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What is the Limit Size of 2D Conjugated Extension on
Central Units of Small Molecular Acceptors in Organic Solar
Cells?

Xingqi Bi, Xiangjian Cao, Tengfei He, Huazhe Liang, Zhaoyang Yao,* Jinyi Yang,
Yaxiao Guo,* Guankui Long, Bin Kan, Chenxi Li, Xiangjian Wan, and Yongsheng Chen*

2D conjugated extension on central units of small molecular acceptors
(SMAs) has gained great successes in reaching the state-of-the-art organic
photovoltaics. Whereas the limit size of 2D central planes and their dominant
role in constructing 3D intermolecular packing networks are still elusive. Thus,
by exploring a series of SMAs with gradually enlarged central planes, it is
demonstrated that, at both single molecular and aggerated levels, there is an
unexpected blue-shift for their film absorption but preferable reorganization
energies, exciton lifetimes and binding energies with central planes enlarging,
especially when comparing to their Y6 counterpart. More importantly, the
significance of well-balanced molecular packing modes involving both central
and end units is first disclosed through a systematic single crystal analysis,
indicating that when the ratio of central planes area/end terminals area is no
more than 3 likely provides a preferred 3D intermolecular packing network of
SMAs. By exploring the limit size of 2D central planes, This work indicates
that the structural profiles of ideal SMAs may require suitable central unit size
together with proper heteroatom replacement instead of directly
overextending 2D central planes to the maximum. These results will likely
provide some guidelines for future better molecular design.

1. Introduction

Organic solar cells (OSCs) have achieved significant develop-
ments in the past five years and are likely on the eve of industrial
application currently,[1] which mainly benefits from the innova-
tive exploration of small molecular acceptors (SMAs).[2] However,
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the best power conversion efficiency (PCE)
of OSCs still lags far behind the state-of-
the-art crystalline silicon or perovskite so-
lar cells.[3] Intrinsically, the inherent weaker
intermolecular Van de Walls interaction
(rather than covalent bonds) and higher
packing disorder of organic light-harvesting
materials compared with their inorganic
counterparts should be responsible for this
huge gap of PCEs.[4] The lacking strength of
intermolecular interaction and crystalline
ordering will inevitably result in 1) local-
ized excitons possessing a small radius
less than 1 nm and large binding en-
ergy over 0.3 eV.[5] In this way, the effi-
cient exciton diffusion via the Förster and
Dexter energy transfers,[6] meanwhile, ex-
citon dissociation at small driving forces
will be impeded;[7] 2) insufficient overlap
of p-orbital electron clouds between ad-
jacent molecules, which leads to inferior
charge migration through a hoping mech-
anism; 3) large lattice imperfection or non-
crystalline phase hidden in aggregations

of organic molecules, affording to lots of scattering/
recombination sites for excitons and electrons.[2d,8] These
disadvantages are much intertwined and further result in much
low carrier mobilities and quite severe charge recombination,[2j,9]

thus unsatisfied PCEs of OSCs. Therefore, how to strengthen
intermolecular stackings, meanwhile, improve molecular
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crystalline ordering should be a very crucial but quite challenge-
able issue for developing more efficient organic photoelectric
materials.[2o,10]

With the aim of addressing above challenges, our group has
developed a series of CH SMAs recently.[10a,11] Their most no-
table feature is 2D conjugated extension of central units, which
provides sufficient chemical modification sites on molecular
backbones to tune molecular packing behaviors.[12] What ex-
cites us greatly is the strength of and packing ordering can
be significantly enhanced because of dual effects of stronger
𝜋–𝜋 packings and newly emerged noncovalent bonds of X···H,
X···S, X···𝜋, etc.[10a,13] In this way, the vibration of photo-
generated excitons could be largely delocalized on neighbor-
ing well-stacked molecules,[2d,14] which will lead to prolonged
exciton lifetimes, decreased exciton binding energies, weak-
ened electron-vibration coupling between charge transfer and
ground states.[15] Consequently, these advantages could work
together to afford much facilitated charge migration and sup-
pressed recombination,[10a,16] further dramatically improve pho-
tovoltaic performances of OSCs. Although the dominant role
of halogenated 2D conjugated central units in molecular pack-
ings and even photovoltaic performance has been preliminarily
unveiled,[11] the limit exploration of 2D conjugated extension on
central units, like the most suitable plane size/ratio or underly-
ing structural elements, is still rather elusive, bringing about the
absence of clear structure-activity currently for CH-series SMAs.

