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3D Crystal Framework Regulation Enables Se-Functionalized
Small Molecule Acceptors Achieve Over 19% Efficiency

Wei Gao, Ruijie Ma,* Lei Zhu,* Lang Li, Francis R. Lin, Top Archie Dela Peña, Jiaying Wu,
Mingjie Li, Wenkai Zhong, Xuefei Wu, Zachary Fink, Chengbo Tian, Feng Liu,
Zhanhua Wei, Alex K.-Y. Jen,* and Gang Li*

Se-functionalized small molecule acceptors (SMAs) exhibit unique advantages
in constructing materials with near-infrared absorption, but their photovoltaic
performance lags behind that of S-containing analogs in organic solar cells
(OSCs). Herein, two new Se-containing SMAs, namely Se-EH and Se-EHp, are
designed and synthesized by regulating bifurcation site of outer alkyl chain,
which enables Se-EH and Se-EHp to form different 3D crystal frameworks
from CH1007. Se-EH displays tighter 𝝅–𝝅 stacking and denser packing
framework with smaller-sized pore structure induced by larger steric
hindrance effect of outer alkyl chain branched at 2-position, and a higher
dielectric constant of PM6:Se-EH active layer can be obtained. OSCs based on
PM6:Se-EH achieved very high PCEs of 18.58% in binary and 19.03% in
ternary devices with a high FF approaching 80% for Se-containing SMAs. A
more significant alkyl chain steric hindrance effect in Se-EH adjusts the
molecular crystallization to form a favorable nanofiber interpenetrating
network with an appropriate domain size to reduce rate of sub-ns
recombination and promote balanced transport of carriers. This work provides
references for further design and development of highly efficient
Se-functionalized SMAs.
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1. Introduction

Compared with inorganic silicon-based
or organic-inorganic hybrid perovskite
solar cells, organic solar cells (OSCs)
have shown great advantages in be-
ing light, flexible, semitransparent, and
stretchable, which makes OSCs technol-
ogy very attractive for potential applica-
tions in future smart cities and building
integrated photovoltaic (BIPV).[1–3] How-
ever, limited by the characteristics of or-
ganic semiconductors such as large ex-
citon binding energy, short carrier life-
time, and low carrier mobility, OSCs of-
ten suffer from severe charge recombi-
nation and large energy loss (Eloss),

[4,5]

causing an unsatisfactory power conver-
sion efficiencies (PCEs). What’s exciting
is that this dilemma has been broken
with the discovery of two-star electron ac-
ceptor materials namely ITIC[6] and Y6,[7]

which subsequently lead to a rapidly
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rising channel of PCEs of OSCs.[8] To date, single-junction
and tandem OSCs devices have broken through 19%[9–29] and
20% PCE marks,[30–35] respectively, significantly narrowing the
PCE gaps with other types of photovoltaic cells.

An active layer composed of a wide-bandgap donor that holds
deep-lying highest occupied molecular orbital (HOMO) energy
level and a near-infrared-absorbing narrow-bandgap electron
acceptor is considered reasonable for pursuing high PCEs.[36]

Acceptor–donor–acceptor (A–D–A) structured small molecule ac-
ceptors (SMAs) have made such type of architecture possible
and work very well. As currently state-of-the-art electron accep-
tor materials, the success of Y6 and its derivatives is insepa-
rable from smart molecular designs:[37] i) an electron-deficient
benzo[c][1,2,5]thiadiazole (BT) unit is creatively incorporated into
central 𝜋-core with effects of downshifting HOMO energy level
for effective hole transfer and formation of a banana-shaped con-
figuration for ordered 3D self-assembly with separated electron
and hole transport channels respectively distributed in 𝜋-cores
and end groups;[38] ii) two electron-rich pyrrole moieties are fused
with BT to help broaden absorption range and potentially reduce
Eloss;

