable active layer morphology [23-29].
Achieving high-performance OSCs by suppressing AE;; and fine-tuning
the active layer morphology through delicate active material design
remains a challenging task. Over the past decade, researchers have
designed many acceptor materials, often introducing steric hindrance
bulk groups to decrease the aggregation induced emission and thereby
achieving low AE;; [30-32]. However, the significant steric hindrance
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also impedes efficient molecular packing and aggregation, resulting in
low charge mobilities, poor morphologies, and consequently inferior
device performance [33-37]. Thus, it remains a challenge to regulate
molecular packing through material design to minimize nonradiative
recombination without compromising other critical properties such as
charge mobility, active layer blend morphology, and more.
Considering the significant role of central core in the molecular
packing and other optoelectronic properties for Y-series acceptors, both
our group and others have designed a series of acceptors with extended
conjugation central cores based on Y-series acceptors [36-44]. These
designs have efficiently strengthened intermolecular interactions,
facilitated carrier transport, and achieved impressive efficiencies. Spe-
cifically, the interaction between central cores and end groups signifi-
cantly affects intermolecular packing as demonstrated by single crystal
analysis results [36]. However, our recent results indicated that larger
extension conjugation on the central core could prompt the formation of
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excessively intense packing, unfavourable for suppressing the AE,, and
forming suitable morphology [45]. It prompt us to search for new
method to design acceptors.

In this work, we report two new acceptors called a-CH-ThCl and a-
CH-Th2Cl, featuring asymmetric substitutions on the central cores.
Unlike the conventional asymmetric acceptor design strategies by
modification of end groups, side chains and molecular backbones, the
two asymmetric acceptors are designed by introducing chlorinated
thiophene units on the central pyrazine cores via a single bond linkage
(Fig. 1). Herein, single bond linkages can maintain conjugation between
grafted thiophene units and pyrazine. It should be noted that the C-C
linkage strategy has been demonstrated by Dong and coworkers in
organic semiconductor materials designed for organic light-emitting
transistors, which exhibited high mobility and strong emission due to
efficiently extended n conjugation and compact J-aggregation packing
in the solid state [46]. Using the unconventional asymmetric design
strategy, the two acceptors showed compact J-aggregation verified in
their single crystals and demonstrated high emission and low
non-radiative recombination. Meanwhile, the two asymmetric acceptors
demonstrate enhanced miscibility and optimized morphology with the
donor D18. Consequently, the a-CH-Th2Cl based device demonstrated a
remarkable PCE up to 19.10 % with a low AE; of 0.179 eV, among the
best result reported to date for asymmetric acceptor-based binary OSCs.
These results demonstrate that central core asymmetric substitution via
the single bond linkage is an effective approach to regulate molecular
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packing, effectively reducing AE;; and finely tuning the blend film
morphology to obtain efficient OSCs.

2. Result and discussion
2.1. Material properties

The chemical structures of CH-ThCl, a-CH-ThCI, and a-CH-Th2Cl are
shown in Fig. 1b. The synthetic procedures of a-CH-ThCl and a-CH-
Th2Cl followed a similar method as we have previously reported [41],
and the detailed procedures and characterizations are provided in the
Supporting Information (SI). The influence of central core asymmetric
on the molecular geometry was firstly studied by density functional
theory (DFT) calculations. As illustrated in Figure Sla, similar to the
symmetric acceptor CH-ThCl, the two asymmetric molecules both dis-
played a relatively planar geometry. Particularly, the thiophene units
linked on the central cores are nearly in the same plane with the pyr-
azine central core units, with the dihedral angles 0.19° and 0.23°,
respectively. As shown in Figure S1b, with the asymmetric central
substitutions, a-CH-ThCl and a-CH-Th2Cl showed improved dipole mo-
ments and different electrostatic potential (ESP) distributions compared
to the symmetric molecule CH-ThCl, which will have an influence on
their packing behaviors and interactions with donor materials. To
explore the effect of ESP difference on the intermolecular interaction
between donor and acceptor, we employ the program Multiwfn to
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Fig. 1. a) Illustration of the design strategy. b) Chemical structure of CH-ThCl, a-CH-ThCl and a-CH-Th2Cl. ¢, d) The absorption spectra of CH-ThCl, a-CH-ThCl and a-
CH-Th2Cl in solution and films. e) Energy level diagram of D18, CH-ThCl, a-CH-ThCl and a-CH-Th2Cl.



