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Balancing Packing Strength of End/Central Units Enables
Binary Organic Solar Cells to Achieve 20.2% Efficiency

Peiran Wang, Xiangjian Cao, Wenkai Zhao, Yu Zhang, Zheng Xu, Zhe Zhang,
Guanghui Li, Guankui Long, Xiangjian Wan, Chenxi Li, Zhaoyang Yao,* Bin Kan,*

and Yongsheng Chen*

The photodynamic processes in organic solar cells (OSCs) are largely
determined by the intermolecular packing of photovoltaic materials, which
makes the delicate tuning of packing characteristics through molecular
structural tailoring crucially important. Herein, an asymmetric acceptor of
CHFN is constructed to balance the effective packing areas or packing
strength of end/central units in molecular skeletons. Compared to CH6F and
CH17 with the symmetric structures, asymmetric CHFN possesses the more
suitable crystallinity, superior fibrillar network morphology, and facilitated
charge generation/transport in blended films, thus affording a remarkable
PCE of 20.23% for CHFN-based binary OSCs, which is one of the highest
efficiencies of binary OSCs based on asymmetric acceptors. This work
highlights the great significance of end/central unit packing balance in

differs from other types of SMAs, which
has been regarded as one of the determin-
ing factors for the excellent photovoltaic per-
formance of Y-series SMAs.[!'"14] Bearing
these in mind, the optimization of molec-
ular packing behaviors through delicate
molecular structural modification should
be crucially important if a better photo-
voltaic outcome is further expected.!*>1¢]
Recently, a series of SMAs with the
two-dimensionally extended central unit
were developed and displayed great po-
tential for achieving the state-of-the-art
OSCs.[7-2 Besides the influences on
energy level distributions and light ab-

achieving highly efficient OSCs.

1. Introduction

Organic solar cells (OSCs) with successively increased power
conversion efficiencies (PCEs) have attracted widespread
attention.'"! Currently, the PCE of OSCs has grown to over
20% largely due to the innovation of small molecule acceptors
(SMAs).[619) Among them, the super star SMA of Y6 could
contribute to a superior 3D molecular packing network that
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sorptions, the 2D conjugated central

units could largely reconstruct the in-

termolecular packing modes of SMAs,

thus providing an effective pathway
to optimize the aggregated behaviors of SMAs and the
nanoscale morphologies in blended films.[2'??] In addition,
our recent work also disclosed that the excessive conju-
gated extension of central units will result in the disappear-
ance of the end unit involved packing mode (like end-to-
end), thereby destroying the desirable 3D packing network of
SMAs.[2*] These findings highlight the great significance of bal-
anced end/central units packing in facilitating charge trans-
fer/transport in blended films, and achieving highly efficient
OSCs.

Herein, on the basis of the high-performance 2D extended
SMA platform of CH6F? and CH17,'] CHFN was con-
structed by changing one of the end units to afford an asym-
metrical molecular backbone. Due to the different effective
packing areas of end units in CH6F, CHFN, and CH17, the
molecular packing modes determined by both central and end
units may be tuned delicately. Moreover, the asymmetrical ge-
ometry of CHFN is also expected to lead to a quite differ-
ent molecular packing behavior.>?’] A systematic investiga-
tion revealed that CHFN possesses the more suitable crys-
tallinity, superior fibrillar network morphology, and charge gen-
eration/transport in blended films. As a consequence, CHFN-
based binary OSC affords an excellent binary OSC efficiency
of 20.23%, much better than that of 19.20% for CHG6F- and
19.00% for CH17-based devices. Note that CHFN has contributed
the highest efficiency of binary OSCs based on asymmetric
acceptors.
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Figure 1. a) Design methodology of SMAs with 2D conjugated central units. b) Chemical structures of CH6F, CHFN, and CH17. ) Theoretically calculated
frontier orbital charge density differences (AQ). d) Total stacking number per unit volume for the CH6F, CHFN, and CH17 systems. e) UV—vis spectra

for CH6F, CHFN, and CH17 in solutions and solid films.

