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Unveiling the Influence of Linkers on Conformations of
Oligomeric Acceptors for High-Performance Polymer Solar
Cells

Jingnan Wu, Fengbo Sun, Xunchang Wang, Qiaonan Chen, Leandro R. Franco,
Xufan Zheng, C. Moyses Araujo, Renqiang Yang,* Donghong Yu,* and Ergang Wang*

Conformational isomerism of organic photovoltaic materials has a profound
impact on their molecular packing and therefore performance of polymer
solar cells (PSCs). However, the conformations of oligomeric acceptors (OAs)
are mostly predicted by simulations rather than experimental determinations.
Herein, the stereochemical S-shaped structure of two dimeric-type acceptor
molecules, V-DYIC and V-DYIC-4F, is first confirmed with different end groups
(IC for V-DYIC and IC-2F for V-DYIC-4F), incorporating vinylene linkage for
connecting the distinct state-of-the-art small molecule acceptor Y-segments.
Through the synthetic control of fluorination sites adjacent to the vinyl-linker,
S-shaped the conformation by NMR experiments is validated. Compared to
the O-shaped dimer, S-shaped conformation results in enhanced lamellar
order and reduced nonradiative recombination losses. The optimal acceptor,
V-DYIC-4F, achieved a champion efficiency of 18.10% with the lowest energy
loss of 0.556 eV in its devices paired with PM6 due to their efficient carrier
transport, and suppressed recombination compared to other devices, being
attributed to the synergistic effect of conformation and end group
fluorination. The insights gained in this work contribute valuable knowledge
of both synthetic control and structural determination of OAs, providing
strategic design guidelines for the future development of dimeric acceptors
toward high-efficiency PSCs.
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1. Introduction

Recently, oligomeric acceptors (OAs), com-
posed of a certain number of Y6-type struc-
tural repeating units, have emerged as a
novel class of acceptor molecules, garner-
ing significant attention in the field of poly-
mer solar cells (PSCs) due to their pre-
cisely defined structures and elimination of
batch-to-batch variations compare to their
polymer acceptors (PAs) counterparts.[1,2]

Moreover, they exhibit superior device-
performance and -stability,[3–5] mitigating
morphological degradation seen in small-
molecule acceptors (SMAs).[6–8] Leveraging
the advantages of SMAs and PAs, OAs
exhibit exceptional optoelectronic proper-
ties, featuring an absorption in visible and
near-infrared ranges with a higher absorp-
tion coefficient and enhanced electron mo-
bility with moderate molecular packing.
However, compared with extensive stud-
ies on either SMAs or PAs that have
markedly improved their PCEs,[9–18] the de-
velopment of OAs significantly lags behind
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with few reports with PCEs of >15% in their PSCs achieved. Con-
sequently, there is an urgent need for more concerted efforts in
capitalizing OAs’ advantages for enhanced photovoltaic perfor-
mance of PSCs.

Oligomerization of Y6 derivatives through direct coupling of
the SMA segments was pioneered by He et al. in 2022.[4] Their
study demonstrated that such OA-based devices exhibited en-
hanced PV performance and improved device stability retaining
80% of their initial PCE under illumination for 1020 h superior to
those utilizing either SMA- or PA-based materials. However, the
oligomers suffer distortion in the backbone driven by the con-
formational isomerism through the rotation of sp2 hybridized
C-C 𝜎-bonds between the adjacent Y6-blocks, rendering them
unsuitable for establishing ordered intermolecular packing and
effective charge transport pathways.[1,19] To overcome this chal-
lenge, researchers utilized a linker, particularly a rigid conjugated
spacer, during oligomerization to obtain enlarged planar conju-
gated structures.[1] For instance, the incorporation of a thiophene
𝜋-linker decreased the torsional angle from 35° (indirect linking)
to less than 20°.[5,20] Furthermore, modifying the 𝜋-linkage with
double fluorinated thiophene resulted in an even smaller twist-
ing angle of 12°, facilitated by S···F noncovalent interactions.[20]

Among the different linkers investigated, the fluorinated one ex-
hibited a planar geometry, red-shifted absorption, and a more
compact 𝜋–𝜋 stacking arrangement.[20,21]