[39] iii) the steric hindrance effect from two close alkyl chains
anchored at N atoms of pyrrole leads to some molecular distor-
tion to effectively inhibit excessive aggregation of SMDs; iv) outer
alkyl chains flanking on thieno[3,2-b]thiophene not only improve
molecular solubility but also can suppress configuration flip of
vinyl.[40] Based on these understandings, fine-tuning of chemi-
cal structures at different sites of Y6 by employing reasonable
design strategies has played critical roles in continuously pro-
moting photovoltaic performance of Y6, which optimizes photon-
absorbing, energy levels cascade and micro-nano morphology of
active layers.[8]

Introducing functional heteroatoms, such as F, Cl, O, S, and
Se atoms, into molecular backbone of organic semiconductors
has been proven able to effectively adjust photoelectric and pack-
ing/aggregation properties of molecules.[41–45] Compared to S
atom, Se atom shows stronger electron-donating ability due to a
larger atomic radius and more abundant outer electrons, which
makes it ideal for constructing near-infrared absorbing SMAs
synchronously with stronger 𝜋–𝜋 stacking effects[46–52] due to en-
hanced quinoid character of multiple Se-substituted molecules
for better molecular rigidity.[53] In previous works, a symmet-
ric SMA CH1007 containing two Se atoms at either end of 𝜋-
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core was derived from Y6. The incorporation of Se atoms can
not only reduce bandgap but also simultaneously enhance in-
termolecular 𝜋–𝜋 stacking, enabling OSCs to gain over 27 mA
cm−2 short-circuit current (JSC).[49] Subsequently, an asymmet-
ric molecular design strategy was adopted to move a Se atom
from central core to replace S atom on BT unit and constructed
a pseudo-symmetric SMA BS3TSe-4F,[10] which properly lowers
molecular crystallization property and also enhances the abil-
ity of free charge generation to significantly increase JSC of a
planar-mixed heterojunction OSC to over 29 mA cm−2, demon-
strating great potential of Se-functionalization in improving JSC
and PCE of OSCs. However, limited by synthesis difficulty, de-
velopment of Se-containing SMAs lags far behind S-containing
analogs that mainly manifested in their lower fill factor (FF) in
devices.

Herein, two new SMAs namely Se-EH and Se-EHp were de-
signed and synthesized by altering branched site of outer alkyl
chain flanked on selenophene, attempting to fine-tune molecular
packing and crystallinity so as to gain high FF and PCE in fam-
ily of Se-functionalized SMAs. Outer alkyl chains changing from
undecyl to 2-ethylhexyl (EH) or 3-ethylheptyl (EHp) will increase
molecular bandgap but improve absorption coefficients with
same orders of Se-EH > Se-EHp > CH1007. More importantly,
such modification causes different single-crystal structures of
SMAs, and the volume of unit cells gradually decreases from
CH1007 to Se-EHp to Se-EH as the steric hindrance of outer alkyl
chain becomes larger, tending to form denser molecular packing
framework with shorter 𝜋–𝜋 stacking spacing and smaller-sized
pore structure, which enables PM6:Se-EH and PM6:Se-EHp ac-
tive layer a higher dielectric constant that is considered able to
lower exciton binding energy (EB

CT) of charge transfer (CT) state
for more effective exciton dissociation.[54,55] Moreover, the steric
hindrance effect of outer alkyl chain will cause stacking pattern
of two molecules in one dimer to shift to a certain extent, thereby
slowing down the crystallization rate of SMAs. Due to 2-position
bifurcated alkyl chain owning largest steric hindrance, Se-EH ex-
hibits slowest crystallization rate to form a favorable nanofiber in-
terpenetrating network and a three-phase blend system with suit-
able domain size, which helps reduce the sub-ns recombination
rate and promote balanced transport behavior. As a result, OSCs
based on PM6:Se-EH achieved very high efficiencies of 18.58%
in binary and 19.03% in ternary OSCs with a high FF approach-
ing 80%. This work well illustrates the importance of steric hin-
drance effect from outer alkyl chain in regulating molecular pack-
ing/crystallinity to improve FF.