X. Sietal

conduct quantitative analysis based on ESP. As shown in Table S1,
compared to CH-ThClI, the slightly larger v values of the two asymmetric
acceptors are closer to 0.25, which indicated a stronger ESP-induced
intermolecular interaction with the donor polymer[47]. Moreover,
asymmetric acceptors have lower 62, than that of CH-ThCl, indicating
that the two asymmetric acceptors and D18 tend to form more suitable
phase separation with the interpenetrating network structures [48].

The UV/vis absorption spectra of CH-ThCl, a-CH-ThCl and a-CH-
Th2Cl in dilute chloroform (CF) solution and film states are depicted in
Figs. 1c and 1d. In CF solution, CH-ThCl, a-CH-ThCl, and a-CH-Th2Cl
exhibited maximum absorption (Amax) peaks at 746, 736 and 731 nm,
respectively. In film states, their absorptions were all red-shifted with
Amax peaks at 801, 793 and 791 nm, respectively. This red-shift suggests
the presence of strong intermolecular interactions in the solid films.
Compared to CH-ThC], the slight blue-shifted absorptions of a-CH-ThCl
and a-CH-Th2Cl are caused by the reduced intramolecular charge
transfer effect due to the unfused asymmetric central units. The energy
levels of D18, CH-ThCl, a-CH-ThCl and a-CH-Th2Cl were estimated
using electrochemical cyclic voltammetry (CV). From the CV curves
(Figure S2-4), the lowest unoccupied molecular orbital (LUMO) and
highest occupied molecular orbital (HOMO) levels of D18, CH-ThCl, a-
CH-ThCI, and a-CH-Th2Cl were estimated to be —3.56/-5.51, —3.79/-
5.58, —3.79/-5.60, and —3.81/-5.65 eV, respectively, indicating that the
asymmetric central core substitutions have little effect on the LUMO
levels, only slightly affect the HOMO levels since the LUMO/HOMO
levels of A-D-A architecture molecules are primarily determined by the
end groups and molecular backbones, respectively [21].
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2.2. Single crystal analysis

To further elucidate the impact of the asymmetric central core on
acceptor geometry and intermolecular interactions, we cultivate crystals
of the three acceptors. The crystals of three crystals were successfully
obtained in chloroform by solvent diffusion with methanol as the poor
solvent. As depicted in Fig. 2a, all the three acceptors display similar
banana-shaped molecular geometries and planar-lock skeletons due to
strong intramolecular S---O interactions. a-CH-ThCl and a-CH-Th2Cl
exhibit slightly larger n-core torsions with dihedral angles of 7.52° and
9.88°, respectively, compared to that of CH-ThCI (2.38°). Additionally,
the grafted thiophene units on the central cores of a-CH-ThCl and a-CH-
Th2Cl align nearly in the same plane with the adjacent pyrazine unit
with the dihedral angles of 6.92° and 8.11°, respectively, indicating that
the asymmetric design on the central units has little effect on the overall
planarity of the two asymmetric acceptors but provide alternative
channels for subtle tuning the molecular packing modes.