To date, more attention has been drawn to the planarity of
molecules indicated by density functional theory (DFT) simu-
lations, rather than the conformational complexities inherent
in OAs.[4,5,21–24] The introduction of rotating 𝜎-bonds invariably
engenders the formation of conformers. However, the impact of
these different conformations on intermolecular packing behav-
ior, morphological characteristics, charge transport properties,
and overall device performance has been rarely investigated. Li et
al. explored the effects of regio-isomerization on photophysical
properties, molecular conformation, and PV performance of two
dimeric acceptors, EV-i in U-shape and EV-o in S-shape confor-
mation, respectively.[24] That U-shaped EV-i exhibited a twisted
molecular conformation but enhanced conjugation, while S-
shaped EV-o showed a better planar molecular structure but
weakened conjugation. PSCs based on PM6:EV-i demonstrated
a remarkably higher PCE of 18.27%, compared to PM6:EV-o
(2.50%). It is important to note that these S- and U-shaped con-
formations were derived through theoretical calculations level of
comparing potential energy, thus not providing concrete proof
of their configurations. To address this limitation, our group
tailor-designed two dimers, and performed comprehensive 1D-
and 2D-NMR experiments to accurately validate their O-shaped
conformation, deviating from the conventional S- or U-shaped
structures.[19] This highlights the significance of investigating
the impact of linkers on real molecular conformation of OAs, an
intriguing and relatively understudied aspect within the realm
of PSCs.

Herein, diverging from the commonly assumed S-shaped con-
formations in literature,[5,21–25] we present the first evidence of
the existence of conformation “S” by synthesizing two dimeric-
type acceptor materials, denoted as V-DYIC and V-DYIC-4F.
These materials incorporate vinylene linkage units, serving to
bridge distinct Y-segments (BPIC-F and BPIC-3F as shown in
Scheme S1, Supporting Information (SI) respectively). Impor-

tantly, the strategic position-selective fluorination of IC close to
the linker provides a selective isomeric structure for the dimers,
facilitating the determination of their conformation through
19F NMR and DFT calculations. To elucidate the consequential
influence of molecular conformation, the reported O-shaped
DIBP3F-S (Figure 1a) with thiophene as a linkage was selected
for comparison. The S-shaped conformation observed in the
vinylene-linked acceptors demonstrates a more coplanar and
rigid structure compared to the helical structure of the O-shaped
counterpart, with negligible torsional angles less than 2° between
the linker and the adjacent Y moiety. As anticipated, V-DYIC-4F,
featuring IC-2F as the ending group (EG), exhibits a redshifted
absorption, a downshift energy level, stronger 𝜋-𝜋 stacking, and
a more ordered molecular arrangement than the IC EG-based
one. This translates to increased short-circuit current (Jsc) and
fill factor (FF), though with a decreased open-circuit voltage
(Voc). Notably, despite the S-shaped conformation of V-DYIC-4F,
which features a relatively low level lowest unoccupied molecular
orbital (LUMO), it demonstrates a comparable Voc of 0.883 V to
that of the O-shaped DIBP3F-S (0.881 V). Further investigation
reveals that an S-shaped conformation contributes to enhanced
lamellar orderliness, while an EG (di)fluorination strategy im-
proves the strength of 𝜋–𝜋 stacking. V-DYIC-4F amalgamates
both benefits from the two, exhibiting robust crystallinity in
both in-plane (IP) and out-of-plane (OOP) directions, which
is confirmed by means of grazing incidence wide-angle X-ray
scattering (GIWAXS) study. This leads to efficient carrier trans-
port and suppresses recombination in their corresponding PSC
devices. Additionally, energy loss (Eloss) analysis indicates that
dimers featuring the difluoride atoms of EG effectively suppress
energy disorder, and the S-shaped conformation minimizes
nonradiative recombination loss. Consequently, when blended
with the popular polymer donor PM6, the V-DYIC-4F-based de-
vice demonstrates the best performance, achieving a champion
PCE of 18.10% and the smallest Eloss of 0.556 eV among the
three OAs-based devices (15.78% and 0.558 eV for V-DYIC and
16.06% and 0.573 eV for DIBP3F-S).