2. Results and Discussion

2.1. Physicochemical Properties

Three SMAs of CH6F, CHFN, and CH17 with different termi-
nal packing areas (see chemical structures in Figure 1b) were
studied and compared herein. The asymmetric molecular con-
formation of CHFEN should have an effect on the frontier molec-
ular orbitals; therefore, the density functional theory (DFT) cal-
culation was conducted first. In general, a desirable A-D-A ar-
chitecture can be indicated by the clear peak-valley-peak shape
of frontier orbital charge density differences (AQ) for all three

Adv. Funct. Mater. 2026, 36, 18113

€18113 (2 of 8)

SMAs (Figure 1c; Figure S1, Supporting Information), which is
helpful to improve light harvesting of molecules, charge genera-
tion/transport dynamics, and PCEs in resulting OSCs.[?%] Due to
the asymmetric geometry, the electron-donating center of CHFN
is off-center compared to that of CH6F and CH17. This also
causes the deflection of the dipole moment direction of CHFN
(Figure S2, Supporting Information). As shown in Table S1 (Sup-
porting Information), CH6F, CHFN, and CH17 exhibit stepwise
enlarged intermolecular interactions, which may benefit from
the increasing trend of dipole moments. Please note that the large
dipole moment is beneficial for enhancing intermolecular pack-
ing, but it is not the only determining factor. For example, the
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Figure 2. a) Energy levels of PM6, CH6F, CHFN, and CH17 derived from CV measurements. b) J-V curves for champion OSCs. c) EQE plots and
integrated Jsc curves. d) Jyp, versus Vg curves indicating n4iss and n,1. €) Light intensity (Pj,1,;) dependence of Voc. f) Statistical diagram of detailed

Eloss Of PM6:CH6F, PM6:CHFN, and PM6:CH 17-based devices.

dipole moment will be significantly reduced due to the cancel-
lation of the symmetry effect, especially for the highly symmet-
ric organic molecules. As expected, the 7—z stacking distances
(d,_,) of CHGF (3.67 A), CHFN (3.65 A), and CH17 (3.59 A) de-
creased stepwise with the increase of effective packing areas of
the end unit (Figures S4 and S5, Table S2 , Supporting Infor-
mation). Moreover, the crystal coherence length (CCL) of CHFN
(17.14 A) has a slight enlargement compared to that of CHGF
(16.63 A) and CH17 (16.63 A), indicative of the better interlayer
lattice ordering in the CHFN film. The enhanced molecular pack-
ing ordering of CHFN is expected to favor efficient electron trans-
port. This is consistent with the observed larger electron mobility
(4.) for CHFN films (2.22 x 10~* cm? V™! s7!) comparing to that
0f1.25x 10~ cm? V! 57! for CH6F and 1.82 x 10~* cm? V- g7
for CH17 (Figure S6, Supporting Information).

To clarify the stacking behavior of these three molecules,
molecular dynamics simulations were used (Figure S7, Support-
ing Information). As shown in Figure S8 (Supporting Informa-
tion), these three acceptor molecules were defined as three seg-
ments, labeled as A, D, and A’, resulting in the establishment of
six distinct stacking modes.??! The radial distribution functions
(RDFs, g(r)) exhibit the probability of finding a particle at a cer-
tain distance from a reference particle, with higher g(r) peaks in-
dicating a greater stacking density at specific distances. As shown
in Figure S9 (Supporting Information), CH17 and CHFN exhibit
significantly higher z— stacking peaks in the AA stacking mode,
indicating that the introduction of NC-2F terminals enhances
molecular packing effectively. To perform a quantitative analy-
sis, both the total number of stackings within each system and
the number that were assigned to the face-on orientation were
further calculated (Figure 1d; Figure S10, Supporting Informa-
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tion). It is clear that both the total stacking number and face-on
stacking number in the AA, AD, and AA’ stacking modes exhibit
an enlarged trend from CHGF to CH17, indicating that the ex-
tension of terminal units promotes the intermolecular packings,
which is beneficial for charge transfer.

