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Context & Scale

The rapid development of bulk-heterojunction (BHJ) polymer solar cells (PSCs)
composed of non-toxic, mechanically durable organic materials has dramatically elevated
light-to electricity power conversion efficiencies (PCEs) beyond 19%. However, these
advances have largely relied on non-fullerene acceptors (NFAs) having symmetric A-D-A
or A-DAD-A architectures. Intense exploratory efforts have focused on NFA elaboration,
probing diverse architectures and substitutions. Nevertheless, symmetric architectures
have prevailed in PCE and the reasons underlying this apparent universality are not well
understood. Here we synthesize/characterize/compare/contrast in detail, using
crystallographic, morphological, photovoltaic, opto-electronic, and DFT analyses, the
behaviors of two sets of NFAs differing principally in their architectural symmetry. The
results indicate that NFA symmetry not only impacts acceptor molecular photophysical
properties, but also affects crystallinity, charge carrier dynamics, and photo-generated
exciton transport. We also conclude that while asymmetric acceptors can efficiently split
excitons, the separated excitons have shorter lifetimes/more rapid recombination,
reflecting the absence of continuous intermolecular EG---EG -1 stacking. These results
shed light on the role of NFA symmetry in PSC performance and convey design

implications for future higher-performance PSCs.



Summary

Molecular-level design of non-fullerene acceptors (NFAs) plays an essential role in
bulk-heterojunction (BHJ) polymer solar cells (PSCs) and has elevated power conversion
efficiencies (PCEs) beyond 19%. While most successful NFAs have symmetric Acceptor-
Donor-Acceptor (A-D-A) or A-DA'D-A architectures, there is minimal understanding of how
NFA symmetry influences BHJ PSC performance. Here we report a new NFA series with
closely related asymmetric D-D-A and D-DAD-A architectures and compare/contrast their
properties with traditional symmetric NFAs. We find that BHJ PSC performance with PM6
and PBDB-T donor polymers and symmetric NFAs (PCE =10-17 %) greatly exceeds that
with the corresponding asymmetric NFAs (PCE = 0.1 - 3 %). The reason is far lower current
densities and fill factors of the latter cells, while the open circuit voltages remain
comparable. Single-crystal diffraction indicates that the asymmetric NFAs do not engage
in continuous endgroup---endgroup TT-Tr stacking, essential for efficient electron mobility,
and consistent with electron-only mobility data. While DFT analysis reveals lower internal
reorganization energies and stronger n-n-coupling within asymmetric NFA dimers, AFM
morphology and 2D-GIWAXS indicate that the asymmetric NFAs are overall less crystalline,
not forming textured domains in the BHJ blends. Time-resolved transient absorption,
electron paramagnetic resonance, and impedance analysis reveal slower hole transfer in
BHJs with asymmetric acceptors and strongly bound charge transfer states, supporting
energy decay via triplet states, higher rates of exciton recombination, and lower yields of
free charge carriers. This information should inform the design of future high-performance

NFAs.



Introduction

Bulk-heterojunction (BHJ)-based polymer solar cells (PSCs) with efficient solar energy
harvesting are promising for future renewable energy production.™® Compared with
traditional inorganic photovoltaics, PSCs can be mechanically flexible, light-weight, based
on non-toxic earth-abundant elements, and enable inexpensive solar module production
by printing, which makes them ideal alternatives to current technologies.*'® However,
due to the intrinsic properties of organic semiconducting materials, a non-trivial energy
(voltage) loss occurs during the exciton to charge generation process(typically ~1.0 eV in
fullerene-based PSCs, ~0.6 eV in non-fullerene based PSCs, and ~ 0.3 eV in perovskite
solar cells),'”2% limiting the power conversion efficiencies (PCEs) of state-of-art PSCs

versus the leading inorganic counterparts. 2122
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Figure 1. NFA symmetrical D—A architectures. Left: Representative A-D-A type NFA architecture: ITIC;
Left: Representative A-DAD-A type NFA: Y6.

Since the first development of ITIC-based non-fullerene acceptors (NFAs) by Zhan et
al, 225, tremendous efforts have been dedicated to enhance NFA PSCs by tuning the
molecular structures and properties, which in most cases yielded energy losses
comparable to fullerene-based acceptors.2426-28 Notably, the second-generation NFAs,
such as Y6 (Figure 1), by Yuan et al, 2°3' further increased PSC current densities while
retaining low energy losses. Some other recently reported NFAs using the Y6-skeleton
have achieved over 18% PCE in binary cells, 323 over 19% in ternary cells (small-area
devices) and over 10% large-area modules.3"#! Viewing these high-performance NFAs
together, it is clear that nearly all are based on a symmetric ‘A-D-A or A-DAD-A’
architectures, where A and A’ represent the electron-accepting fragments, and D the
electron-donating fragments.“>#4 Some high-performance asymmetric NFAs reported

recently employ different Aend groups (EGs), but essentially still have the same symmetric
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‘A-D-A or A- DA’D-A architecture (Figure 1).45-5° Also, it is challenging to synthesize these
acceptors with different EGs on each side of the molecule in large scale due to the low
yields of asymmetric fused-ring condensation reactions and the difficulties occurring during
the laborious purification process. Furthermore, it can be seen that nearly all of the high-
performance NFAs reported to date are built around the indaceno[1,2-b:5,6-b"ldithiophene
(IDT) electron-donating core end-capped with IC (2-(3-ox0-2,3-dihydroinden-1-
ylidene)malononitrile) electron-accepting end groups (EGs) on either core side.51-53
However, a fundamental question remains as why this symmetric NFA architecture is so
unique and photovoltaically effective. Some studies have suggested that the intramolecular
D-A coupling that enables the intermolecular charge transfer (ICT) is essential for efficient
exciton generation.5*%" It has also been shown that when NFAs are blended with donor
polymers and processed into thin films they generally retain the packing motifs found in
their single-crystal structures, which promotes efficient electron transport networks in the
acceptor domains.%-0 The |C-based n-n stacking serves as an essential structural feature
for the charge transporting networks promoting photocurrent density.3'6' Compared with
acceptor materials lacking IC EGs (small molecules and polymer acceptors), such as
rhodamine-types®293, DPP-types polymer acceptors®-% and NDI-type acceptors®” 68, the
acceptors with IC EGs exhibit more efficient and balanced charge carrier transport.
However, it remains unknown why efficient electron transport networks and large photon-
to charge conversion requires the D-A couplings to be arranged symmetrically around the
molecular core. This is the scientific question we seek to answer in this study.