2. Results and Discussion

The synthetic routes and detailed procedures for synthesizing V-
DYIC and V-DYIC-4F are presented in Scheme S1 in SI, and the
Materials and Methods section in SI. A starting material of Y-
BO-CHO was chosen for reacting with native- and bromo-fluoro-
IC (IC-FBr) into the key intermediate BTIC-FBr through Knoeve-
nagel condensation reaction with IC and IC-FBr as asymmetric
EGs. Subsequently, the target molecules of V-DYIC and V-DYIC-
4F were obtained through typical Stille coupling reactions based
on the two mono-brominated BTIC-FBr and BTIC-3FBr, respec-
tively, along with a formation of trans-vinylene linkers. All chem-
ical structures of intermediates and target products were con-
firmed using 1H-, 13C-, 19F-NMR, and MALDI-TOF techniques.
To gain insights into the molecular geometries of the two dimeric
acceptors, DFT calculations were conducted at the B3LYP-GD3BJ
level. Due to the presence of a rotatable sp2 hybridized C─C 𝜎-
bond between the linker and the adjacent IC moiety in BTIC-3F
(the Y block), three prominent isomeric conformations emerge,
namely the S-, O-, and 𝛾-shape, as visually depicted in Figure S1
(SI). Among these, the O- and 𝛾-shapes adopt a helical structure
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Figure 1. a) Chemical structures of V-DYIC, V-DYIC-4F, and DIBP3F-S. b) The top- and side-view of O-shaped V-DYIC, V-DYIC-4F, and DIBP3F-S. c) 19F
NMR spectrum (600 MHz) of S-shaped conformations of V-DYIC and V-DYIC-4F in the C2D2Cl4 solution.

in a side-view, particularly the 𝛾-shape, which exhibits substan-
tial dihedral angles exceeding 30° between the linker and Y block.
In contrast, the S-shape displays a predominantly co-planar and
rigid conformation, characterized by negligibly small dihedral
angles of <2°, facilitating the formation of strong intermolecu-
lar stacking interactions.

Referencing the energetic analysis, as seen in Table S1 (SI),
it was revealed that any conformation could potentially be ac-
cessed. Nevertheless, both OAs of V-DYIC and V-DYIC-4F ex-
hibited a tendency to eschew the 𝛾-shape conformation due to its
significantly higher electronic energy. It is crucial to note that two
dimers are synthesized through trans-substituted ethylene, a fac-

tor more conducive to the formation of trans-isomer,[26] thereby
excluding the possibility of cis- 𝛾-shaped conformations. Next,
the theoretical chemical shifts (𝛿s)[27] of the aromatic protons
(labeled in Figure S2, SI) were compared with the experimen-
tal ones obtained in chloroform solution, as illustrated in Tables
S2, S3 (SI). The 𝛿s of the two dimers in the S/O-shape conforma-
tion align well with the experimental trend, suggesting the coexis-
tence of O and S conformations, respectively. Then, we turned to
1H-1H Nuclear Overhauser Effect Spectroscopy spectra (Figures
S3, S4, SI) to further prove the conformations of such products.
Unfortunately, all conformations featuring the exchange cross-
peaks (labeled as A, B, and C) within the inter-proton of Ha-Hb,
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Ha-Hc, and Hb-Hc (with the inter-proton distances of less than
5 Å[28] obtained), were not distinguishable using 2D NMR. In the
end, the strategic introduction of the fluorine next to the linker
allows us to distinguish the S- and O-shaped conformers from
the 19F NMR spectra. The O-shaped conformer would expose
the two F atoms next to the linker in different chemical envi-
ronments and therefore two peaks can be expected. However, as
shown in Figure 1c, only one peak can be identified, which in-
dicates only an S-shaped conformer exists in both V-DYIC and
V-DYIC-4F. Consequently, based on these meticulous investiga-
tions from both experiments and DFT simulations, we can assert
that both V-DYIC and V-DYIC-4F adopt the stable molecular con-
formation of the S-shape.

Nonetheless, in our previous report on the conformation of
the dimer of DIBP3F-S (distinguishing the linker unit of thio-
phene instead of vinylene), we did conclude an emergence of the
O-shaped conformation as a result of robust intramolecular in-
teractions between the two terminal IC moieties.[19] While the
current dimers of V-DYIC and V-DYIC-4F adopt the S- rather
than the O-shaped conformation as an intriguing phenomenon,
which could be attributed to the absence of a “conformational
lock” arising from the close proximity of the EGs in the case of the
O-shaped conformation. For OAs in O-shaped conformation, our
current investigation reveals that replacing the thiophene linkage
with a simpler (lesser conjugation region, i.e., lower electron den-
sity) vinylene unit could increase the distance between the EGs
for V-DYIC and V-DYIC-4F as compared to DIBP3F-S. This is
reasonably explained by the larger angle between the two con-
nected IC moieties: 114°–119° for vinylene-linked OAs and 93°