2.2. Photovoltaic Performances

As illustrated in Figure S11 (Supporting Information), the sim-
ilar but slightly decreased band gaps from CHG6F (2.03 eV),
CHEN (2.00 eV), to CH17 (1.98 eV) were rendered by DFT cal-
culations, which agrees well with the stepwise red-shifted max-
imum absorption peaks and gradually narrowing optical band
gap (Figure le; Table S3, Supporting Information). Moreover,
the molar extinction coefficient slightly enlarges after introduc-
ing the broader NC-2F terminal, being 2.08 x 10° m~! cm™!
for CHFN, 2.00 x 10° m~' cm™! for CH17, compared to 1.69
x 10> Mm~! cm™! for CHG6F (Figure S12, Supporting Informa-
tion). The HOMO/LUMO energy levels of CH6F, CHFN, and
CH17 films were further evaluated by cyclic voltammetry (CV),
being —5.73/-3.83 eV, —5.73/-3.85 eV, and —5.64/—3.84 eV, re-
spectively (Figure 2a; Figure S13, Supporting Information). To
avoid errors in the CV measurement, UPS measurement was em-
ployed to further characterize the HOMO energy levels and ob-
tained similar results (Figure S14 and Table S4, Supporting Infor-
mation). Given the matched energy level alignment and absorp-
tion ranges (Figure S15, Supporting Information), PM6 donor3!
was applied to fabricate OSCs with a conventional structure. The
device optimization processes were enumerated in Supporting
Information (Tables S5-S7, Supporting Information), and the
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Table 1. Summary of photovoltaic parameters for OSCs.
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Active layers?) Voc [V] Jsc [mA cm™2] Cal. Jsc?) [mA cm™2) FF [%] PCE [%]
PM6:CH6F 0.865 27.32 25.97 79.30 18.74
(0.864 + 0.004) (27.19 £ 0.18) (78.97 £0.79) (18.55 £ 0.16)
PM6:CHFN 0.884 27.96 27.06 81.86 20.23
(0.883 + 0.002) (28.09 +0.07) (81.21£0.22) (20.14 + 0.06)
PM6:CH17 0.871 27.21 26.23 80.16 19.00
(0.872 + 0.030) (27.16 + 0.22) (79.62 + 0.43) (18.86 + 0.09)

2 Average parameters derived from 15 independent OSCs (Tables S5-S7, Supporting Information); ® Current densities by integrating EQE plots.

optimal current density voltage (J-V) characteristics were shown
in Figure 2b and Table 1. For CH6F-based binary OSCs, a PCE of
18.74% with a V. (open-circuit voltage) of 0.865 V, a Js (short-
circuit current density) of 27.32 mA cm~2 and an fill factor (FF)
of 79.30% is afforded. After replacing two IC-2F terminals with
NC-2F terminals, a comparable PCE of 19.00% is achieved by
CH17-based devices with Js. of 27.21 mA cm~2, FF of 80.16%
and a slightly improved V. of 0.871 V. More excitingly, a cham-
pion PCE of 20.23% was reached by CHFN-based OSCs along
with a Vo of 0.884 V, Js of 27.96 mA cm™ and FF of 81.86%,
which is one of the highest PCEs for asymmetric acceptor-based
binary OSCs (Table S8, Supporting Information). It is interest-
ing that CHFN and CH17 present the slightly down-shifted LU-
MOs compared to CH6F; however, the obviously larger V.. This
should be attributed to their surprisingly smaller E ., of CHFN
and CH17-based OSCs (discussed in detail below). Furthermore,
as shown in Figure S16 (Supporting Information), PM6:CHFN-
based OSCs with 1.0 cm? active area delivered a superior effi-
ciency of 18.09%, with a Ji of 27.82 mA cm ™2, a V. of 0.874 V,
and an FF of 74.42%, suggesting the CHFN is a promising ac-
ceptor candidate for large-scale applications.