2. Results and Discussion

The synthetic routes and molecular structures of Se-EH and
Se-EHp are displayed in Scheme 1 with synthetic details and
structural characterizations presented in Supporting Informa-
tion (SI). These synthesis starts from a carboxylic acid with one
more carbon atom than the targeted alkyl chains. An efficient
Friedel-Crafts acylation reaction with tin tetrachloride as Lewis
acid was performed between corresponding alkyl acid chlorides
and ethyl 2-(thiophen-3-ylselanyl)acetate to offer two key inter-
mediate compounds 1a and 1b. Subsequently, after undergoing
three steps of intramolecular cyclization, decarboxylation, and
tination reactions, two starting building blocks 3a and 3b were
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Scheme 1. Synthetic routes and molecular structures of CH1007, Se-EH, and Se-EHp.

obtained. The remaining synthetic steps are similar to those for
the preparation of Y6. Additionally, CH1007 was also prepared
for use as a control. All three SMAs show good solubility in com-
monly used processing solvents such as chloroform (CF). Ther-
mogravimetric analysis (TGA) testing indicates good thermal sta-
bility of Se-EH, Se-EHp, and CH1007 with decomposition tem-
peratures (Td) of 5% mass being 338, 334, and 327 °C, respec-
tively (Figure S1, Supporting Information).

UV-vis absorption spectra of CH1007, Se-EH, and Se-EHp di-
lute solution, neat and blend films were measured and shown in
Figures 1a,b and S2 (Supporting Information), respectively, with
extracted data summarized in Table 1. Since outer alkyl chain
doesn’t participate in the conjugation of molecular backbone,
their absorption edges (𝜆onset) in CF solution are basically the
same with maximum absorption peaks (𝜆max) located at 752 nm

(Figure S2a, Supporting Information). However, alkyl chain al-
tering from straight to bifurcated one obviously enhances the
molar extinction coefficient (𝜖max) of SMAs with an order of Se-
EH (2.74 × 105 m−1 cm−1) > Se-EHp (2.18 × 105 m−1 cm−1) >
CH1007 (1.89 × 105 m−1 cm−1) (Figure 1a), which is beneficial
to increase JSC in device. From solution to film state, Se-EH, Se-
EHp, and CH1007 all exhibit large red-shifts of 67, 78, and 92 nm,
respectively, with significant 0–1 vibration shoulder peaks, sug-
gesting a strong molecular aggregation (Figure 1b). The absorp-
tion onsets of Se-EH, Se-EHp, and CH1007 were found to be
922, 932, and 943 nm, corresponding to optical bandgaps (Eg

opt)
of 1.34, 1.33, and 1.31 eV, respectively. When blending polymer
donor PM6 with SMA, molecular packing between each other
will not be too much destroyed explained by well-maintained 0-0
and 0-1 vibration transition peaks of PM6 and SMAs from neat
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Figure 1. a) Molar extinction coefficient spectra of Se-EH, Se-EHp, and CH1007 in chloroform solution. b) Normalized UV–vis absorption spectra of
PM6, Se-EH, Se-EHp, and CH1007 neat films. c) LUMO and HOMO energy levels of PM6, Se-EH, Se-EHp, and CH1007 films. d) Relative dielectric
constants of PM6, Se-EH, Se-EHp, and CH1007 neat and blend films.

to blend films, which indicates a good morphological compat-
ibility between PM6 and three SMAs (Figure S2b, Supporting
Information).