for DIBP3F-S (refer to the 𝜃 in Figure 1b). Therefore, the large
distance of the two intramolecular EGs (dEG) in an O-shaped con-
former for V-DYIC and V-DYIC-4F as shown in Figure 1b, results
in the absence of conformational locking force. As for the for-
mation of the S-shape, it can be also explained by the synthesis
process during the Stille coupling reactions between bis-stannyl
ethylene and mono-brominated Y moieties, where the S-shape
is promoted by the formation of strong intramolecular F⋯H in-
teractions between the F atom next to bromine from Y segment
and the H atom from ethylene. To understand the differences in
S- and O-shaped dimers, we also included O-shaped DIBP3F-S as
a comparative model for further studies. Such differences in the
oligomer conformations may impact their optoelectronic proper-
ties, charge transport, recombination, morphology, and the per-
formance of the PSCs, which will be discussed in more detail
below.

The optical absorption spectra of the OAs, both as thin films
and in chloroform solution, are presented in Figure 2a and Figure
S5 (Supporting Information), respectively. All acceptors present
large, red-shifted spectra from solutions to the solid states, which
is attributed to their excellent molecular planarity and the in-
termolecular interactions induced by aggregation. Additionally,
they display notable absorption extinction coefficient values of
≈2 × 105 cm−1 (Table S4 and Figure S6, Supporting Information)
at ≈810 nm in film. Notably, the film absorption maximum and
onset of V-DYIC-4F (at 817 and 904 nm, respectively) are red-
shifted in contrast to those of DIBP3F-S films (804/899 nm). This
red shift is more pronounced than the previously reported 1 nm
shift observed in dimer molecules (DYT and DYV),[22] where the
linker is changed from thiophene to vinylene without the pres-

ence of adjacent F atoms. The enhanced red shift observed in
V-DYIC-4F can be attributed to the improved planarity of the S-
shaped conformation, indicating a stronger tendency for molec-
ular stacking. This is supported by the closer 𝜋–𝜋 stacking ob-
served from the GIWAXS results (Table S10, Supporting Infor-
mation). Subsequently, we proceeded to evaluate the energy lev-
els of the three OAs through cyclic voltammetry measurements
(Figure 2b; Figure S7, Supporting Information). The estimated
highest occupied molecular orbital (HOMO)/LUMO levels for V-
DYIC-4F are determined to be −4.28/−6.06 eV, which are lower
than those of V-DYIC with nonfluorinated EG. This observation
aligns with the findings from DFT calculations (Figure S8, Sup-
porting Information). Moreover, S-shaped V-DYIC-4F also ex-
hibits slightly shifted downward energy levels when compared to
the O-shaped DIBP3F-S with thiophene linker. The lower-lying
LUMO may potentially have a detrimental impact on the Voc in
PSC devices.

Then, the photovoltaic performance of three de-
vices within a conventional architecture featuring
ITO/PEDOT:PSS/PM6:OA/PFN-Br/Ag was investigated. De-
tailed device processing information refers to Figure S9 and
Tables S5, S6 (Supporting Information). The representative
current–voltage (J–V) curves and the collected performance data
are presented in Figure 2c and Table 1, respectively. Notably, the
device based on the optimized PM6:V-DYIC-4F blend exhibits
the best PCE of 18.10%, with a Voc of 0.883 V, a high Jsc of
26.35 mA cm−2, and a commendable FF of 77.8%. In contrast,
the PM6: V-DYIC-based device, while showing an enhanced
Voc of 0.905 V, suffers from a limited light absorption range
attributed to V-DYIC’s spectral response (Figure 2d), resulting
in a lower Jsc of 24.46 mA cm−2 and a consequently reduced
PCE of 15.78%. Interestingly, despite the slightly downshifted
LUMO level of V-DYIC-4F, this does not translate into a lower
Voc (0.883 V) in the device compared to PM6:DIBP3F-S. As
displayed in Figure 2d, the device based on V-DYIC-4F presents
a wider and more red-shifted external quantum efficiency (EQE)
response in the range of 300–950 nm, with a particularly higher
response within the 600–950 nm wavelength range, correspond-
ing to the highest integrated Jsc of 25.41 mA cm−2, as compared
to V-DYIC (23.97 mA cm−2) and DIBP3F-S (24.57 mA cm−2).
It is worth noting that the integrated Jsc values obtained from
the EQE curves are consistent with those extracted from the J–V
curves. Furthermore, the stability of the three PSCs was also
evaluated. As depicted in Figure S10 (Supporting Information),
following aging at 65 °C for 18 days, all three devices retained
over 80% of their initial PCE. Extending the aging period to
28 days revealed that the systems based on V-DYIC-4F and
DIBP3F-S maintained efficiency levels above 75%, while the
devices with V-DYIC exhibited a notable decline to 62%, refer-
ring to their initial values. This interestingly indicates that the
effect of molecular conformation on morphology stability is less
pronounced compared to the impact of EG difluorination during
the aging process, which is worthy of being further investigated
in future work.