In this work, two sets of symmetric NFAs with the traditional IDT-core (A-D-A
architecture) and the recently developed high-performance Y6-core (A-DA'D-A archi-
tecture), having m-extended IC EGs, 3% along with the corresponding asymmetric
derivatives (D-D-A and D-DA’D-A architectures) where one IC EG is replaced with electron-
donating thiophene (T) and thieno[3,2-b]thiphene (TT) units are synthesized and
characterized (Figure 2). There are two reasons we choose T and TT as electron-donating
units to constructure the asymmetric acceptors: 1) synthetic accessibility, and 2) similartity

to the current state-of-art high-performance NFAs. The focus of this study is to explore the
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Figure 2. (a). Molecular structures of acceptors T-IDT-L2F, TT-IDT-L2F, MeOT-IDT-L2F, IDT-L4F, T-
BTBO-L2F, TT-BTBO-L2F, BTBO-L4F, and donor polymers PBDB-T and PM6 (R= 2-ethylhexyl) (b).
Absorption coefficients in chloroform solution (dotted line) and thickness-normalized film absorption
spectra (solid line) of acceptors. (c). Frontier orbital energetics of all acceptors and donor polymers in
this study. The HOMO is estimated from cyclic voltammetry, and the LUMO is calculated from the optical
bandgap Eg°, where Eg® = 1240/Aonset, fim. (d) PSC current-voltage (J-V) characteristics; (e)
Corresponding external quantum efficiencies (EQEs) data for the indicated blends; and (f) IDT-core
based and (g) BTBO-core based blend hole-only and electron-only mobilities measured by SCLC with
PM6 as the donor. (h) Vertical ionization energy (IEv) and vertical electron affinity (EAv) of the NFAs.
(i) Computed internal reorganization energies (IREs, Ae) of the isomers of the indicated NFAs. The data

of BTBO-L4F was taken from our previous work (ref.14). Copyright: American Chemical Society, 2022.
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to be as close to the current state-of-art NFA as possible, such that we can compare the
difference in device performance with symmetric acceptors and asymmetric acceptors in a
straightforward way. BHJ PSCs are fabricated, and the photovoltaic data indicate that the
symmetric NFAs far outperform the asymmetric counterparts. With a combination of single-
crystal analysis, space-charge-limited current (SCLC) data, density functional theory (DFT)
analysis, two-dimensional-grazing incidence wide-angle X-ray scattering (2D-GIWAXS),
atomic force microscopy (AFM), femto/nanosecond transient absorption (fs/ns TA),
electron paramagnetic resonance (EPR) spectroscopy, and impedance-based integrated
photocurrent device analysis (IPDA), we find that NFA architectural symmetry not only
influences the charge carrier dynamics, but also plays an essential role in determining the
acceptor physical properties, the behavior of the photo-generated excitons, and the BHJ

layer morphology (vide infra).

Results and Discussion
Molecular structures and photophysical properties

The chemical structures of the NFAs used in this study, T-IDT-L2F, TT-IDT-L2F, MeOT-
IDT-L2F, IDT-L4F, T-BTBO-L2F, TT-BTBO-L2F, BTBO-L4F, and polymer donors PBDB-
T and PM6 are shown in Figure 2a. Synthetic and experimental details are reported in the
Supporting Information (SI, Section S2). To fully examine the role of symmetry, two
symmetric NFAs, IDT-L4F, and BTBO-L4F 3! end-capped with two n-extended and
fluorinated EG groups (L4F), were synthesized for comparison. By removing an EG group
from IDT/BTBO-L4F and replacing it with one thiophene (T) or thieno[3,2-b]thiophene (TT)
unit, the four new asymmetric acceptors were obtained using a Stille coupling protocol (see
Sl for details). Substitution of an electron-accepting L4F unit with an electron-donating T
or TT unit strongly affects the overall dipole moments of these molecules and the number
of m-electrons in the n-conjugated system. Therefore, the optical absorption profiles are
significantly impacted. From the optical absorption data in solution (Figure 2b and Table
1), it is clear that the solution absorption coefficient of the asymmetric acceptors (104 mol

L' cm™) is about one order of magnitude lower than their symmetric counterparts (10° mol



L' cm™). Similarly, the normalized film absorption spectrum of the symmetric NFAs, is
greater but within a factor of ~ 2x versus the asymmetric NFAs, which should not be the
main root for the disparity in device performance (vide infra), since: (1) the light absorption
region of the asymmetric acceptors still encompasses most of the visible light region and
is only slightly blue-shifted by 10-30 nm versus their symmetric counterparts; (2) the
solution absorption coefficients of the asymmetric acceptors are still 5-10 fold greater
those of the traditional fullerene acceptors, e.g., PCs1BM7°, which can deliver PCEs >
7%.7172 When spin-coated into films, all acceptors exhibit red-shifted absorption spectra
versus those in solution, indicating that all of these acceptors are able to form n-n stacked
aggregates. However, for both NFA sets, the asymmetric acceptors have reduced red-
shifted absorption vs their symmetric counterparts (Table 1) with the IDT-core-NFAs being
smaller than the BTBO-core-based analogues. Therefore, we suggest that the reduced
red-shift of the asymmetric acceptor molecules can be ascribed to the fewer n-electrons
rather than the asymmetric architectures.

The frontier molecular orbital (FMO) energies of all acceptors were assessed by both
cyclic voltammetry (CV) and ultraviolet photoelectron spectroscopy (UPS). The highest
occupied molecular orbital (HOMO) energies estimated from the two techniques are in
good agreement with each other (Sl Figure S25, Table S2). The lowest unoccupied
molecular orbital (LUMO) energies were then calculated based on the optical bandgaps.
The results are plotted in Figure 2c. Note that even with more n-electrons included in the
conjugation, the symmetric acceptors still have lower-lying HOMOs (IDT-L4F: -5.89 eV,

Table 1. Summary of acceptor optical properties.

Acceptor Amax, nm Aonset, NM
Solution® Film® Solution® FilmP AAmax, nm  Eg °Pta
T-IDT-L2F 668 692 730 765 24 1.62
MeOT-IDT-L2F 698 725 782 830 27 1.49
TT-IDT-L2F 675 700 728 775 25 1.60
IDT-L4F 691 735 720 780 44 1.59
T-BTBO-L2F 733 793 780 868 60 1.43
TT-BTBO-L2F 735 797 782 873 62 1.42
BTBO-L4F 762 837 822 934 75 1.32

aQptical band gap was calculated by 1240/Anset, film. PFilm absorption was recorded from spin-coated film from 5.0

mg/mL solutions. °Solution absorption was recorded in 0.0050 mg/mL chloroform solution.
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BTBO-L4F: -5.58 eV) and LUMO (IDT-L4F: -4.30 eV, BTBO-L4F: -3.92 eV) than their
asymmetric counterparts (T-IDT-L2F: HOMO -5.55 eV, LUMO -3.94eV, T-BTBO-L2F:
HOMO -5.47 eV, LUMO -4.04 eV ), suggesting that the electron-withdrawing L2F EGs
dominate the energetics of the acceptors. Based on the energy level of these acceptors,
the popular donor polymers PBDB-T and PM6, which both possess suitable energy levels
to form type-Il BHJs, were selected to pair with these NFAs for device fabrication and opto-
electronic properties characterization.