The external quantum efficiency (EQE) plots were recorded in
Figure 2c. A gradually increasing trend can be observed from
CHG6F, CH17 to CHFN-based OSCs, yielding the integrated
Jscs of 25.97, 26.23, and 27.06 mA cm™2, respectively. In or-
der to disclose the underlying reasons for the largest EQE of
CHFN-based OSCs, the exciton dissociation (Py) and charge
collection (P efficiencies were calculated through measuring
the dependence of photocurrent density (J,;,) versus effective
voltage (V.q).*!! As displayed in Figure 2d, all three systems
showed excellent Py /P, in accordance with their high PCEs.
However, the slightly improved values of Py /P, can be esti-
mated as 98.46%/90.70% for CHFN compared to that of CH6F
(97.95%/89.55%) and CH17 (98.05%/90.28%). Additionally, the
photoluminescence (PL) quenching measurement was employed
to compare the charge transfer efficiency. As shown in Figure
S17 (Supporting Information), the CHFN-based system exhibits
the highest PL quenching efficiency of 96.56% to those of CH6F-
based and CH17-based systems, which is consistent with the
high P, of CHFN. Moreover, the charge transport properties
were investigated by employing the space charge limited current
(SCLC) method.??l As shown in Figure S18 (Supporting Infor-
mation), electron mobility (u,) /hole mobility (u,) of PM6:CHGF,
PM6:CH17, and PM6:CHFN could be determined as 3.69/3.00,
4.42/3.65, and 5.92/5.32 x 10~* cm? V=1 s71, respectively, giving
rise to the u,/uy, ratios of 1.23, 1.21, and 1.11. The PM6:CHFN
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device exhibited not only the improved charge /hole mobility, but
also the more balanced y,/u, ratio, which could also facilitate
the charge transport in blends and improve J and FF in result-
ing OSCs.33 By measuring the dependence of V. and Js. on
light intensity (Figure 2e), the gradually decreased S/(KT/q) from
CHGF (1.24), CH17 (1.17) to CHFN (1.08) suggests the reduced
trap-assisted charge recombination in CHFN-based OSCs.[3+%!
The comprehensive combination of these advanced factors
above determines that CHFN-based OSCs exhibit a higher EQE
response.

With the aim of unveiling the reason that CHFN and CH17-
based OSCs obtained the larger V. compared to CH6F under
similar band gaps, a detailed energy loss analysis was carried out
(Figure 2f). By applying the detailed balanced theory,*®! the total
E,,s Was partitioned into three parts, as described below:

A B, = AE, + AE, + AE, (1)
AE =E, —qV3? (2)
A By = qVoc — Vi G)
A By = qV5e = 4Voc 4

herein, the E, is estimated by the cross-point of normalized ab-
sorption and emission spectra of neat film,*’] being ~1.41 eV for
three systems (Figure S19, Supporting Information). Therefore,
the first part of energy losses (AE,) for three devices, which cor-
respond to the unavoidable radiative loss resulting from absorp-
tion above the bandgap, are also similar (~0.264 eV). The AE,s,
caused by the additional radiative recombination loss below
the bandgap,*® are 0.078, 0.049, and 0.053 eV for PM6:CH6F,
PMG6:CHFN, and PM6:CH17, respectively. As for the most con-
cerned nonradiative recombination energy loss of AEj, it can be
estimated through the following formula:[*"]

A E; = —kiln (EQEy, ) (5)

herein, EQE;, represents the electroluminescence EQEs, which
are regarded as a good indicator for nonradiative energy loss.[4041]
As shown in Table S9 (Supporting Information), the obviously
decreased AE; for CHFN (0.198 eV) and CH17 (0.189 eV) based
devices compared to that of CH6F (0.220 eV) could be observed.
The results were confirmed by their EQE, values (Figure S20,
Supporting Information), in which CHFN and CH17-based de-
vices showed obviously higher EQE; than CH6F-based devices.
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Figure 3. a—c) Contour plots of the time-resolved absorption difference spectra of the blend films. d) TA spectra of the blend films at different delay
times; e) Rising kinetics observed at 630 nm, indicative of the hole transfer process. f) Statistical graphs of charge-transfer time and lifetime achieved

through exponential fitting in corresponding conditions.