Considering the disparity in Voc observed among the three de-
vices, Eloss analysis was conducted, and the corresponding values
are summarized in Table S7 (Supporting Information). Follow-
ing previous studies,[29–31] the Eloss can be partitioned into three
components (ΔΕ1, ΔΕ2, and ΔΕ3 in Figure 3a). Generally, ΔΕ1
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Figure 2. a) Normalized UV–vis absorption spectra in pristine films and b) energy levels of PM6, V-DYIC, V-DYIC-4F, and DIBP3F-S. c) J–V characteristics
and d) EQE curves and integrated Jsc values for optimized devices based on PM6:V-DYIC, PM6:V-DYIC-4F, and PM6:DIBP3F-S.

(Eg -qVoc
SQ, where Voc

SQ is the maximum voltage calculated by
the Shockley–Queisser limit) is an unavoidable loss and typically
falls within the range of 0.25–0.30 eV. It was noted that the volt-
age variations primarily stem from fluctuations in ΔΕ2 and ΔΕ3
as illustrated in Figure 3b. The ΔΕ2 values, associated with radia-
tive recombination originating from absorption below the band
gap, are determined to be 0.074, 0.067, and 0.067 eV for PM6
blending with V-DYIC, V-DYIC-4F, and DIBP3F-S, respectively.
It is noteworthy that the lower ΔΕ2 for the fluorinated EG-based
devices related to the more ordered molecular packing is compa-
rable to that of PSC based on the nonfluorinated counterpart. To
explain the different ΔΕ2 loss, the Urbach energy (EU),[32] serv-
ing as an indicator of energy disorder, was first measured using
highly sensitive external quantum efficiency (s-EQE) measure-

ments (Figure 3c).[33] It is evident that the devices based on V-
DYIC-4F and DIBP3F-S exhibit the lowest EU value at 23.38 and
23.83 meV, respectively, while PM6:V-DYIC displays a larger one
at 25.58 meV. The smaller EU values imply a reduction in ener-
getic disorder by incorporating F atoms on their EGs, which can
be attributed to the higher crystallinity and more ordered packing
of materials within the blend films.

To gain deeper insights into the disorder within the blend
film, the electron energetic disorder (𝜎) was also determined
through temperature-dependent electron transport measure-
ments (Figure 3d) using the Gaussian disorder model (GDM),[34]

as expressed in the following formula: μ0 = μ∞ exp [-(2𝜎/3kT)2],
where k represents the Boltzmann constant, T denotes the
temperature in Kelvin, μ∞ signifies the mobility at infinite

Table 1. Photovoltaic performance of the PSCs based on PM6: acceptor (1:1.2, w/w) under the illumination of AM 1.5 G, 100 mW cm−2.

D:A Voc [V] Jsc [mA cm−2] Cal. Jsc
a) [mA cm−2] FF [%] PCEmax

/PCEavg
b) [%]

PM6:V-DYIC 0.905 24.46 23.97 71.2 15.78 (15.67 ± 0.11)

PM6:V-DYIC-4F 0.883 26.35 25.41 77.8 18.10 (17.95 ± 0.13)

PM6:DIBP3F-S 0.881 25.31 24.57 72.1 16.06 (15.93 ± 0.10)
a)

The integral Jsc in brackets were calculated from the EQE curves
b)

The average PCE values were obtained from 15 devices with their deviations shown in brackets.
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Figure 3. a) Diagram describing voltage and energy loss. b) ΔΕ2 and ΔΕ3 energy loss, c) s-EQE at absorption onset, d) temperature-dependent space-
charge-limited current (SCLC) curves, e) electron mobility of corresponding devices as a function of 1/T2 using SCLC estimated data, and f) electrolu-
minescence EQE of optimized devices based on PM6:V-DYIC, PM6:V-DYIC-4F, and PM6:DIBP3F-S.

temperature. Figure 3e illustrates the plots of electron zero-
field mobilities of the two devices as a function of 1/T2 along
with the corresponding fitted linear curves. The decreasing
𝜎 values in the order of V-DYIC (𝜎 = 46 meV), DIBP3F-S
(𝜎 = 43 meV), and V-DYIC-4F (𝜎 = 41 meV) indicate a lower
density of trapped states within those in the blends of PM6/V-
DYIC-4F and PM6/DIBP3F-S. This, in turn, suggests that holes
have a reduced likelihood of becoming trapped at tailed states
and subsequently recombining with electrons. Consequently,
PM6:V-DYIC-4F and PM6:DIBP3F-S blend exhibit significantly
fewer traps and lower energy disorder. Based on these results,
it is evident that acceptors featuring peripheral fluorine ex-
hibit lower energy disorder, which corresponds to a reduced
ΔΕ2.