Photovoltaic response and carrier mobility

To probe NFA symmetry effects on the photovoltaic properties, conventional PSCs
with structure, ITO-glass/hole transport layer/ BHJ active layer/electron transport layer/Ag,
were fabricated. To minimize the fabrication-related performance variations among devices,
the identical parameters (spin rate, D:A mass ratio and annealing conditions) were utilized
across all the blends with the same molecular core (see details in Sl section S8). The
results are summarized in Table 2 and Figures 2d-e. Note that the symmetric acceptors,
IDT-L4F and BTBO-L4F, exhibit respectable PCEs of 10.55% and 16.30% when blended
with PM6, respectively. The high current density (Jsc) of 27.61 mA cm and fill factor (FF)
of 70.2% suggest efficient exciton generation-charge-separation-charge collection
processes within the BHJ active layer of these symmetric acceptors.

Note that the 10.55% PCE obtained for IDT-L4F is one of the highest recorded to date
for IDT-core-based acceptors. However, the PCEs of the PM6:asymmetric acceptor PSCs
are far lower--only ~ 2% for IDT NFAs and negligible for BTBO-core-based NFAs. The
lower performance of the asymmetric NFAs mainly reflects the low Jsc (1.3 — 7.8 mA/cm?)
and FF (30-40%) values. Since the energetics of PM6:T-BTBO-L2F and TT-BTBO-L2F
blends are not type-Il heterojunctions, we fabricated devices using the polymer donor,
PBDB-T, which possesses higher-lying HOMOs and LUMOs (Figure 2¢). However, the
PCEs of these PSCs remain low (1.3 -3.8 %; Table 2), again reflecting the depressed Jscs
and FFs.

The open-circuit voltages (Voc) generated by all the present cells are in the expected

range for the orbital energetics involved, and are found to be 0.83-0.84 V for the symmetric



NFA based devices and 0.93-1.01 V for the asymmetric NFA based devices (Table 2). If
the voltage loss is estimated by the Shockley—Queisser (SQ) equation,”® AV, 58 = E°Pl,
— g*Voc, where E°PYy is the optical bandgap, and g* is the unit charge, it can be seen that
the voltage loss of the asymmetric acceptors is slightly lower than that of the symmetric
counterparts even though the latter have much higher PCEs. This result suggests that the
asymmetric architecture does not directly impact the voltage loss of these devices, and
excitons generated upon irradiation can be efficiently split in all blends. This is consistent
with the findings from time-resolved transient absorption, where fast hole transfer occurs
in both the asymmetric and symmetric acceptor blends (vide infra). Therefore, there are
two possible reasons for the much lower PSC performance produced by the NFAs with
asymmetric architectures: 1) The lower fill factor argues that the asymmetric acceptors
form far less textured domains in the blend, resulting in a suboptimal blend film morphology,
which hampers the exciton transport. 2) The lower current density implies that while
excitons can form and split in the asymmetric NFA based blends, the charge carriers are
not efficiently transported (or trapped) by the asymmetric acceptor crystalline domains due

to the poor stacking motifs (see more below).
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Table 2. Summary of the photovoltaic performance parameters and charge carrier
mobilities for the indicated PSC blends.

Donor Acceptor VOC JSC 2 FF PCE?
v) (mA/cm’) (%) (%)
IDT-L4F 0.83 (0.83+0.01)  18.08 (17.71+0.33)  70.1 (70.5+0.4) 10.52 (10.36+0.14)
T-IDT-L2F 1.00 (0.99+£0.01)  6.29 (6.09+0.12) 33.1(32.5+0.3) 2.08 (1.97+0.07)
TT-IDT-L2F 1.01 (1.01£0.01)  7.76 (7.07+0.57) 36.0 (35.5+0.5) 2.84 (2.59+0.19)
TT-IDT-L2F2 0.93 (0.92+0.01)  0.15 (0.14+0.01) 29.5(29.2+0.4) 0.04 (0.03+0.01)
PMe MeOT-IDT-L2F  0.96(0.95+0.02) 1.32 (1.25+0.09) 33.2(34.3+2.2) 0.42 (0.40+0.01)
BTBO-L4F  0.84(084:001) 27.61(27.084053) 702(69.7404) 1630 (16.05:025)
T-BTBO-L2F 0.92(0.92+0.01) <10" \ \
TT-BTBO-L2F  0.91(0.91:0.01) <40 \ \
IDT-L4F 0.61 (0.60+0.01)  13.66 (11.69+£1.43)  43.0 (42.1+0.6) 3.57 (2.97+0.40)
T-IDT-L2F 0.86 (0.84+0.01)  9.04 (8.76+0.15) 35.0 (35.3+0.3) 2.71(2.62+0.06)
MeOT-IDT-L2F  0.87 (0.87+0.01)  6.16 (5.98+0.18) 25.2 (34.840.9) 1.35 (1.26+0.09)
PBDB-T  TT-IDT-L2F 0.88 (0.87+0.01)  11.3(10.11+0.85) 38.9 (38.1+0.9) 3.87 (3.37+0.29)
BTBO-L4F  0.68(0.67:002) 25.06(24.38:0.58) 634 (6114273) 1073 (10.04067)
T-BTBO-L2F 0.87 (0.85+0.01)  5.92 (5.65+0.21) 43.4 (42.9+0.7) 2.22 (2.07£0.11)
TT-BTBO-L2F 0.84 (0.85+0.02)  5.71(5.41+0.16) 42.2 (42.2+0.6) 2.03(1.93+0.08)

a Fabricated with D: A mass ratio = 1: 4. ® Photovoltaic and charge mobility data reported as averages

taken over 10 separate devices where the + represents one standard deviation from the mean.