In order to reveal the structure-function relationship between
2D conjugated central plane of SMAs and their characteristic
3D intermolecular packing networks, even quite different effi-
ciency of resulting OSCs, a series of high-performance SMAs
(CH20, CH50, CH70 in Figure S1 (Supporting Information)
and their bromides of CH22, CH52, and CH72 in Figure 1a)
were constructed with gradually enlarged central units,[13] for
example the projected area of central units being ≈8.5 for Y6,
≈15.3 for CH20/CH22, ≈23.7 for CH50/CH52, and ≈30.6 Å2 for
CH70/CH72. Surprisingly, gradually blue-shifted absorption has
been observed for their film states, however, smaller reorganiza-
tion energies, prolonged exciton lifetimes and reduced binding
energies are achieved comparing to their Y6 counterpart. More
interesting and importantly, by a systematic single crystal analy-
sis of these molecules, a proper ratio of central plane projected
area (SC)/end terminal projected area (SE) with no more than 3
was disclosed, indicating the great significance of multiple and
well-balanced molecular packing modes involving both central
and end units for a more preferred 3D intermolecular packing
network for SMAs. Thus, by exploring the limit/proper size of
2D conjugated planes of central unit and property-structure rela-
tionship, our work has elucidated the structural profiles of op-
timal central unit that well-meet the design criterion of high-
performance SMAs.

2. Results and Discussion

2.1. Synthesis and Characterization

The synthetic routes to SMAs that involving with a key step of
condensation[10a] were exhibited in Scheme S1–S5 (Supporting
Information). The synthesized/characterized details were pre-
sented in Figures S25–S52 (Supporting Information). Due to

the similar structures and varying tendency of physico-chemical
properties between CH20, CH50, CH70 and their bromides, to-
gether with the relatively higher performance of the bromides
(see below), we just made a detailed comparison of CH22, CH52,
and CH72 for the clarification of discussions.[17]

In spite of the greatly enlarged 2D conjugated extension on
central units, all the SMAs (including Y6 counterpart) still show
the desired planar geometries (Figure S2, Supporting Informa-
tion) and featured A-D-A structures[2b,18] along the longest molec-
ular backbone (Figure 1b) based on the related density func-
tional theory (DFT) calculations. Therefore, the highest occupied
molecular orbitals (HOMOs) and lowest unoccupied molecular
orbitals (LUMOs) distribute along the whole molecular skele-
tons (Figure S3, Supporting Information) with the greatest prob-
ability on central donors and two electron-withdrawing termi-
nals, respectively, implying a strong intramolecular charge trans-
fer (ICT).[18] According to DFT simulations, CH22, CH52, and
CH72 afford a very similar bandgap of ≈2.05 eV to the well-
known Y6 at the single molecular level (Figure S3, Supporting
Information). As expected, the almost identical UV–vis spectra
profiles of CH22, CH52, and CH72 in solutions can be observed,
bathochromically shifted by less than 10 nm comparing to that of
Y6 (Figure 1c). Additionally, as shown in Figure S4 (Supporting
Information), with the central unit enlarging, solutions of CH52
and CH72 show larger molar extinction coefficients than CH22
(2.68 × 105 for CH22, 4.50 × 105 for CH52, 3.41 × 105 m−1 cm−1

for CH72), demonstrating the enhanced light harvesting capacity
of CH52 and CH72 with central planes enlarging.

The calculated isotropic polarizability of central unit increases
gradually with its enlarged unit size, being 185.01, 274.86, and
316.09 Bohr3 for the central units of CH22, CH52, and CH72,
respectively (Figure 1d). Therefore, it is also plausible to observe
stepwise enlarged polarizability from CH22 to CH72, all of which
are larger than that of Y6. The larger polarizability of SMAs may
theoretically contribute to a decreased intrinsic exciton binding
energy (Eb).[4b,19] As displayed in Figure 1e, an Eb of 1.73 meV
is afforded by Y6 by using theoretically prediction in gas phase,
whereas an obviously smaller one of 1.62 meV can be rendered
by CH22. With the plane expansion of central units, the Eb fur-
ther decreases to 1.60 meV for CH52 and 1.59 meV for CH72.
The gradually reduced Eb is expected to contribute to more ef-
fective exciton delocalization and guarantee efficient exciton dis-
sociation driven by a highly small driving force.[7] Of particular
note is that Eb varies greatly with different solid-state polariza-
tion effects, intermolecular packing modes and electronic inter-
actions of SMAs.[4b,12,15f] Thus the presented Ebs above only give
clue to the positive effects of 2D conjugated extension of cen-
tral units at single molecular levels. Furthermore, the reorgani-
zation energies of SMAs were also calculated and illustrated in
Figure 1f. Both the electron (148.9, 135.2, and 138.2 meV for
CH22, CH52, and CH72, respectively) and hole (178.6, 174.0,
and 174.6 meV for CH22, CH52, and CH72, respectively) re-
organization energies of CH-series SMAs become smaller than
those of Y6 (151.0 meV for electrons and 181.5 meV for holes),
roughly agreeing with their Stokes shift variations in diluted so-
lutions (Figure 1c,e). The decreased reorganization energies of
CH-series SMAs should be attributed mainly to their enlarged
conjugation in the central units. Note that CH-series SMAs also
have more rigid molecular backbones that mainly afforded by the
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Figure 1. a) Structures and design methodology of SMAs with 2D conjugated central units. b) Charge density difference (∆Q) of frontier molecular
orbits. c) Normalized ultraviolet-visible (UV–vis) and photoluminescence (PL) spectra of SMAs in solutions. d) Theoretical isotropic polarizability of
central units and SMAs. e) Theoretical exciton binding energies of SMAs in gas phase and Stokes shifts in solutions. f) Theoretical reorganization
energies of SMAs. g) Time-resolved PL decay traces of SMAs in solutions.