Moreover, the Stokes shift was also calculated to study the in-
fluence of molecular structure on energy losses. As shown in
Table S10 (Supporting Information), CH6F, CHFN, and CH17
exhibit gradually decreased Stokes shifts. This implied the en-
hanced molecular rigidity, which could potentially contribute to
the improved molecular packings.*?] It is worth noting that in
these three high-performance systems, their photodynamic prop-
erties should already be quite excellent. The differences in pho-
tovoltaic parameters are usually caused by multiple factors that
only show the minor advantages for the better systems, for ex-
ample, PM6:CHFN-based OSCs compared to PM6:CH6F and
PM6:CH17-based ones.

2.3. Charge Dynamics

The charge dynamics, including exciton transport and charge
generation, were investigated by employing transient absorption
spectroscopy (TA).[*}] Due to the distinct absorption regions of
donor and acceptor, the 800 nm pump beam was utilized to excite
the acceptor exclusively in three blends. As shown in Figure 3a—c,
the ground-state bleaching (GSB) peaks of the pristine acceptor
films are located in the range of 550-870 nm. Upon photoexci-
tation, the TA signal of donor/acceptor blends around 830 nm
appeared immediately and then rapidly decayed, accompanied
by the emergence of a new bleaching peak at 630 nm, which be-
longed to the signal of PM6 (Figure 3d; Figure S22, Supporting
Information). This indicated the process by which the hole on the
excited acceptor transfers to the PM6 donor.**] By further fitting
the absorption decay at 630 nm with an exponential decay func-
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tion (Figure 3e), we determined the characteristic time constants
7, and 7, that correspond to the distinct processes of hole trans-
port dynamics. Figure 3f presented the ; and 7, of PM6:CHG6F (7,
=0.13 + 0.02 ps, 7, = 14.02 + 0.46 ps), PM6:CHFN (z, = 0.26 +
0.06 s, 7, = 8.31 + 0.34 ps) and PM6:CH17 (z, = 0.20 + 0.02 ps,
7, = 20.01 = 0.34 ps). Generally, the 7, represents the time of
the rapid process linked to exciton dissociation at D/A interface,
while the time of slower process for exciton diffusion to the D/A
interface from bulky phases is represented as 7,.*’! It was ob-
served that the three systems have similar rapid processes, but
the CH17-based system has an obviously larger exciton diffusion
time, which may relate to the relatively inferior D/A interpreting
structure in PM6:CH17 blends (discussed below).

2.4. Morphology Analysis

The charge transfer/transport behaviors in blended films and
even the photovoltaic performances of OSCs are largely deter-
mined by the nanoscale morphology of active layers.l*¢] Thus,
we employed the atomic force microscopy-based infrared spec-
troscopy (AFM-IR) to investigate the surficial morphology and
D/A interpretation of blended films.[*”] As shown in Figure S23
(Supporting Information), the smooth surface indicated by a rel-
atively small root-mean-square roughness (R,) of ~#0.8 nm could
be observed for all three blends. A wavenumber of 2216 cm™! cor-
responding to the stretching vibration of C=N bond was selected
to probe acceptor domains. As shown in Figure 4a—c, an evi-
dent D/A interpenetrating structure was observed for all the sam-
ples. Interestingly, PM6:CH6F and PM6:CHFN blends further
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distance in z—r stacking direction (010) in blend films. g—i) Color mapping of in situ UV-vis absorption spectra with thermal annealing temperature of

90 °C.