Besides attempting morphological manipulations, we also attempted to increase the

asymmetric acceptor weight content in the BHJ precursor blend during device fabrication,
hoping this would increase the acceptor density and promote formation of more acceptor
domains. However, even when the donor: acceptor mass ratio is increased to 1:4 (Table
2), the current density in the asymmetric acceptor blend remains low. Another approach
from the chemistry standpoint would be to increase the crystallinity of the asymmetric
acceptor, so as to form more crystalline domains in the BHJ film. Thus, we replaced the T-
IDT-L2F with TT-IDT-L2F and MeOT-IDT-L2F. The S:--O conformational locks - can
promote the planarity of the MeOT-IDT-L2F by locking the rotation of the thiophene ring,
thus promoting the crystallinity of the acceptor,’* however the resulting PSC FF and
current density are only slightly increased by ~3% (Table 2) and are still significantly lower
than in the symmetric-acceptor-based devices. These results suggest that enhancing the
molecular crystallinity by simply increasing the weight percentage of the acceptor portion,

introducing more m-electrons in the molecule, or enhancing the intramolecular planarity
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cannot alter the intrinsic properties of these NFAs with asymmetric architectures. So, the
function of the symmetric acceptor extra EG is not as simple as the extra n-electrons it
provides or the greater molecular planarity. Instead, the additional EG of the symmetric
acceptors appears to function primarily via the EG-EG =n-n intermolecular stacking (vide
infra). Further morphological analyses are described below.

SCLC mobility measurements on the PM6:IDT-L4F and PM6:BTBO-L4F BHJ blends
indicate that both hole (~ 4.5 x 10* cm2v' s) and electron (~ 9.0 x 10* cm2 v s)
mobilities are very similar (Figure 2f-g and Table S7), suggesting similar charge transport
mechanisms. Interestingly, the hole mobilities in both the symmetric (8.8 - 9.7 x 10* cm2
v s) and asymmetric (6.3 - 6.9 x 10* cm?2v' s1) acceptor-based blends are also similar
and close to that of the pristine PM6 films, suggesting that holes are mainly transported
through the BHJ donor domains, implying that the donor domain morphologies are not
significantly impacted by the asymmetric acceptors. These results are consistent with the
findings from TA and EPR measurements (vide infra). Furthermore, these results suggest
that all blend film morphologies are similar and are dominated by the donor polymer instead
of the acceptors. This is consistent with findings from AFM characterization (Sl Section
S9). However, note that the electron mobilities of the blends based on the asymmetric
acceptors are two - three orders of magnitude lower than those of their symmetric
counterparts (Sl Table S7, and Figure S32-33). This suggests that the asymmetric
acceptors are intrinsically less electron-conductive than the symmetric acceptors. Thus, to
further evaluate the second reason noted above, it is important to understand why the
additional electron-accepting EGs on the symmetric NFAs so dramatically increase the
electron mobility versus the asymmetric acceptors. Thus, x-ray crystallography, AFM, TEM,
and 2D-GIWAXS were utilized to probe the structural and morphological features of the

pristine acceptors and blend films (vide infra).

Molecular packing and crystallographic analysis
It is well established that certain acceptor packing motifs in a BHJ can be detrimental
to electron transport.32%960 Thus, to further evaluate this possibility, we determined the

single-crystal structures of the acceptors used in this study. To avoid terminology confusion,
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in this study, Br stands for a bromine atom, EG stands for the difluorinated L2F end group,
D stands for a thiophene, thioeno[3,2-n]thiophene, or methoxylthiophene unit, core stands
for the IDT or BTBO aromatic core. The single-crystal structures of T-IDT-L2F, MeOT-IDT-
L2F, TT-IDT-L2F, IDT-L4F, Br-IDTT-L2F, IDTT-L4F (a.k.a. ITN-4F)’5, IDTT-4F (a.k.a. IT-
4F)53, Br-BTBO-L2F, T-BTBO-L2F, TT-BTBO-L2F, and BTBO-L4F, are presented in
Figure 3. Their synthetic protocols, and detailed crystallographic information are presented
in Sl Section S2, S6 and Table S3.

Generally, IDT/IDTT-core-based acceptors have different packing motifs than the
BTBO-core-based acceptors. A noteworthy stacking feature of the IDT/IDTT core-based
acceptors is that they crystallize in 2D-lamellar networks with EG-EG stacking and
negligible connectivity between lamellar layers (Figure 3a). Increasing the electron-
donating characteristics of the asymmetric acceptors from a bromine atom to thiophene,
thieno[3,2-b]thiophene or methoxylthiophene unit (Br-IDT-L2F - T/TT/MeOT-IDT-L2F), or
increasing the m-conjugation length of the IDT core from one thiophene to thieno[3,2-
b]thiophene (Br-IDT-L2F > Br-IDTT-L2F) can contract the interplanar separation between
the lamellar layers (Br-IDT- L2F: 16.95 A, T-IDT-L2F: 16.85 A, TT-IDT-L2F: 16.30 A, Br-
IDTT-L2F: 12.37 A, MeOT-IDT-L2F: 12.19 A, Figure 3a). This suggests that the stronger
electron-donating tendencies of the D unit or the core promotes more densely stacked

networks. The shortest EG-EG stacking distance in the crystal structures of these materials

13



(a) Br-IDT-L2F T-IDT-L2F TT-IDT-L2F

[

o SR &S ¢
19.68(1) A
BTBO-L4F

(b) BrDT-L2F T-IDT-L2F TT-DT-L2F
3.61(1)A
b thrnntfonsi s~ ke, e
& “5.74(4) Wzﬁj’iﬂ /,‘:% @A
T T e Tt = -
s P > AU o < X1 2
:*/%’ 3?}%% Muﬁy - &= Vf
MeOT-IDT-L2F IDT-L4F Br-IDTT-L2F
= -
S5MA s P
. e TN~
B
A
e
IDTT-L4F