strong non-covalent S-N secondary interaction between nitrogen
on phenazine and sulfur on neighboring thiophene (discussed in
detail below).[10d,12] The more planar and rigid skeletons of CH-
series SMAs are expected to weaken the electron-vibration cou-
pling between local exciton (LE) or charge transfer (CT) states and
their ground states (GS), furthermore, suppress the non-radiative
recombination from CT states.[15b,c] Consequently, it is reason-
able to see a slightly larger exciton lifetime of 1.4 ns for 2D conju-
gated CH-series SMAs than that of 1.2 ns for their Y6 counterpart
(Figure 1g).

To sum up, at single molecular levels of SMAs (indicated by
their features in diluted solutions or DFT calculations in gas
phase), the 2D conjugated extension of central units could result
in several preferable variations of physico-chemical properties
including red-shifted absorptions, smaller reorganization ener-
gies, prolonged exciton lifetimes, reduced binding energies, etc.
However, due to the greatly enlarged plane size of central units,
the intermolecular packing behaviors of SMAs, such as packing
modes, 𝜋–𝜋 stacking distances and topological structures of 3D
packing network, should be much different. That is to say, the
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Figure 2. a) Energy levels derived from CV measurements. b) UV–vis spectra in solid films. c) Eb derived from temperature-dependent PL spectra. d,e)
Line-cut profiles of 2D GIWAXS patterns of neat films. f) Stacking distance of SMAs in OOP and IP directions.

desired properties of SMAs in solutions or gas phases, which ben-
efits for organic photovoltaic devices, may be not fully maintained
or matter in their aggerated states, especially when considering
the complexity of organic molecular aggregations. That is why the
properties of SMAs in solid films have been further investigated
extensively and fully discussed below.

The HOMO/LUMO energy levels of Y6, CH22, CH52, and
CH72 in their solid films are –5.51/–3.74, –5.64/–3.77, –5.63/–
3.74, and –5.63/–3.70 eV, respectively, based on cyclic voltamme-
try (CV) measurements (Figure 2a; Figure S5, Supporting Infor-
mation). Therefore, the energy gaps are calculated as 1.77 for
Y6, 1.87 for CH22, 1.89 for CH52, and 1.94 eV for CH72. It
is interesting that the varying tendency of energy gap is much
different from the theoretical calculations in gas phase. When
taking the different plane sizes of central unit into considera-
tion, the derived diverse intermolecular packing behaviors of four
SMAs, like different packing modes that prefer to forming J- or
H- aggregations,[20] should account for the gradually enlarged en-

ergy gap from Y6 to CH72. As a consequence, the stepwise blue-
shifted absorptions

from Y6 to CH72 can be also observed in their solid states
(Figure 2b), demonstrating that the maximum extension of
central units may be not a good choice if attempting to improve
the near-infrared light harvesting capacity of SMAs. Moreover,
by analyzing the temperature-dependent PL spectra of neat
films, an Eb of 89 for CH22, 63 for CH52, and 76 meV for CH72
can be observed, which are significantly smaller than that of
160 meV for Y6 (Figure 2c; Figure S6, Supporting Information).
Therefore, three inferences can be concluded as following:
1) The Ebs of SMAs derived from temperature-dependent PL
are much smaller than those predicted by DFT calculations.
This mismatch is mainly caused by the significantly enhanced
solid-state polarization and intermolecular electronic coupling
varying from gas phase to aggregation.[19] 2) The significantly
reduced Ebs of CH-series SMAs have demonstrated the ob-
vious advantage over their Y6 counterpart, endowing with
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Figure 3. a) Monomolecular single crystallographic structures of Y6, CH22, CH52, and CH72 from top-view and side-view (the alkyl chains are omitted
for clarity). The dihedral angles between two end units were also indicated. b) 3D single-crystal packing topological structures on the top view.

CH-series SMAs the great potential to reach efficient exciton
dissociations even with a quite small driving force.[4b] 3) Last
but definitely not least is that Ebs of SMAs could be success-
fully tuned and decreased through conjugation expansion of
central units. This feature makes organic SMAs highly possible
to achieve an Eb approaching that of inorganic semiconduc-
tors if delicate optimization of central unit structures can be
performed.