The ΔΕ3, representing nonradiative Eloss, can be calculated us-
ing the equation: ΔΕ3 = -kTln(EQEEL). As shown in Figure 3f, the
electroluminescence EQE (EQEEL) measurements indicate that
the emission efficiency of the PSCs based on V-DYIC and V-
DYIC-4F, highlighting S-shape skeleton, are 2.37 × 10−2% and
1.88 × 10−2% (measured with injection current equal to Voc), re-
spectively, which is significantly higher than that observed in the
O-shaped DIBP3F-S-based counterpart (1.07 × 10−2%). This sug-
gests that dimeric acceptors featuring the S-shape conformation
exhibit higher emission efficiency along with lowered ΔΕ3. Un-
questionably, the reductions in both ΔΕ2 and ΔΕ3 contribute to
the overall reduction in Eloss, amounting to 0.556 eV for V-DYIC-
4F-based PSCs. These results underscore that the incorporation
of the F atoms on IC moiety and the adoption of the S-shape con-
formation for OAs effectively mitigate both ΔΕ2 and ΔΕ3. This,

in turn, leads to suppressed energy disorder and minimizes non-
radiative recombination losses.

In addition to maintaining relatively high Voc and low volt-
age/energy loss, EG fluorination-based OA with S-shape confor-
mation also exhibits excellent Jsc and FF. Further investigations
into carrier transport and recombination were undertaken to elu-
cidate the mechanism contributing to the enhanced photovoltaic
performance observed in the V-DYIC-4F-based device. Recombi-
nation properties within the three devices were examined by an-
alyzing photovoltaic parameters under varying light intensities
(Plight). By fitting the Vocs with light power on a semilogarithmic
scale (Voc ∝ nkT/q lnPlight, Figure 4a), the slopes (S) were close
to kT/q for the three cells, implying effectively suppressed trap-
mediated charge recombination in their devices.[35] In Figure 4b,
photovoltage decay kinetics are primarily governed by charge re-
combination using transient photovoltage (TPV) measurement,
and the decay time reflects the lifetimes of the charges.[36] De-
vices utilizing V-DYIC-4F or DIBP3F-S exhibit longer lifetimes
(1.039 and 0.990 ms, respectively) compared to the V-DYIC-
based one (0.526 ms). This observation is further supported by
irradiation-dependent Jsc measurements, as shown in Figure 4c,
indicating a power-law dependency on the power (Jsc ∝ Plight

𝛼)
approaching unity.[37] This implies that bimolecular recombina-
tion is indeed the dominant process. Therefore, the longer charge
lifetime in devices based on OAs with EG fluorination can be at-
tributed to the suppression of bimolecular recombination.

In Figure 4d, photocurrent decay kinetics under short-circuit
conditions are probed through transient photocurrent (TPC).[36]

It is evident that the V-DYIC-4F-based cell exhibits faster decay,
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Figure 4. a) Light intensity dependency on Voc, b) Normalized TPV data, c) light intensity dependency on Jsc, d) Normalized TPC data, e) characteristics
of the photocurrent density versus effective voltage (Jph-Veff) for the optimized PSCs. f) Hole and electron mobilities of the devices obtained from SCLC
measurements for, solar cell devices from PM6:V-DYIC, PM6:V-DYIC-4F, and PM6: DIBP3F-S blends, respectively.