Figure 3. (a) Single-crystal structures and molecular packing viewed along the EG-EG stacking
direction. Colors show the different components of the NFA molecules, red: L2F end groups; blue:
thiophene or thieno[3,2-b]thiophene units; gray: core; green: methoxy groups; orange: bromine atoms.
(b) Stacking distances of the present NFAs. Distances labeled in green are the shortest -1 interplanar
distance. Distances labeled in blue are the EG-EG non-stacking coupling distances calculated from the
plane of two nearest EGs. The single-crystal structures of IDTT-L4F, IDTT-4F and BTBO-L4F are taken
from previous work (ref. 37, 26 and 10, copyright American Chemical Society, 2022).
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is an essential stacking feature for efficient NFA electron transport. From the stackings of
high-performance symmetric acceptors, IDT-L4F, IDTT-L4F (> 10% PCE)"®, and BTBO-
L4F, it can be seen that only IDTT-L4F and BTBO-L4F crystals have a 3D-interpenetrating
networks. Note however that IDT-L4F with similar PSC performance is has a 2D-lamellar
crystal network, suggesting that a crystallographic 3D stacking network is not necessary
overall efficient charge transport. The IDTT-4F(IT-4F) structure is unique among symmetric
acceptors because it is stacking in two different orientations instead of one. In the
horizontal orientation (IDTT-4F blue arrow Figure 3b), the EG of IDTT-4F is strongly
coupled with a nearby EG through a direct n-n stacking (17.1 meV computed, vide infra),
but in the vertical orientation (IDTT-4F, green arrow Figure 3b), the EG is coupled with a
nearby EG through a remote (> 4 A) weak coupling (2.8 meV computed, vide infra), and
there is no overlap between aromatic regions found. Interestingly, this remote non-
overlapping EG-EG coupling is also found in the single-crystal structure of MeOT-IDT-L2F
(5.50 A, blue arrow Figure 3b). To the best of our knowledge, this is the first time that such
remote non-overlapping EG-EG coupling has been reported in NFAs. Note that close EG-
EG coupling in MeOT-IDT-L2F exists only as dimers, and there is a lack of continuous EG-
EG stacking between the dimers of MeOT-IDT-L2F in its crystal network. So, when MeOT-
IDT-L2F is blended with the donor polymer, the crystallinity of the blend film is enhanced
but nevertheless exhibits low OSC performance as in other asymmetric IDT-core
acceptors(vide infra).

Regarding symmetric IDT/IDTT-core-based acceptors, note that they all exhibit
surprising uniformity, such that the EGs at each side of the symmetric molecule are closely
n-n stacked with an EG from a nearby molecule (2-D continuous EG- EG stacking). In
contrast, in the asymmetric IDT/IDTT-core based acceptors, the Br atom and the D unit
stack with the Br atom and D unit of a nearby molecule (1D continuous D-D stacking,
Figure 3b), and the EG of the IDT/IDTT-based asymmetric acceptor stacks with another
EG of the nearby molecule (1D continuous EG-EG stacking). Thus, there is no EG-
Br/D/core intermolecular stacking found in the IDT/IDTT-based acceptors. The BTBO-

core-based acceptor BTBO-L4F is similar to IDT-L4F and IDTT-L4F, with continuous EG-
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EG stacking at each side of the molecule. However, in the BTBO-core-based asymmetric
acceptors, the situation is more complicated. The Br-BTBO-L2F acceptor has a similar
stacking pattern to that in the IDT/IDITT-based asymmetric acceptors, with a continuous
EG-EG stacking on one side of the molecule and a continuous D-D stacking on the other.
Also, there is no EG-Br/D/core stacking found in Br-BTBO-L2F crystal network. For the T-
BTBO-L2F and TT-BOBO-L2F NFAs, the situation is different. There are no continuous
EG-EG and D-D stackings, instead, they exhibit a ‘sandwich-style’ EG-D/core capping
motif, where the EG-EG stacking is capped from both the top and the bottom by a BTBO-
core (3.84 A in TT-BTBO-L2F) and a D unit (3.46 A in T-BTBO-L2F).

Combining the findings from the single-crystal structural analysis, it appears that the
formation of continuous 2D EG-EG stacking is essential for a high-performance acceptor.
However, it is unclear why the D-D stacking and the sandwich-style capped EG-EG
stacking cannot function as in the common continuous EG-EG stacking of the high-
performance symmetric acceptors. To address this point, theoretical computations were
next carried out to explore the electronic structures of these acceptors (vide infra).
Computational studies

Quantum mechanical calculations with DFT were conducted to investigate the
electronic structure and transport properties of these asymmetric acceptors. Three major
findings were extracted from these calculations: 1) The asymmetric NFAs have lower
vertical ionization energies (IEs) and vertical electron affinities (EAs) than their symmetric
counterparts (Figure 1h-i). A lower IE indicates the asymmetric NFAs are more easily
ionized to the excited state upon irradiation and should aid exciton separation at the donor-
acceptor interface. However, a lower EA means it is more difficult to stabilize electrons in
the NFA backbone and thus increases the likelihood of termination events such as
bimolecular recombination and electron loss. 2) The asymmetric NFAs have lower
electron-IREs than the symmetric NFAs and are therefore more stable towards charge
transport. In turn, the symmetric NFA excitons require less to be energy separated at the
D-Ainterface which is therefore beneficial to the exciton separation process. This is in good

agreement with the photovoltaic (PV) results and the lower EAs of the asymmetric
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acceptors. The hole-IRE is higher in asymmetric acceptors than in symmetric acceptors,
which indicates that hole transport is less stable. This is consistent with the findings from
transient absorption (vide infra), where the BHJ asymmetric acceptor hole transfer process
is slower than for the symmetric acceptors. 3) The electronic coupling (Sl Figure S76-83,
Table S17-24) indicates that the symmetric IDT-L4F has a moderate coupling strength
(68.5 meV) in two directions, but the asymmetric IDT-core acceptor has only one very
strong coupling (EG--EG stacking, > 110 meV); the D(Br)---D(Br) stacking is weak and
barely coupled (< 1 meV), so electrons cannot be transported through D-D stacking. The
single strong coupling suggests the asymmetric NFA has a favored stacking in the solid
state that inhibits charge transport across a crystalline domain, unlike the symmetric NFA.
The electronic coupling in BTBO-L4F is similar to that of IDT-L4F, where the EG at each
side of the molecule has moderate coupling strength.

For the asymmetric BTBO-core-based acceptors, they not only have large EG--EG
coupling (60-70 meV), but also possess a weak EG--D/core coupling due to the sandwich-
style capped EG--D/core stacking (T-BTBO-L2F: AE = 12.1 meV, TT-BTBO-L2: AD = 20.2
meV). Interestingly, even though the EG--D/core stacking in T/TT-BTBO-L2F exhibits a
moderate coupling strength, the LUMO of the asymmetric acceptors is still mainly localized
on the EG unit, and the HOMO is mostly distributed through the core and the D unit as a
whole. Thus, there is no intermolecular LUMO-LUMO overlap between the EG and the
core/D unit, which is important for electron hopping. Thus, the EG can couple with the
nearby core and D units, but essentially cannot form an efficient electron transport channel.
Morphological characterization