illustrate the obvious D/A interpenetrating fibrillary networks
at the nanoscale, which are proven to accelerate charge
migration.*] Only for the systems that possess obvious fibril-
lary structures, a statistical analysis of fiber sizes can be per-
formed, providing the meaningful phase separation information
(Figure S24, Supporting Information). Herein, PM6:CHG6F and
PMG6:CHFN blends displayed the fiber diameters of 13.79 and
12.34 nm, respectively (Figure 4d,e). The slightly different phase
separation sizes should determine the charge dynamics differ-
ence in blended films as discussed above. As for PM6:CH17
blends, a larger phase separation and inferior D/A interpene-
trating structure could be rendered, which is consistent with
the obviously larger exciton diffusion time compared to that of
PMG6:CHGF and PM6:CHFN. Obviously, the sharp contrast in
PM6:CH17 film morphology is caused by the enhanced packing
strength of end units for CH17.

To further study the molecular packing and orientation in
films, grazing-incidence wide-angle X-ray scattering (GIWAXS)
characterization on blended films was performed. Compared to
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the SMAs neat films (Figure S25, Table S11, Supporting Informa-
tion), the sharp (010) diffraction peaks and (100) diffraction peaks
can still be maintained in OOP and IP directions, respectively,
after blending with PM6 donor, suggesting the desirable face-
on orientation in D/A blended films. Note that the (010) diffrac-
tion peaks in the OOP direction for PM6:CHFN and PM6:CH17
blends are located at 1.75 A~" with a smaller z—z packing distance
of 3.59 A compared to that of PM6:CHGF (3.63 A) (Figure 4f),
suggesting the expected enhancement of molecular -z stacking
after introducing NC-2F terminals. Unexpectedly, PM6:CHFN
shows the largest CCL of 80.78 A in the IP direction, while the
smallest one of 21.75 A in the OOP direction. Therefore, the bet-
ter charge transport for PM6:CHFN may be mainly determined
by the suitable D/A separation and a better fibrous D/A inter-
penetrating network. Then, the in situ thermal annealing absorp-
tion spectra of PM6:CHGF, PM6:CHFN, and PM6:CH17 blends
were depicted in Figure 4g—i and Figure S26 (Supporting Infor-
mation) to analyze the molecular crystallization dynamics.!**>")
During the thermal annealing process, the intensity and shape of
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the absorption of the maximum absorption peak show only mi-
nor changes for PM6:CHEN, especially for the acceptor absorp-
tions. This suggests the more stable pre-aggregation structure of
PM6:CHFN, which agrees with the improved long-term stability
of the resulting OSCs (Figure S27, Supporting Information).

3. Conclusion

With the aim of delicately tuning molecular packing behavior and
photophysical properties, an asymmetric acceptor of CHFN is
constructed by tuning the effective packing areas of end/central
units on a 2D extended SMA platform. Compared to CHGF with
two smaller IC terminals, the introduction of a larger terminal of
NC-2F in CHFN and CH17 leads to the extended and more rigid
conjugated backbones and redshifted absorptions. Especially for
CHFN with both IC and NC-2F terminals, the more balanced
packing strength of end/central units contributes to more suit-
able crystallinity and optimized fibrillary network morphology,
which facilitates the charge transfer/transport in blended films.
Consequently, PM6:CHFN-based OSCs reach a first-class effi-
ciency of 20.23% with simultaneous improvements in V., Jsc.
and FF, significantly outperforming their control devices (18.74%
for PM6:CHGF- and 19.00% for PM6:CH17). Note that this is also
one of the best values for binary OSCs based on asymmetric ac-
ceptors. In addition, PM6:CHFN achieved an excellent PCE of
18.09% for OSCs with 1.0 cm? active layer area, demonstrating
its good potential for up-scalability. Our work deepened insight
into the great significance of end/central unit packing balance
and will stimulate more efforts to synergistically tune the relative
packing areas of central and terminal units in high-performance
SMA systems.
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