As depicted in Fig. 2b, unlike Y6 crystal, the three single crystals
display two-dimensional arrangements through multiple intermolecular
n-n interactions. All of them feature three types of intense n-1 in-
teractions, namely, end group to end group mode (E/E), and two types of
the end group to the central core mode (dual E/C-1 and dual E/C-2).
Particularly, mode 1 and mode 3 show the slip-stacked J-Aggregation
behaviours. In details, a-CH-ThCI and a-CH-Th2Cl crystals show rela-
tively smaller E/E n—r distance with values ca. 3.303/3.336 A than that
CH-ThCl with value of 3.366 A, indicating stronger n—n stackings be-
tween two terminal units for the two asymmetric acceptors. Moreover,
the dual E/C-1 and dual E/C-2 modes also exhibit strong -t interactions
for CH-ThCl, a-CH-ThCl and a-CH-Th2Cl with distances of 3.430/3.435/
3.542 A for Mode 2 and 3.416/3.313/3.435 A for Mode 3, respectively.

c)

O O O T O P
. "";_ M:‘f;uﬂi;’.»\?;;v?ffzw:’w&?f:awf’f“ o

Mode 3: “dual E/C-2"
3416A

-1

Mode 3: “dual E/C-2" b : o« u S
3.313A B N N AN R AN N
cf&s@ SRR A

Mode 2: “dual E/C-1" #\#\\#\\#\\#\\’\

3.435A

Mode 3: “dual E/C-2"
3.435A

Mode 2: “dual E/C-1"
3.542A

Fig. 2. a) The single-molecule view of single-crystal structures. b) The intermolecular packing modes in the single crystal of CH-ThCl, a-CH-ThCl and a-CH-Th2Cl. c)
Molecular packing patterns in CH-ThCl, a-CH-ThCl and a-CH-Th2Cl single-crystals. The intramolecular S...O distances, the n-core torsions angles (0), the D-A and
thiophene-central core dihedral angles (¢) were given. Alkyl chains and H atoms are hidden for clarity.
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The electron transfer integral (Vg), and hole transfer integral (V) of CH-
ThCl, a-CH-ThCI and a-CH-Th2CI were calculated (Table S2-4) to eval-
uate the charge transfer property [41,49]. The “E/E” molecular packing
(Mode 1) in a-CH-Th2Cl possessed the largest Vg and Vy with values of
54.78 and 65.80 meV, respectively, among the three molecules, indi-
cating the asymmetric central core unit can effectively tune and improve
the charge transport in films. As shown in Fig. 2¢, the three molecules
present 2D packing modes. The molecular packing densities of the three
molecules were estimated. As listed in Table S5, a-CH-Th2Cl shows the
molecular packing density of 62.3 %, larger than that of CH-ThCl and
a-CH-ThCl (60.1 % and 56.8 %). These results demonstrate that intro-
ducing the central core asymmetric substitution via a single bond link-
age can provide efficient venues to subtle manipulate and tune the
molecular planarity, intermolecular crystal packing and charge trans-
port channels in the solid states.

2.3. Photovoltaic performance

To evaluate the photovoltaic performance of CH-ThCl, a-CH-ThCl
and a-CH-Th2Cl, binary OSCs with a conventional structure of ITO/
PEDOT: PSS/Active layer/PNDIT-F3N/Ag (Fig. 3a) were fabricated, in
which D18 was selected as donor polymer owing to the matched ab-
sorption and energy levels with the three acceptors. The detailed device
fabrication procedures and conditions are provided in Table S6-8. The
optimized photovoltaic parameters of the three devices are listed in
Table 1, and the corresponding current density-voltage (J-V) curves are
depicted in Fig. 3b. As listed in Table 1, the device based on a-CH-ThCl
exhibited a PCE of 17.83 %, which is slightly higher than that of CH-
ThCl based device with efficiency of 17.68 %. Impressively, a PCE of
19.10 % is achieved for a-CH-Th2Cl based device due to the enhanced
Jsc and FF compared to CH-ThCI and a-CH-ThCl based devices. The
external quantum efficiency (EQE) curves of the optimized devices are
shown in Fig. 3c. The three devices, particularly a-CH-Th2Cl based de-
vice, demonstrated high photon responses across the light absorption
ranges. The calculated Jy. values from the EQE curves align well with
those measured in the J-V curves.
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Table 1

Photovoltaic parameters of the optimized devices.
Active layer VoeV)  JsemAcm™?)  J@(mAcm?)  FF(%)  PCE(%)
D18: CH-ThCl 0.939 25.05 23.98 75.11 17.68
D18: a-CH-ThCl 0.934 25.27 24.02 75.47 17.83
D18: a-CH-Th2Cl 0.935 26.18 25.19 78.01 19.10

@ Current densities calculated from EQE data.