Then, we further performed grazing-incidence wide-angle
X-ray scattering (GIWAXS) measurements to shed light on
the influences of central plane sizes on molecular stacking
strength and ordering (Figure S7 and Table S5, Supporting
Information).[21] All the four SMA neat films displayed a de-
sired face-on packing orientation, suggested by the sharp (010)
and (100) peaks in out-of-plane (OOP) and in-plane (IP) direc-
tions, respectively (Figure 2d,e). The (010) peaks in OOP di-
rection located at 1.75 for Y6, 1.71 for CH22, 1.75 for CH52,
and 1.75 Å−1 for CH72 films (Table S5, Supporting Informa-
tion), corresponding to 𝜋–𝜋 stacking distances (d

𝜋-𝜋) of ca. 3.60,
3.68, 3.59, and 3.60 Å, respectively (Figure 2f). Because of the
enlarged alkyl substituents on CH22 comparing to Y6, CH22
demonstrates a relatively larger d

𝜋-𝜋 of 3.68 Å than that of 3.60 Å
for Y6. With the plane size of central units increasing, CH52
and CH72 afford a greatly decreased d

𝜋-𝜋 of ≈3.60 Å compar-
ing to that of CH22, suggesting that the large central unit
planes of CH52 and CH72 become deeply involved in molec-
ular packings of SMAs (see detailed discussions in section of
single crystal analysis). Note that the more compact molecu-
lar 𝜋–𝜋 stackings are expected to delocalize the photogenerated
excitons on adjacent tacked SMAs efficaciously,[14a] thus giving
rise to the reduced exciton binding energies of SMAs in solid
states.[11]

2.2. Molecular Packing in Single Crystals

As it has been discussed above, the plane size of central units may
play a crucial role in molecular packing behaviors of SMAs.[12,22]

Therefore, single-crystal X-ray diffraction characterization of
SMAs including CH50/CH52 and CH70/CH72 were performed.
In addition, the single crystals of Y6 and CH20/CH22 were also
accessed from literatures[4c,13] and a systematic analysis has been
conducted in order to reveal the great role of central unit in
determining molecular geometries and intermolecular packing
modes. By using a slow solvent diffusion method (see Support-
ing Information for the details), single crystals of CH50/CH52
and CH70/CH72 were afforded. In light of the similar molecular
structures and intermolecular packing behaviors between CH20,
CH50, CH70 and their bromides of CH22, CH52, CH72, we just
compared the crystals of CH22, CH52, and CH72 in detail below
for clarity. But the corresponding single crystal structures and
parameters of CH20, CH50, and CH70 were also presented in
Figures S8–S10 and Tables S6–S8 (Supporting Information).

As shown in Figure 3a, all the SMAs of Y6, CH22, CH52,
and CH72 display an alike banana-shape and helical geometry.
Among them, Y6 and CH52 possess two configurations, whereas
CH22 and CH72 have only one (Figure S11, Supporting Informa-
tion). The torsion angles between two planes built from two end
units can be used to assess the planarity of molecular backbones,
being 22.4° for Y6, 10.2° for CH22, 1.3° for CH52 and 4.25° for
CH72, which shows the roughly similar tendency to their DFT
calculated geometries (Figure S12, Supporting Information). It is
really interesting that the torsion angles of CH-series SMAs are
much smaller than that of Y6, resulting in much better molecular
planarity and rigidity for CH-series SMAs. The root cause of ad-
vantages above could be ascribed to the strong non-covalent S-N
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Figure 4. Intermolecular potentials including all the corresponding intermolecular packing modes. a) Y6; b) CH22; c) CH52; d) CH72. Herein, the E,b
and C represent end, bridge, and central units, respectively.

secondary interaction between nitrogen on phenazine and sul-
fur on neighboring thiophene bridges. This non-covalent bond
is widely showed in CH-series SMAs and featured with an N-S
van der Waals distance of ≈3.35 Å, smaller than the non-bonding
distance of ≈3.50 Å.[10d,12] Based on the topological structures of
single crystal (Figure 3b), different plane sizes of central nucleus
have resulted in dramatically different intermolecular packing
networks. The single crystal of Y6, which is assigned to a mon-
oclinic system with rectangle-shaped voids of ≈22.2 × 29.2 Å,
has proven the unique role of central units in constructing de-
sired 3D intermolecular packing networks.[4c,12] When extend-
ing the central plane of SMAs stepwise, the excellent 3D in-
termolecular stacking networks could be well maintained with
much smaller void sizes (≈16.7 × 14.0 for CH22; ≈17.0 × 7.8

for CH52; ≈14.8 × 11.2 Å for CH72) but assigned to different
crystalline systems (triclinic for CH22; monoclinic for CH52; tri-
clinic for CH72). As expected, the plane size of central units in
SMAs could tune the molecular packing behaviors greatly, thus
resulting in different crystalline systems and multidimensional
intermolecular stacking networks, which may further exert posi-
tive or negative effects on charge transfer/transport dynamics in
photovoltaic devices.

Intrinsically, the obvious differences of crystal frameworks for
Y6, CH22, CH52, and CH72 should originate from the diverse
intermolecular packing modes. Therefore, the main packing
modes with intermolecular potentials >|70| kJ mol−1 have been
extracted and presented in Figure 4. The typical Y6 possesses four
packing modes, including two “end unit to end unit” (E/E-1/2),