To understand how (a)symmetry impacts the film morphology and crystallinity of the
BHJ films, the donor—acceptor blend films were characterized with AFM, TEM, and 2D-
GIWAXS. The surface roughness of blend films was first probed by AFM (Sl section S§9).
In the neat acceptor films, the asymmetric acceptors all exhibit smoother surfaces than
their symmetric counterparts, suggesting a weaker crystallinity of the asymmetric
acceptors which is consistent with the GIWAXS analysis (vide infra). Interestingly, the

phase images show that all PM6 blend films exhibit nano-fibrillar surface morphologies,
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suggesting that the donor determines the film morphology. TEM images exhibit a similar
tendency as the AFM images, where the symmetric acceptors-based blends have a
rougher surface and more evident phase separation and aggregation, while the
asymmetric acceptor-based blends are instead more uniform and smoother (Sl section
$10). The miscibility between the acceptors and the donor polymer can also be qualitatively
estimated from the AFM and TEM images, in which no over-sized aggregation in the blend

films of both symmetric and asymmetric acceptors is observed, suggesting that the
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Figure 4. 2-D GIWAXS patterns of the indicated (a) neat films and (b) blend films. (c)-(d) Plot of the
relative degree of crystallinity (rDoC) of the blends obtained by integrating the pole figures. The rDoC
for neat and blend samples for a certain acceptor type were obtained by normalizing the intensities to
different samples and should not be cross compared. Error bars in (c) and (d) were obtained from the

standard deviation in sample volume (thickness and width) measurements.
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symmetry of the acceptors does not significantly alter the miscibility of the acceptors.

The 2-D GIWAXS images of the pristine polymer donor and NFA component and blend
films are shown in Figures 4a and 4b, respectively. The 1-D linecuts for the polymer donor
PM6, IDT and BTBO series of molecular acceptors are shown in Figures S34 and S35,
respectively. Due to different packing motifs and the structure factors of the materials
involved we will restrict our discussion to the low-q lamellar stacking peak and the high-q
n-n stacking peak in the data to compare the ordering in the different materials. For both
the symmetric acceptors, the notable features in the PM data are a lamellar stacking peaks
at 0.29 A1, 0.64 A" and n-n stacking peak at 1.7 A'. In the data from the BTBO-L4F and
IDT-L4F samples a strong in-plane (IP) lamellar stacking peak in the g-range 0.3 A" to

The asymmetric IDT acceptors (MeOT-IDT-L2F, TT-IDT-L2F, and T-IDT-L2F) show
much broader and weaker lamellar stacking peaks centered at 0.35 A and a n-r stacking
peak at 1.68 A1 is observed suggesting a higher degree of disorder in the samples. The
data from the blend samples with the asymmetric acceptors have a lamellar stacking peak
at 0.30 A" and a n-n stacking peak around 1.72 A-" that matches with that of pristine PM6
Therefore, the diffraction in the blend samples prepared with the asymmetric acceptors
most likely arises from PM6 ordering and is in excellent agreement with observations from
AFM. On the hand other, the peak positions observed for the blend with the symmetric
acceptor (PM6:IDT-L4F) suggest that they probably arise from PM6 as well as IDT-L4F
ordering. For the BTBO acceptor neat materials, the BTBO-L4F sample shows a low-q
lamellar reflection at 0.36 A" and a high-q n-n feature at 1.77 A'. The corresponding
diffraction peaks appear at 0.31 A" and 1.73 A" for the TT-BTBO-L2F sample. However,
the peaks occur at considerably different positions (0.69 A and 1.92 A-") for the neat T-
BTBO-L2F film suggesting a different packing motif in that material, which agrees with the
single-crystal XRD data. Similarly, the low-q and high-q peak locations in the PM6:BTBO-
L4F and PM6:TT-BTBO-L2F blend data are similar to corresponding peaks in the neat
polymer and acceptor data. In the PM6:T-BTBO-L2F blend, in addition to the PM6 lamellar
stacking peak at 0.28 A", another low-q peak at 0.44 A-' is observed which indicates

formation of a T-BTBO-L2F polymorph. The n-r stacking reflection is also found to be at a
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different location (1.62 A-') compared to the other two BTBO blends. The match between
peak positions in the blend data with that of the pure polymer combined with the fact that
PME6 fibrils are observed in the AFM data from the blends argue for the presence of ordered
PM®6 regions in the films. Assuming similar structure factors between neat and blend
samples for a particular family of acceptors, the relative degree of crystallinity (rDoC)
obtained by integrating geometry corrected pole figures from n-n stacking peak in the IDT
and BTBO neat and blend film data are shown in Figures 4c and 4d, respectively.

For both acceptor families the relative degree of crystallinity in the pristine films is
found to be maximum for the symmetric acceptor. Similar trends are found in the blends
except for the PM6:MeOT-IDT-L2F blend. However, the match between peak positions for
the blend and pure polymer suggests that the crystallinity in that sample can be mostly
attributed to PM6 ordering. In the other blend samples, the crystallinity arises from a
combination of polymer and acceptor ordering. The average molecular orientation (S) in
the neat and blend samples was calculated from the lamellar stacking peak near q = 0.3
A" (see Sl for details). S>0 and S<0 imply predominantly edge-on and face-on orientation
with respect to the substrate, respectively, whereas S=0 implies a perfectly random
orientation. For the both IDT and BTBO neat films, the lower magnitude of S suggests a
more random stacking of acceptor molecules in those films. All the IDT blend samples have
a preferential edge-on orientation. The S value for the asymmetric acceptor blends is closer
to that of neat PM6 which further confirms that the ordering in those samples arises from
the polymer donor. The BTBO blends on the other hand have a mildly preferential face-on
ordering and S is found to be lower for the PM6:T-BTBO-L2F blend suggesting a more
random molecular orientation. The GIWAXS results therefore show that the n-n stacking
as well as the orientation of the asymmetric acceptor molecules in the neat and blend
samples is overall weaker than in their symmetric counterparts. A similar crystallite
coherence length (CCL) of = 3 nm obtained from Scherrer analysis of the GIWAXS data
from the BTBO neat and blend films suggesting a high degree of disorder dominates the

coherence length and hinders the determination of crystallite size in those samples.”®

Femto/nano-second transient absorption spectroscopy, time-resolved electron
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paramagnetic resonance spectroscopy, and impedance analysis

The dynamics of excitons and free carriers in the present BHJ films were probed using
femtosecond (fsTA) and nanosecond (nsTA) transient absorption spectroscopies (Figures
5 and S39-S63, Tables S10-S13). An excitation wavelength of 750 nm is used to
selectively excite the acceptor domains in the blends since PM6 donor domains do not
absorb in this region of the spectrum. The selective photoexcitation of the acceptor
domains enables generation and diffusion of excitons in the acceptor and hole transfer
from the acceptor to the donor, while eliminating generation and diffusion of excitons in the
donor and electron transfer from the donor to the acceptor. The fsTA and nsTA results are
compared across the series of blends containing either IDT or BTBO, as the similar core
constituents lead to similar electronic structures within each series.