2.4. Energy loss analysis

To study the influence of asymmetric central unit on energy loss
(Ejoss), we conducted the energy loss analysis. As listed in Table 2, the
three acceptors-based devices all showed small total Ej,ss with values
around 0.5 eV. Particularly, the a-CH-ThCl based device showed the
lowest value of 0.492 eV compared to that of CH-ThCl (0.495 eV) and a-
CH-Th2Cl (0.509 eV) based devices. The detailed Ejyss components for
the three devices were investigated following the established methods.
As listed in Table 2, the three devices showed the nearly same AE;
around 0.27 eV and very small AE, below 0.1 eV. The AEjg, also called
nonradiative energy loss, is the determined energy loss in OSCs. It was
calculated using two different methods and showed a similar trend and
impressively small values below 0.2 eV for the three acceptors based
devices. As illustrated in Fig. 3e, the a-CH-ThCI and a-CH-Th2Cl based
devices showed EQEg;, of 11.6 E%and9.9E74 respectively, higher than
that of CH-ThCl. Impressively low AEs; with values of 0.175 and
0.179 eV were afforded for the a-CH-ThCl and a-CH-Th2Cl based de-
vices, respectively, according to the equation of AE3 = —KkTIn(EQEgy),
smaller than that of the CH-ThCl based device with a value of 0.185 eV.
To our knowledge, it is among the lowest AE3 values for devices with
efficiencies over 19 % (Fig. 3f, details in Table S9). As reported by Gao
et al., the photoluminescence efficiencies of the pristine material com-
ponents define the limit of AEs in OSCs [50]. To explain the low AEs
values of the three devices, the photoluminescence quantum yield
(PLQY) of CH-ThCI, a-CH-ThCl and a-CH-Th2Cl were measured. As
shown in Figure S5, the films of a-CH-ThCI and a-CH-Th2Cl demonstrate
PLQY of 5.62 % and 5.54 %, respectively, higher than that of CH-ThCl
with the value of 5.49 % under the same measured conditions. The
high PLQY of the two asymmetric acceptors might originate from
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Table 2
Energy loss analysis of the devices.
Active layer Voe EQ Eioss V&2 sq AR VS raa AEy AESD EQEg. (%) AR
(%) (eV) (%] W) (%] (eV) (cal.V) (exp.V)
D18: CH-ThCl 0.939 1.434 0.495 1.168 0.266 1.118 0.050 0.179 0.079 0.185
D18: a-CH-ThCl 0.934 1.426 0.492 1.161 0.265 1.102 0.059 0.168 0.116 0.175
D18: a-CH-Th2Cl 0.935 1.444 0.509 1.177 0.267 1111 0.066 0.173 0.099 0.179

@ Eg was estimated via EQE spectra of the devices.
® Vo, sq is calculated according to the SQ limit.
© AE; = Eg - Vo, sq-

@ Voo rad is the V. when there is only radiative recombination and are calculated from EL and sEQE measurements. AE3 (AE3 = qAV,,) is determined by two ap-
proaches: 1) calculated by q (Voc, rad -Voc) and 2) obtained from the equation qAV,,, = -kTIln EQEg;, by measuring the device EQEg;..

enhanced J-aggregations in the solid films as shown in the single crystal
packings according to the established results [51].