Small 2024, 2401054 © 2024 Wiley-VCH GmbH2401054 (6 of 12)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202401054 by N
ankai U

niversity, W
iley O

nline L
ibrary on [21/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

one “dual end unit to bridge unit” (dual E/b) and one “end unit
to end unit and central unit to central unit” (E/E+C/C), all of
which work together and establish the superior 3D intermolecu-
lar stacking network of Y6.[4c] Among them, the “E/E+C/C” mode
with a large intermolecular potential of –199 kJ mol−1 has been
regarded as the unique packing style first observed in Y-series ac-
ceptors, moreover, may play the most important role in boosting
molecular packing transformation from 2D to 3D.[10a] As regards
to CH22, the most common packing mode of “E/E” in SMAs still
can be observed in spite of the central unit extension. However,
two newly formed packing modes of “end unit to central unit”
(E/C) and “dual central unit to bridge unit” (dual C/b) are afforded
with the relatively large intermolecular potentials of –80 and –
196 kJ mol−1, respectively. Their features in common are that the
central unit is greatly involved with molecular packings due to
its dramatically 2D conjugated extension. When further enlarg-
ing the plane size of central unit in CH52, the 𝜋–𝜋 interaction
strength between two main planar segments (central and end
units) in molecular backbone is enhanced significantly, thus giv-
ing rise to two similar but newly formed packing modes of “dual
end unit to central unit” (dual E/C-1/2) besides that of “E/E”. It
is obvious that the stacking mode involving 2D central unit is be-
coming more thermodynamically stable (indicated by their much
larger intermolecular potentials of –214 and –186 kJ mol−1 com-
paring to that of –92 kJ mol−1 for “E/E” mode in CH52) and plays
a dominant role in establishing the 3D crystallographic structure
of CH52. Note that a similar trend can be also observed in sin-
gle crystal of CH50. In a similar fashion, by further extending
central unit to the maximum, the packing mode of “E/E” that
widely exists and even dominates in ITIC- and Y-series SMAs,
vanishes from sight in CH72. More interestingly, only one pack-
ing mode of “dual E/C” can be observed in CH72 with the largest
intermolecular potential of –271 kJ mol−1. The huge central unit
plane in CH72 may provide an overwhelming driving force to
prompt the formation of “dual E/C” packing modes rather than
“E/E” mode, thus making “dual E/C” mode completely dominate
the stacking of CH72. In addition, as shown in Figure S10 (Sup-
porting Information), with the same size of central unit, single
crystals of CH70 show the same trend as that of CH72.

As we have illustrated above, the intermolecular potentials of
main packing modes in SMAs are increased with the conjuga-
tion extension of central units. When extending the central unit
plane to the maximum, CH70 and CH72 even exhibits only one
molecular stacking mode with the largest intermolecular poten-
tial. This may help to reduce the disorder of molecular stacking
and obtain better charge transport/recombination dynamics in
theory. However, a positive correlation is not observed yet be-
tween the efficiency of photovoltaic devices (discussed in detail
below) and the projected area of central planes. Therefore, we
speculate that the contribution of different stacking modes to
intermolecular charge transfer should be particularly different.
Given the molecules herein studied are working as electron trans-
porting materials, the electron transfer integrals (VE) of differ-
ent packing modes were calculated to estimate the overall charge
transport ability of SMAs. As illustrated in Table S9 (Supporting
Information), the effective “E/E+C/C” mode in Y6 affords a large
VE of 40 meV and “E/E-2” mode also demonstrates a good VE of
35 meV. Compared with Y6, the “E/E” mode in CH22 possesses
the largest VE of 55 meV. Coincidentally, after central unit exten-

sion in CH52, both very small VEs can be observed for two “dual
E/C” modes, rendering the “E/E” mode with VE of 47 meV as
the most effective charge transfer pathway in crystal of CH52.
Although CH72 exhibits only one stacking mode of “dual E/C”
with the largest intermolecular potential of –271 kJ mol−1, its VE
is quite small comparing to the preponderant packing modes in
other three SMAs. The disappeared “E/E” stacking, which is usu-
ally regarded as an important charge transfer channel, may have
a negative impact on charge transfer dynamics in resulting pho-
tovoltaic devices of CH72.

Figure S13 (Supporting Information) showed the X-ray diffrac-
tion patterns that were generated from single crystals of CH52
and CH72, which is roughly in accordance with the GIWAXs
data in neat film. This indicates that the main packing modes
of CH52 and CH72 in single crystals are largely maintained in
their neat films. Although the regular molecular stackings exist-
ing in the single crystals may be not fully maintained in blended
films of OSCs, the systematic analysis at single crystal levels still
could draw the following inferences and revelations: 1) In CH-
series SMAs, the stronger S-N secondary interaction can solidify
molecular skeletons, thereby reducing molecular reorganization
energies, prolonging exciton lifetimes, etc. 2) The 2D conjugated
extension of central units, or different projected areas of central
units, could have an great impact on the 3D topology of molecu-
lar stacking and also the specific stacking mode of molecules. As
the central unit extending to the maximum, the most common
“E/E” mode (one of the most important charge transfer chan-
nels in SMAs) even disappears, thus leaving the “dual E/C” mode
completely dominates the stacking of CH70 and CH72. 3) The
VE between adjacent molecules is closely related to their packing
mode. For example, even though the “dual E/C” packing mode
of CH72 exhibits the largest intermolecular potential and the
smallest 𝜋–𝜋 packing distance, its VE is still very small. There-
fore, the tuning/optimization of intermolecular packing modes
should be crucially important if high-performance photovoltaic
materials are expected. 4) More importantly, the well-balanced
molecular packing modes involving both central and end units
or suitable sizes of 2D central planes and end terminals need to
be paid great attentions during molecular design. Specifically, al-
though the central unit contributes greatly and even plays a lead-
ing role in building the 3D stacking network of SMAs, the “E/E”
stacking of molecules still exert significant effects on obtaining
efficient electron transfer (e.g., reaching a larger VE), more red-
shifted film absorption (“E/E” packing mode is more akin to the
“head-to-head” J aggregates), etc.