After photoexcitation, ultrafast hole transfer from the acceptor to the donor within the
instrument response time of ~300 fs in fsTA is observed for all blends, as indicated by the
peak corresponding to the ground-state bleach (GSB) of the donor at ~625 nm (Figure 5a).
In the IDT series, hole transfer is faster in PM6:IDT-L4F (~500 fs) than in PM6:TT-IDT-L2F
(~3 ps) and PM6:T-IDT-L2F (~30 ps), as shown in Figure 5b. Similarly, in the BTBO series,
hole transfer is faster in PM6:BTBO-L4F (< 100 fs) than in PM6:T-BTBO-L2F (~500 fs)
and PM6:TT-BTBO-L2F (~500 fs), as shown in Figure 5c. The faster hole transfer in
symmetric acceptor sets (PM6:IDT-L4F and PM6:BTBO-L4F) is consistent with the higher
PCE in these blends. The slower hole transfer in asymmetric acceptor set, PM6:T-IDT-L2F,
PM6:TT-IDT-L2F, PM6:T-BTBO-L2F, and PM6:TT-BTBO-L2F may be due to larger
acceptor domains or slower exciton diffusion in the acceptor domains. Given that the blend
crystallinity of asymmetric acceptor sets is significantly smaller than the symmetric
acceptor sets calculated from the GIWAXS rDOC analysis, it is reasonable that the slower
hole transfer is indeed caused by the slower exciton diffusion. This is also in good
agreement with findings of the DFT calculations in which the asymmetric acceptors exhibit
much greater hole-IRE than in the symmetric acceptors. Because the overall device
performance depends on a sequence of efficient charge transfer events, ultrafast hole

transfer is a necessary condition to ensure that enough of the excited state population is
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Figure 5. fs/na Transient Absorption (a) Optical absorption spectra of BHJ blend films at a delay
time of 200 fs after photoexcitation, with the donor GSB at =625 nm indicated by *. fsTA kinetics of
the GSB of the donor for the blend films in the (b) IDT and (c) BTBO series. nsTA kinetics of the
GSB of the donor for the blend films in the (d) IDT and (e) BTBO series. (f) Absorption spectra of
the blend (solid) and neat (dashed) films at a delay time of 20 ps after photoexcitation, with the peak
present in blend films but not in neat films indicated by *. Data in (a), (b), (c), and (f) are normalized
by the maximum intensity whereas data in (d) and (e) are normalized by the number of absorbed
photons at the excitation wavelength of 750 nm, which is performed by dividing the transient
absorption intensity by the quantity (1-10) for each blend film, where A is the absorbance at 750
nm. Impedance based analysis. (g) Chemical capacitance (Cy) versus applied voltage (Vapp) for
IDT-L4F and TT-IDT-L2f cells at varying intensities from 1 Sun to 0.3 Sun (top to bottom as shown
by arrows). (h) Plot of bimolecular recombination coefficient (kor) as a function of carrier density at
maximum power point (nmp) derived from the IPDA analysis of the indicated IDT-L4F and TT-IDT-
L2F PSCs. (i) Mobility (u) versus nmp from the same cells. (j) Fill factor versus competition factor
showing different trade-off relation in the indicated IDT-L4F and TT-IDT-L2F PSCs.

converted into charge carriers that will then be collected and converted to meaningful work.
31,77-82

The (singlet) Frenkel exciton peaks of the acceptors are readily assigned using the
early-time fsTA spectra of each neat blend (Figure S45-S50), which reveal excited-state

absorption bands in the 1100-1400 nm range. Features in Figure 5f denoted by asterisks
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are assigned to charge carriers in the blends, typically peaking around 900-1000 nm.83-85
The charge carriers could either be polarons or free carriers—since these two species are
comprised of the same ionic states, their spectra are similar except for subtle shifts
associated with the exciton binding energy. The triplet excitons of ITIC and related non-
fullerene acceptors typically show excited-state absorption features around 1400 nm®,
though these can be difficult to disentangle from the singlet excitons given the observed
spectra of the neat acceptor films at early time before spin evolution can proceed.

To compare the relative quantum yields of hole transfer from acceptor to donor within
blend films, the kinetics of the donor GSB in each blend is normalized by the number of
absorbed photons at the excitation wavelength. In the IDT series (Figure 5d), the yield of
hole transfer in PM6:IDT-L4F 5x larger than that in PM6:TT-IDT-L2F and PM6:T-IDT-L2F
at 1 ns, and remains a factor of at least 3x larger as time increases to 1 ys. In the BTBO
series (Figure 5e), the yield of hole transfer in PM6:BTBO-L4F is 1.2x and 1.4x larger
than in PM6:T-BTBO-L2F and PM6:TT-BTBO-L2F, respectively, at 1 ns. Beyond 20 ns,
yields of hole transfer in PM6:BTBO-L4F and PM6:T-BTBO-L2F blends are nearly
identical, whereas, as time increases to 100 ns, the yield of hole transfer in PM6:BTBO-
L4F becomes 2x larger than in PM6:TT-BTBO-L2F. The larger yield of hole transfer in
PM6:IDT-L4F and PM6:BTBO-L4F is consistent with the higher PCEs in these blends;
however, given the vast difference in PCEs within the BTBO series, a larger difference in
yield of hole transfer is expected.

The transient spectra of the blend and neat films are next compared to further
understand the origin of the GSB of the donor in Figure 5d-e. Transient spectra of
PM6:BTBO-L4F, PM6:IDT-L4F, PM6:T-IDT-L2F, and PM6:TT-IDT-L2F exhibit an
additional absorptive peak between 900 and 1000 nm that is not present in neat films, as
shown in Figure 5f and S60. This additional peak is attributed to either weakly-bound
electron-hole pairs (i.e., polarons) or the cation peak of the donor (i.e., free charge
carriers),8788  each of which contributes to the intensity of the GSB of the donor and
contributes to OPV photocurrent.®® The kinetics of the charge carrier peaks are compared

in Figure $S63-64. PM6:T-BTBO-L2F and PM6:TT-BTBO-L2F do not show an additional
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peak between 900 and 1000 nm, indicating that the yield of polarons or free charge carriers
is relatively low. In addition, time-resolved electron paramagnetic resonance (EPR)
spectroscopy (Figure $S63-64) indicates that triplet excitons are detected in PM6:T-BTBO-
L2F and PM6:TT-BTBO-L2F, but not in the other blends.