indicating a swifter carrier sweepout time compared to V-DYIC
and DIBP3F-S. The charge extraction of the V-DYIC-4F device
(0.177 μs) is notably shorter than that of the V-DYIC (0.194 μs)
and DIBP3F-S (0.191 μs), respectively, indicating more efficient
charge extraction. In summary, the TPV and TPC results col-
lectively suggest that the PM6:V-DYIC-4F BHJ exhibits reduced
recombination and more efficient charge extraction. In addi-
tion, the exciton dissociation probabilities (Pdiss, under Jsc con-
ditions) and charge collection efficiencies (Pcoll at the maximum
power point) were calculated as 94.8%/74.9%, 96.1%/82.9%
and 95.7%/82.5% for the PM6:V-DYIC, PM6:V-DYIC-4F and
PM6: DIBP3F-S blends, respectively (Figure 4e). The higher Pdiss
and Pcoll values observed in PM6:V-DYIC-4F-based PSCs signify
superior exciton dissociation and enhanced charge collection,
which, in turn, can account for the higher Jsc and FF values in
the corresponding devices.[38,39]

Charge transport characteristics in both neat and blend
films were evaluated by space-charge-limited current (SCLC)
measurements[40] (Figure 4f; Table S8, Supporting Informa-
tion). All neat/blend films based on OAs with difluorinated
IC present higher electron mobilities (μe) (2.88/8.46 × 10−4

and 3.82/7.06 × 10−4 cm2 V−1 s−1 for V-DYIC-4F and
DIBP3F-S, respectively) compared to the nonfluorinated one
(1.74/5.40 × 10−4 cm2 V−1 s−1 for V-DYIC). This outcome under-
scores that the acceptors containing IC-2F moieties demonstrate
enhanced electron conductivity when compared to their nonfluo-
rinated counterparts, a result that aligns with expectations. More-
over, PM6:V-DYIC-4F films exhibit more balanced electron and
hole mobilities, as reflected in a μe/μh ratio of 1.58, whereas those

of 1.94 and 2.12 for PM6:V-DYIC and PM6:DIBP3F-S blended
films display substantial imbalances. That unbalanced charge
transport can reasonably account for the lower FF observed in
their devices. These results highlight the efficacy of fluorinated
EG modification and the advantages of the S-shape conforma-
tion in suppressing trap-mediated recombination, promoting ef-
ficient electron transport and high exciton dissociation efficiency,
and ultimately maximizing the PSC performance.

By means of contact angle measurements (Figure S11, Sup-
porting Information), surface free energy (𝛾)[41] values were de-
termined as 40.47, 45.18, 41.22, and 39.16 mN m−1 for neat films
of PM6, V-DYIC, V-DYIC-4F, and DIBP3F-S, (Table S9, Support-
ing Information), respectively. Notably, the introduction of pe-
ripheral F atoms to dimeric acceptors contributes to a reduction
in 𝛾 . This effect is reflected in the lower interaction parameters
(𝜒) calculated between PM6 and acceptors (V-DYIC and V-DYIC-
4F) using the Flory–Huggins method,[42,43] signifying enhanced
miscibility between the donor and acceptors. Lower 𝜒 values (ac-
cording to the equation 𝜒 ∝ (𝛾D

−2-𝛾A
−2)2), estimated as 0.1296,

0.0107, and 0.0034 for PM6-based blends of V-DYIC, V-DYIC-
4F, and DIBP3F-S, respectively, suggest reduced potential for ex-
cessive phase separation and favorable conditions for exciton dis-
sociation, particularly in the aforementioned order. However, V-
DYIC-4F exhibits a relatively weaker compatibility with PM6 as
reflected by its slightly bigger 𝜒 value compared to DIBP3F-S.
This propensity promotes the formation of interpenetrating net-
works with the more appropriate (enhanced) size of fiber-like do-
mains as shown in the atomic force microscopy (AFM) phase im-
ages (Figure S12, Supporting Information), which is consistent
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Figure 5. a) The schematic 𝜋–𝜋 stacking of V-DYIC and V-DYIC-4F (left), and the schematic lamellar packing of V-DYIC-4F and DIBP3F-S (right). b) 1D
line cuts of the films based on neat V-DYIC, V-DYIC-4F, and DIBP3F-S, and their blends with PM6.

with the highest Pdiss and Pcoll of the PM6:V-DYIC-4F blend as
discussed above from the TPC and TPV analysis.