2.3. Photovoltaic Performances

The different 2D conjugated extension of central planes has given
rise to diverse molecular packing modes and networks of SMAs
as expected, which should inevitably result in much different
OSCs. Herein, OSCs with a conventional architecture were fab-
ricated, in which PM6 donor was blended with Y6, CH22, CH52,
and CH72 as light harvesting layers. Device fabrication details
including device optimization and characterization were pro-
vided in Tables S10–S15 (Supporting Information). The current
density-voltage (J–V) curves of the best OSC were presented in
Figure 5a and derived parameters were summarized in Table 1.
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Figure 5. a) Current density-voltage curves of PM6:Y6, PM6:CH22, PM6:CH52, and PM6:CH72 based OSCs. b) The EQE spectra and integral JSC values.
c) Thermal stability of optimal devices.

For Y6-based photovoltaic device, a good PCE of 16.63% with
a VOC of 0.846 V, an excellent JSC of 26.46 mA cm−2 and an
FF of 74.27% is afforded. Note the PCE of the reference binary
PM6: Y6 device is comparable to that in literature under similar
conditions.[2b] Benefiting from the optimized physico-chemical
properties of CH22 at both single molecular and aggregated lev-
els, a greatly improved PCE of 19.09% is yielded by the binary
CH22-based device along with a good VOC of 0.887 V, a JSC of
26.78 mA cm−2 and an excellent FF of 80.34%. With the further
expansion of central

unit in CH52, the VOC of CH52-based OSCs reaches 0.951 V,
however, the PCE decreases to 18.18% due to the good but far
from ideal JSC of 24.74 mA cm−2 and FF of 77.27%. In sharp con-
trast, when expanding central units to the maximum in CH72,
the PCE of CH72-based OSCs decreases sharply, being only

16.55% with a VOC of 0.937 V, a JSC of 24.39 mA cm−2 and
an FF of 72.41%. The external quantum efficiency (EQE) plots
of Y6-, CH22-, CH52-, and CH72-based OSCs were exhibited
in Figure 5b. The integrated current densities are 25.78, 25.81,
23.92, and 23.48 mA cm−2, respectively, closing to those afforded
by J–V tests. As shown in Figure 5 and Figure 2b, the EQE curve
of CH52-based device is almost overlap with CH72-based device,
whereas the absorption of CH52 neat film is blue-shift compar-
ing to that of CH72. As shown in Figure S15b,c (Supporting In-
formation), after blending with the donor PM6, the maximum
absorption peaks of CH72 (9 nm) have a slightly greater blue
shift than that of CH52 (7 nm), indicating stronger interaction
between PM6 and CH72. In addition, the absorption variation of
blend films of CH52 and CH72 is in good accordance with their
EQE curves. To compare the miscibility between PM6 and SMAs,

Table 1. Optimized device performances based on PM6:Y6, PM6:CH22, PM6:CH52, and PM6:CH72 blended films.

Active Layera) VOC [V] JSC [mA/cm2] JscEQE b) [mA/cm2] FF [%] PCE [%]

PM6:Y6 0.846
(0.843 ± 0.003)

26.46
(26.25 ± 0.38)

25.78 74.27
(74.05 ± 0.9)

16.63
(16.38 ± 0.19)

PM6:CH22 0.887
(0.885 ± 0.001)

26.78
(26.71 ± 0.09)

25.81 80.34
(80.16 ± 0.21)

19.09
(18.96 ± 0.06)

PM6:CH52 0.951
(0.951 ± 0.002)

24.74
(24.78 ± 0.08)

23.92 77.27
(76.44 ± 0.38)

18.18
(18.02 ± 0.06)

PM6:CH72 0.937
(0.937 ± 0.004)

24.39
(24.36 ± 0.09)

23.48 72.41
(71.56 ± 0.59)