These results lead to the conclusion that the donor GSBs in PM6:T-BTBO-L2F and
PM6:TT-BTBO-L2F in Figure 5e contain a larger contribution from the strongly bound
charge-transfer state or triplet excitons, rather than from polarons or free carriers versus
that in PM6:BTBO-L4F. Therefore, while the hole transfer yield in PM6:T-BTBO-L2F and
PM6:TT-BTBO-L2F is on the same order as that in PM6:BTBO-L4F, the yield of polarons
or free carriers that can contribute to photocurrent in OPVs is relatively low in the two
asymmetric acceptor systems because of the combination of inefficient separation of the
strongly bound charge-transfer state and non-radiative decay via the triplet state.

The role of NFA (a)symmetry in photocarrier dynamics was next investigated by in situ
integrated photocurrent device analysis (IPDA) in solar cells, using the protocols outlined
earlier.336977.9091 IPDA enables an in situ determination of the bimolecular recombination
rate constant (kbr) and carrier mobilities (u) that is more related to the device performance
than would be accessible from a power dependence study by TA spectroscopy, especially
as the TA signals are not very strong at longer times where bimolecular recombination will
dominate.Three NFA molecules are considered, IDT-L4F, TT-IDT-L2F, and T-IDT-L2F
since these variations yield operational PSCs with a large and monotonic variation in PCE
values with the degree of symmetry in the molecular structure (Table 1). For IPDA,
photocurrent (Jrc) and impedance measurements were conducted on cells under varying
illumination intensity inside an inert N2 glove box (Sl Section S$16). An onset of reverse
saturation current is clearly visible in IDT-L4F in contrast to TT-IDT-L2F and T-IDT-L2F
cells that show a lack of current saturation (Sl Figure S84). The peak chemical capacitance
(Cu) of IDT-L4F cells is 5x larger than that in TT-IDT-L2F cells and the peak voltage is lower
by ~200 mV, in agreement with observed Voc values (Figure 5g, Table 2) and consistent
with the quantum yields observed in the transient absorption discussed above. Note that

the chemical capacitance of T-IDT-L2F could not be extracted due to the failure to fit a
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simple RC model to impedance spectra thus precluding extraction of device parameters.
Self-consistent calculation of carrier density at the maximum power point (nmp) shows
roughly a 5x larger nmp in IDT-L4F than TT-IDT-L2F cells (Figure 5h). Furthermore, IDT-
L4F cells also show a lower bimolecular recombination coefficient (ks) and slightly
increased carrier mobility (u) than TT-IDT-L2F cells. The combined effect of improved
charge recombination and extraction processes in DT-L4F can be more clearly seen in
the competition factor (8 ~ku/(u)?) that has been shown to scale with fill factor (FF) in a
wider class of organic photovoltaics (Figure 5i).°"°2 Interestingly, while the FF scales well
with 6 within the IDT-L4F and TT-IDT-L2F cells, their data are shifted vertically without
following the same tradeoff relation. Thus, a significantly lower FF in the TT-IDT-L2F cells
is not simply due to a dominance of bimolecular recombination even though the increased
value of kp, is expected to contribute to some reduction in the performance. Instead, such
deviation from the tradeoff relation points to fundamental changes in the stacking motifs of
the NFA and resulting morphology differences. Previously, similar deviations in the FF-6
tradeoff and dramatic reduction in PCE to 2.6% were seen in the case of co-crystal
formation in PBTATBT-2f:Y6 solar cells where decreased fluorination in the donor polymer
disrupted NFA motifs.% Indeed, simulated molecular packing of TT-IDT-L2F molecules in
single crystal points to the alignment of the core and end groups that could disrupt the
formation of nanocrystals and the desired mixing with the donor polymer for an efficient
bulk heterojunction. Therefore, IPDA concludes that the symmetry of NFA molecules is
critical to the formation of donor: NFA heterojunctions with well-connected domains for
electron and hole transport.
Conclusions and Outlook

Combining the findings from the photovoltaic measurements, charge carrier mobility,
single-crystal structure analyses, morphological analyses, DFT studies, time-resolved
optical spectroscopy, and impedance-based analysis, we propose the following symmetry
guidelines in PSC NFAs: 1) The acceptor symmetry impacts the acceptor optical
absorption spectra and cross-sections. Acceptors with dual EG motifs exhibit stronger

absorbance, but also a red-shifted absorption profile. 2) Symmetric acceptor-based PSCs
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exhibit superior power conversion performance; this is ascribed to their larger electron
mobility and more balanced charge carrier mobilities. 3) Asymmetric acceptors exhibit
reduced crystallinity versus symmetric acceptors, which is mainly due to the asymmetric
acceptors possessing fewer n-electrons and the D unit not effectively stacking with nearby
molecules in the crystal structure. Introducing an S-O conformational lock between the D
unit and the core to limit the rotation of the D unit can significantly boost the overall
crystallinity of the asymmetric acceptor in neat and blend films. 4) A 2D/3D stacking
network is beneficial to exciton and electron transport in the acceptor crystalline domains.
Increasing the intramolecular D-A coupling strength can effectively reduce the lamella
interplanar distance in IDT-core based acceptors, facilitating formation of 3D stacking
networks in the single-crystals. 5) Given similar values of vertical IR and IRE in the
symmetric and asymmetric acceptors, as calculated from DFT, the symmetric architecture
(A-D-A, and A-DAD-A) of an NFA is not detrimental to efficient exciton generation and
separation in the active layer. NFAs with asymmetric architectures (D-A, D-D-A, DA'D-A,
and D-DA'D-A architecture) can still be efficiently ionized (excited) to generate and
separate excitons with low energy loss at the donor-acceptor interface. However, the
symmetric architecture is essential to the intramolecular exciton transport. Due to the
slower hole transfer, it is more challenging for acceptors with asymmetric architectures to
transport excitons, resulting in higher bimolecular recombination coefficients and more
severe non-radiative decay via triplet states. 6) Due to a lack of effective FMO overlap, the
stacking between the D unit (D-D stacking, Br-Br stacking) and the EG-D/core stacking
hampers exciton transport so fewer excitons can reach the donor-acceptor interface,
resulting in a much lower current density in asymmetric acceptor-based devices.

Overall, this work provides a systematic study of the fundamental design rules favoring
symmetric architectures in non-fullerene acceptors and answers the questions of why and
how the EG-EG -1 stackings on both sides of the acceptor molecules are essential for
efficient exciton transport within the acceptor crystalline domains. This work provides both
practical and theoretical guidelines for the future development of high-performance non-

fullerene acceptors in organic photovoltaics.
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