2.5. Exciton and charge dynamics analysis

Femtosecond transient absorption spectroscopy was used to study
the exciton dynamics (Fig. 4a-c) [52]. The hole-transfer behavior of the
three blend films were investigated by selective photoexcitation of the

acceptors at a wavelength of 800 nm. Ground state bleach (GSB) peaks
with negative signals at ~710 nm corresponded to acceptors are
observed. With the decrease of acceptors bleach peak (~710 nm) in the
first 100 ps, the GSB bleach peak of D18 (590 nm) emerged in the TA
spectra of three blend films (Fig. 4a-c and Figure S6a-c). Since there was
no signal at ~590 nm in the photo excited acceptors neat film
(Figure S7), the GSB kinetics at ~590 nm were used to represent the
hole-transfer kinetics of the blend films. The exciton dissociation
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dynamics were investigated by fitting the GSB data at 590 nm using a
double exponential function to get two important parameters t1 and 12
(Fig. 4d), which refer to the time scale of ultrafast exciton dissociation at
the donor-acceptor interface and the slow diffusion of excitons toward
the interface before dissociation, respectively [53]. The t1 values for
CH-ThCI, a-CH-ThCI and a-CH-Th2Cl based blend films with D18 are
831, 751 and 436 fs, respectively. The 12 values are fitted to be 16.52,
14.85 and 10.01 ps for D18: CH-ThCl, D18: a-CH-ThCl and D18:
a-CH-Th2Cl blends, respectively. The relatively small t1 and t2 for the
D18: a-CH-Th2Cl blends indicate that exciton dissociation and diffusion
are more efficient, which is benificial to suppress the charge recombi-
nation, thus improve the Js. and FF [54,55]. The dependence of
photocurrent density (J,1) on effective voltage (Ves) was used to explore
the exciton dissociation and charge collection properties of the three
devices (Fig. 4e). The values of Jpn/Jse under short-circuit con-
ditions/maximum power output conditions were 97.2% /82.9 %,
97.3 %/ 86.4 % and 98.9 %/ 87.5 % for the CH-ThCl, a-CH-ThCl and
a-CH-Th2Cl based devices, respectively, indicating that the a-CH-Th2Cl
based device exhibited the highest charge dissociation and collection
efficiencies. Furthermore, to investigate the charge recombination
behavior in the three devices, the light intensity (P) dependence of Js.
and V,. were measured. As shown in Figure S8, the Js. showed the linear
correlations with Plight with o values over 0.99, indicating the less
bimolecular charge recombination in the three devices. Additionally,
the trap-assisted recombination were investigated from the plotting of
the Vi versus light intensity. The a-CH-Th2Cl devices showed the
smallest slope with value of 1.172 kT/q, suggesting a reduced occur-
rence of trap-assisted recombination (Fig. 4f). Transient photocurrent
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(TPC) and transient photovoltage (TPV) measurements were used to
further investigate the charge extraction and recombination properties
for the three acceptors based devices. As depicted in Fig. 4g-h, the two
asymmetric acceptors based devices exhibited longer carrier lifetime
and shorter charge extraction time than the symmetric acceptor
CH-ThCl based device. The space-charge-limited current (SCLC) method
was employed to measure the charge mobilities of the three blend films.
As illustrated in Fig. 4i, the blend film of D18: a-CH-Th2Cl and D18:
a-CH-ThCl exhibited higher electron/hole mobilities with values of
4.34x107%/2.25x10™* em ™2 V' 57! and 4.03x107*/2.14x107* cm 2
v~1 57!, respectively, compared to the D18:CH-ThCI blend film, which
had values of 2.84x107%/1.83x10 *em 2 v 1571,