16.55
(16.33 ± 0.09)

a)
Average parameters derived from 15 independent OSCs (Tables S12–S15, Supporting Information);

b)
Current densities by integrating EQE plots.
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contact angles and derived Flory-Huggins interaction parameters
(𝜒) were further evaluated. As shown in Figure S16 and Table
S16 (Supporting Information), from Y6 to CH72, the gradually
decreased 𝜒D:A have been observed (0.49 for Y6, 0.33 for CH22,
0.16 for CH52, 0.08 for CH72), demonstrating the enhanced D/A
miscibility of CH72 with central planes enlarging. Note that the
D/A miscibility of CH72 is larger than CH52, which corresponds
to their EQE and absorption spectra of blend films. Although
the stepwise blue-shifted absorption from Y6 to CH72 leads to
gradually shrinking EQE spectra, the very similar EQE values
can be observed in a wide range of 450–800 nm for Y6-, CH22-
and CH52-based OSCs. However, the slightly smaller EQEs are
afforded by CH72-based OSCs comparing to its other counter-
parts, which is caused by multiple factors, such as the relatively
inferior exciton dissociation (Figure S17, Supporting Informa-
tion), charge transport (Figure S18 and Table S17, Supporting
Information) and recombination (Figure S19, Supporting Infor-
mation) characteristics, etc. The intrinsic reason for the inferior
dynamics in CH72-based devices may be assigned to the non-
ideal molecular packing mode of CH72, which originates from
the excessive 2D conjugated extension of central unit. In addi-
tion, OSCs based on CH22 and CH52 exhibit the obvious better
PCEs than that of Y6, which mainly benefits from their enlarged
VOC and FF. Among them, the enlarged VOC matches with the up-
shifted LUMO of CH22 and CH52 comparing to that of Y6. And
the larger FF could be assigned to their better molecular stacking
behaviors and nanoscale morphologies (see detailed discussions
below). As shown in Figure S20 and Table S18 (Supporting Infor-
mation), the PCE of CH20, CH50, and CH70 are 16.78%, 13.80%,
and 11.58%, respectively, which is slightly lower than their bro-
mides, but also shows the same trend as CH22, CH52, and
CH72.

Note that OSCs are a highly complicated system and their ef-
ficiencies are affected by multiple and tangled factors together.
Therefore, the prediction of device efficiency or rational design
of active layer materials are still quite challenging. However, the
single crystal analysis should be a far from ideal but quite use-
ful tools when attempting to reveal the structure-function rela-
tionship between structures of light-harvesting molecules and
the photovoltaic performances of resulting OSCs. Herein, based
on our systematic crystal analysis, the alkyl chains on molecular
backbones are mainly distributed in voids in high-performance
CH-SMA systems, thus leaving the relative size of central units
and end terminals largely determines the stacking modes and
topology structures of 3D molecular packing network. Especially,
when the ratio of central plane projected area (SC)/end terminal
projected area (SE) is no more than 3, the SMAs-based OSCs usu-
ally show excellent efficiencies (see the summary in Table S19,
Supporting Information). The inner reasons may be ascribed to
their specific intermolecular modes. For instance, the widely ex-
isted “E/E” modes that benefitting for efficient charge transfer
greatly, may vanish from sight if SC/SE is much larger than 3,
such as CH70 and CH72. Furthermore, the multiple and well-
balanced molecular packing modes involving both central and
end units may be observed and further contribute to a more pre-
ferred 3D intermolecular packing network when SC/SE locating
at a proper. Of course, the imbedded heteroatoms on central units
(like nitrogen, sulfur, halogens, etc.) may provide much more en-
hanced interaction of central planes through intermolecular non-

covalent bonds, thus making the SC/SE deviate from the suitable
range.

It is worth noting that PCEs of CH52- and CH72-based OSCs
could be maintained above 95% comparing to the initial PCEs
after 400 h under heat treatment at 65 °C (Figure 5c). The rela-
tively good storage and thermal stabilities could be correlated to
the better morphology stability of active layers, which may orig-
inate from their unique intermolecular packing modes of CH52
and CH72 with stronger intermolecular interactions (indicated
by their large intermolecular potentials).

2.4. Morphology and Energy Loss Analysis

As it was fully discussed, in OSCs, the morphology of active
layers is crucial for influencing the dynamics of charge trans-
fer/transport/recombination dynamics and photovoltaic perfor-
mances. To unveil the morphology characteristics of active layers,
we performed atomic force microscopy (AFM) tests (Figure 6;
Figure S21, Supporting Information). As shown in Figure S21
(Supporting Information), all the blended films display a smooth
surface morphology indicated by the root-mean square (RMS)
roughness values of 0.70 for PM6:Y6, 0.93 for PM6:CH22, 1.17
for PM6:CH52, and 0.97 nm for PM6:CH72. In aspect of the
phase images (Figure 5e–h), all four blended films exhibit fiber-
like domains, which are known to instrumental in enhancing
charge transport within OSCs.[23] Statistical analysis of nanofiber
dimensions, as depicted in Figure 5h and Figure S22 (Support-
ing Information), shows a progressive enlargement of fiber size:
8 for Y6, 11 for CH22, 14 for CH52, and 14 nm for CH72, sug-
gesting that extending the central units’ planar size potentially
enhances molecular crystallinity and adjusts the sizes of phase
domains. Meanwhile, the fiber size of the CH-series molecule
in all blended films have the ranges from 10 to 20 nm, which is
favorable for facilitating high charge mobility and avail charge
transport. However, these advantages are not demonstrated in
the device of CH72, which may be due to the vanishing of “E/E”
modes that benefitting for efficient charge transfer greatly. There-
after, the effect of stepwise 2D conjugated extension of central
planes on molecular packings in blended films was further in-
vestigated by performing GIWAXS measurements (Figure 6c;
Figure S23 and Table S20, Supporting Information). When com-
pared to their respective neat films, in the blended films with
PM6 donor, the sharp (010) diffraction peaks still exist in OOP
directions, implying that the preferential 𝜋–𝜋 stacking of face
on orientation has been well kept. The (010) diffraction peaks in
OOP direction for Y6, CH22, CH52, and CH72 blended films lo-
cate at 1.74, 1.70, 1.72, and 1.73 Å−1, which correspond to the 𝜋–𝜋
stacking distances (d