To reveal the nuanced variations in the morphology of blend
films prompted by both EG modification and conformational
effects, GIWAXS characterization was conducted to scrutinize
the crystallinity and orientation of films (Figures S13, S14, and
Table S10, Supporting Information).[44,45] The neat and blended
films exhibit a discernible lamellar stacking peak in the IP di-
rection and a dominant 𝜋–𝜋 stacking peak in the OOP direc-
tion at the range of 0.31–0.38 and 1.61–1.63 Å−1, respectively.
This implies a face-on orientation conducive to vertical charge
transport. Regarding neat OAs, V-DYIC, and V-DYIC-4F mani-
fest slightly denser d-spacing corresponding to the (100) plane,
coupled with markedly enhanced crystal coherence length (CCL)
values of 56.54 and 61.65 Å, respectively, compared to that of
42.77 Å for DIBP3F-S in the IP direction. This suggests a more
ordered lamellar packing for the molecules with S-shaped con-
formation. (Figure 5a). In the OOP direction, V-DYIC exhibits
subdued peaks at q = 1.61 Å−1 (d = 3.89 Å) with a CCL value of
20.33 Å, which is a bit surpassed by the V-DYIC-4F at q= 1.63 Å−1

(d = 3.84 Å) and an enhanced CCL of 21.21 Å. This divergence
may be attributed to the F atoms facilitating the formation of
multiple noncovalent interactions, promoting deeper intermolec-
ular overlap and tighter layer-layer contact. Upon blending with
PM6, the three blends exhibit identical lamellar stacking peaks
at 0.31 Å−1 (ascribed to the donor, see Figure S15 and Table S8,
Supporting Information) in the IP direction, indicating minimal

influence from different OAs on PM6 molecular packing. How-
ever, a noteworthy increase in CCL is observed from the S-shaped
V-DYIC and V-DYIC-4F (82.87 and 76.07 Å, respectively), com-
pared to the O-shaped DIBP3F-S (74.23 Å). This observed trend,
akin to the one observed in the neat films, may result from the
reduced miscibility of S-shaped-OA-induced PM6 crystallization,
aligning with elevated hole mobilities (Figure 5b). Furthermore,
it is observed that EG fluorination-based blends present a similar
yet marginally closer 𝜋–𝜋 stacking distance compared to V-DYIC
at peaks around q = 1.62 Å−1 (d = 3.87 Å). Additionally, the for-
mer exhibits a considerably larger CCL (27.57 Å for V-DYIC-4F,
26.81 Å for DIBP3F-S) than the latter (25.54 Å). Consequently, a
dimeric acceptor with an S-shaped conformation contributes to
enhanced lamellar order, while the peripheral fluorination strat-
egy improves the order of 𝜋-𝜋 stacking. V-DYIC-4F amalgamates
the benefits of both modification strategies, exhibiting robust
crystallinity in both IP and OOP directions. This characteristic
proves a systematic strategy in facilitating charge transfer and re-
ducing charge recombination, thereby contributing to the high-
est FF of the corresponding device.

3. Conclusion

In summary, we synthesized two dimeric acceptor materi-
als, namely V-DYIC and V-DYIC-4F, featuring distinct EGs–
nonfluorination and difluorination of IC, respectively. The incor-
poration of vinylene linkage units facilitated the connection of
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disparate Y-segments in both acceptors. Significantly, both OAs
were first confirmed to adopt S-shaped molecular conformations
other than O- or 𝛾-shape, through NMR experiments and theo-
retical calculations, which is enabled by the strategic introduc-
tion of F atoms next to the linking unit. A comparative examina-
tion with O-shaped DIBP3F-S highlights the distinctive coplanar
and rigid structure of vinylene-linked acceptors, deviating from
the helical structures associated with O-shaped counterparts. The
synergistic effects of conformational attributes and EG fluorina-
tion in V-DYIC-4F result in augmented absorption spectra, im-
proved 𝜋–𝜋 stacking, and a meticulously ordered molecular ar-
rangement. This translates to heightened Jsc and FF in the re-
sultant PSCs. Despite a slightly downshifted LUMO level com-
pared to DIBP3F-S, V-DYIC-4F maintains a noteworthy Voc. Con-
sequently, PM6:V-DYIC-4F-based devices exhibit superior perfor-
mance, with a champion efficiency of 18.10% and a minimized
energy loss of 0.556 eV, accompanied by enhanced carrier trans-
port efficiency and reduced charge recombination. Moreover, our
findings underscore that OAs with S-shaped molecular confor-
mations significantly enhance lamellar order and mitigate non-
radiative recombination losses compared to their O-shaped coun-
terparts. Simultaneously, acceptors featuring EG difluorination
exhibit improved order in 𝜋–𝜋 stacking, effectively suppressing
energy disorder. Our study demonstrates that it is possible to ex-
perimentally determine conformations of OAs and the confor-
mations can have a profound impact on the molecular packing
and resulting device performances. These results also provide
valuable guidelines for the strategic design of OAs with favorable
conformations toward high-performance PSCs.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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