2.6. Morphology analysis

As discussed above, the two asymmetric acceptors-based devices
showed efficient processes of hole transfer, exciton dissociation and
charge collection, and thus enhanced Js. and FF, which are primarily
attributed to their active layer morphologies. Atomic force microscopy
(AFM) was used to study the surface morphologies of the three blend
films. As depicted in Figs. 5a and 5b, the three blend films all showed
uniform and smooth surfaces. In particular, the a-CH-Th2Cl blend film
displayed more smoother surface morphology with a root-mean-square
roughness (Rq) value 0.94 nm compared to other two blend films. AFM-
based infrared spectroscopy (AFM-IR) was conducted to probe the fibril
structures of the three blend films, using the specific infrared (IR) ab-
sorption at 2215 cm ™! for the three acceptors (Figure $9). As shown in
Fig. 5b, the CH-ThCl, a-CH-ThCl and a-CH-Th2Cl based blend films
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Fig. 5. a) AFM height and b) AFM-IR images recorded at 2215 cm-1 of the blend films. ¢) 2D GIWAXS patterns of optimized blend films. d) The corresponding out-of-

plane (OOP) and in-plane (IP) extracted line-cut profiles of blend films.
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showed distinct fibrillar network interpenetrating structures with the
statistic diameters of 12.3, 11.6 and 10.2 nm, respectively (Figure S10).
The small roughness and statistic diameter of the a-CH-Th2Cl blend film
can facilitate the charge transport and suppress the carrier recombina-
tion. The contact angles of water and ethylene glycol droplets on the
surfaces of various films were measured to determine the surface ten-
sions of the three acceptors (Figure S11) and their Flory-Huggins
interaction values (y) with donor polymer D18. As listed in Table S10,
the surface tensions for CH-ThCl, a-CH-ThCl, and a-CH-Th2Cl were 26.2,
25.9, and 25.8 mN m ™, respectively. Compared to D18: CH-ThCl with a
y value of 0.48, D18: a-CH-ThCI and D18: a-CH-ThCI showed lower x
with values of 0.44 and 0.43, respectively, indicating better miscibility
for the two asymmetric acceptors with D18 and attributed to the
smoother surface with reduced nanofiber in the a-CH-ThCl and a-CH-
Th2Cl blend films with D18.

Grazing incidence wide-angle X-ray scattering (GIWAXS) was
employed to investigate the detailed molecular stacking information for
the three acceptors and their blend films with donor D18. As shown in
Figure S12, in the neat films, the three acceptors all adopted a face-on
packing with the clear (010) peaks in the out-of-plane (OOP) direction
and (100) peaks in the in-plane (IP) direction. The n-x stacking distances
of CH-ThCI, a-CH-ThCl and a-CH-Th2Cl are 3.75, 3.76, and 3.79 10\,
respectively. The corresponding crystal coherence lengths (CCLs) are
20.34, 20.05 and 20.41 [D\, respectively. As shown in Fig. 5¢-d, the three
acceptors blend films also showed predominant face-on molecular
stacking with clear (010) peaks in OOP direction and (100) peaks in IP
direction. From the (010) peaks in the OOP directions, the three blend
films aslo showed the similar n-n stacking distances and CCL are 3.75/
22.44, 3.81/22.53, and 3.81/ 22.70 i\, respectively. Clearly, the two
asymmetric acceptors in neat and blend films all exhibited nearly the
same -1 packing distances and CCL compared with those of CH-ThCl
(Table S11), indicating that the asymmetric central core units, despite
with reduced conjugation, have no negative effect but can subtlety tune
the homo and hetero intermolecular interactions in their blend films.

3. Conclusions

In summary, we have designed and synthesized two acceptor mole-
cules a-CH-ThCI and a-CH-Th2Cl, featuring asymmetric central core
units via the single bond linkage. The asymmetric central core can subtly
tune the molecular packing and intermolecular interaction, and provide
a delicate balance between crystallinity and the miscibility with the
donor. Thus, the asymmetric acceptor a-CH-Th2Cl based devices showed
an impressive efficiency of 19.10 %, with a low non-radiative energy
loss of 0.179 eV, among the best results reported to date for asymmetric
acceptor based binary OSCs. Our results underscore the significant role
of central core asymmetric substitution in Y-series acceptors and present
an effective strategy for reducing non-radiative recombination and
tuning active layer morphology to achieve high-efficiency OSCs.
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