𝜋-𝜋) of 3.60, 3.70, 3.66, and 3.64 Å, respec-
tively. The slightly larger d

𝜋-𝜋s for three CH-series SMAs com-
paring to that of Y6 should be ascribed to their greatly enlarged
alkyl substituents on both nitrogen atoms. However, an obviously
decreased d

𝜋-𝜋 from CH22 to CH72 should be caused by the en-
hanced intermolecular packing strength with the plane size of
central units increasing, which agrees well with the data from
AFM images and single crystal.

With the aim of revealing the potential correlation between
plane size of central units of SMAs and energy loss of result-
ing OSCs, a comprehensive analysis has been conducted to

Small 2024, 2401054 © 2024 Wiley-VCH GmbH2401054 (9 of 12)
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Figure 6. a) AFM phase images of PM6:Y6, PM6:CH22, PM6:CH52, and PM6:CH72 blended films. b) The statistical distribution of fibril diameter derived
from AFM phase images. c) 2D GIWAXS patterns of blended films.

quantitatively assess the energy losses in PM6:SMA-based de-
vices (see Supporting Information for the detailed method of
measurements, Figure S24, Supporting Information).[15b,24] As
illustrated in Table S21 (Supporting Information), the energy
losses were greatly decreased in CH-series SMA-based devices
comparing to that of Y6 (0.561 for Y6, 0.516 for CH22, 0.501 for
CH52, and 0.525 eV for CH72), especially for the most concerned
non-radiative recombination losses (0.230 for Y6, 0.170 for CH22,
0.104 for CH52, and 0.098 eV for CH72). This may be attributed
to the enhanced molecular crystallinity and fine tune phase do-
main sizes through central unit extension. Note that PM6:CH52
based OSCs afford the smallest energy loss of 0.501 eV among the
four SMA systems, demonstrating that charge recombination in
OSCs could be successfully suppressed by tuning the plane size
of central units of SMAs.

3. Conclusion

A series of high-performance SMAs were constructed with grad-
ually enlarged central unit sizes comparing to their Y6 counter-
part, for example the projected area of central units is ≈8.5 for Y6,
≈15.3 for CH22, ≈23.7 for CH52, and ≈30.6 Å2 for CH72. A com-
prehensive investigation at both single molecular and solid-state
levels has been performed with the aim of exploring the proper
size of 2D central planes and made a correlation to the character-
istic 3D intermolecular packing networks, with even quite differ-
ent efficiencies of the CH-series SMAs. Several new cognitions

that may benefit for further rational molecular design have been
disclosed as following: 1) At the single molecular level, 2D conju-
gated extension of central unit in CH-series SMAs will bring ad-
vantages such as reduced reorganization energies, prolonged ex-
citon lifetimes, decreased exciton binding energies, etc. 2) When
transforming to packing states from single molecule, the desired
properties of SMAs in gas phases may be not fully maintained or
fatal due to the complexity of organic molecule stacking. For ex-
ample, the gradually blue-shifted absorption in film states from
CH22 to CH72 can be observed beyond thought in spite of their
almost identical absorption in diluted solutions. This could be
caused by the different packing modes of SMAs that are more
akin to J- or H- aggregates. 3) With the central plane size extended
to the maximum (like CH72), the huge central unit may provide
an overwhelming driving force to prompt the formation of pack-
ing modes dominated by central units. In extreme cases, the most
common “E/E” mode even disappears completely, whereas the
“E/E” stacking mode is usually regarded as an important charge
transfer channel. 4) The VE between adjacent molecules is closely
related to their packing mode. Even though the “dual E/C” pack-
ing mode of CH72 exhibits the largest intermolecular potential
and the smallest 𝜋-𝜋 packing distance, its VE is still very small.
Therefore, the tuning/optimization of intermolecular packing
modes should be crucially important if high-performance pho-
tovoltaic materials are expected. 5) The great significance of mul-
tiple and well-balanced molecular packing modes involves both
central and end units (or with a proper ratio of SC/SE at no more
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than 3) in determining a more preferred 3D intermolecular pack-
ing network for SMAs. By exploring the limit size of 2D central
planes, the possible structural profiles of central unit that well-
meet the design criterion of high-performance SMAs have been
elusive, e.g. candidates with suitable central unit size but suffi-
cient heteroatoms instead of directly extending 2D conjugated
planes to the maximum. Our work would likely stimulate further
exploration on novel SMAs with 2D conjugated central planes be-
yond doubt and may boost the record efficiency of OSCs further.

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