Cyclic voltammetry (CV) measurements by using a three-
electrodes system were employed to probe the lowest unoccu-
pied molecular orbital (LUMO) and HOMO energy levels of Se-
EH, Se-EHp, and CH1007 neat films spin-coated from CF so-
lution (Figure S3, Supporting Information), which were calcu-
lated to be −3.84/−5.60, −3.87/−5.64, and −3.88/−5.65 eV, re-
spectively (Figure 1c and Table 1). It shows that branched alkyl
chain is able to elevate LUMO energy level of SMAs as com-
pared to straight one, and 2-position branched alkyl chain be-
haves stronger LUMO-elevating effect than the branched alkyl
chain at 3-position, which can be anticipated to gain higher open-
circuit voltage (VOC) in devices.[56]

In order to gain deep insights into the impacts of outer alkyl
chain alteration on molecular packing, single crystals of Se-
EH and Se-EHp were grown by using a three-solvent diffusion
method as we reported previously for CH1007. Results of single-
crystal structures of Se-EH and Se-EHp are shown in Figure 2
with Oak Ridge thermal ellipsoid plot (ORTEP) provided in
Figure S4 (Supporting Information) and corresponding crystallo-
graphic data listed in Tables S1 and S2 (Supporting Information),
respectively. Se-EH adopts a triclinic system with a P −1 space
group and contains two pairs of M/P enantiomers (M enantiomer
shows counterclockwise from the high end to the low end, while
P enantiomer shows clockwise from the high end to the low end)
in a unit cell, which are similar to CH1007. The unit cell volume
of Se-EH (7901 Å3) is significantly smaller than that of CH1007
(9211 Å3) due to decrease in lengths of b and c (a = 17.5, b = 18.

Table 1. Absorption and energy levels data for CH1007, Se-EH, and Se-EHp.

SMA 𝜆max
a) [nm] 𝜆onset

a) [nm] 𝜖max
b) [M−1 cm−1] 𝜆max

b) [nm] 𝜆onset
b) [nm] Eg

optc) [eV] LUMOd) [eV] HOMOd) [eV]

Se-EH 752 807 2.74 × 105 819 922 1.345 −3.84 −5.60

Se-EHp 752 807 2.18 × 105 830 932 1.330 −3.87 −5.64

CH1007 752 807 1.89 × 105 844 943 1.315 −3.88 −5.65
a)

In CF solution;
b)

Film spin-casted from CF solution;
c)

Calculated from empirical formula Eg
opt = 1240/𝜆onset;

d)
Obtained from CV measurement.
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Figure 2. Single-crystal structures of CH1007, Se-EH, and Se-EHp: a) single molecules; b) 𝜋–𝜋 stacking pattern; c) 3D packing framework.

0, c = 27.8 Å for Se-EH and a = 13.6, b = 23.3, c = 31.3 Å for
CH1007) and angles of 𝛽 and 𝛾 (𝛼 = 85.3°, 𝛽 = 77.0°, 𝛾 = 66.2°

for Se-EH and 𝛼 = 70.1°, 𝛽 = 83.9°, 𝛾 = 80.7° for CH1007). While
Se-EHp takes a monoclinic system with a C 2/c space group (a
= 25.5, b = 20.8, c = 31.6 Å and 𝛼 = 90°, 𝛽 = 102.5°, 𝛾 = 90°)
and contains four groups of M/P enantiomer in a unit cell with a
volume of 16 417 Å3 which is less than twice the unit cell volume
of CH1007 but larger than twice the unit cell volume of Se-EH.
Moreover, crystal densities of CH1007, Se-EH, and Se-EHp were
calculated to be 1.195, 1.337, and 1.296 g cm−3, respectively.

Changes in outer alkyl chain of SMAs will cause slight per-
turbations in molecular configuration of individual molecules
(Figure 2a). The D–A dihedral angles (measured from the
two planes respectively built from the neighboring 𝜋-core se-
lenophenyl and the five-membered ring of indanone on both
sides of SMAs) of M/P enantiomers between end groups and
𝜋-core are found to be 1.9(0)°/11.4(1)° for CH1007, 6.2(0)° and
7.9(6)° for Se-EH and 1.8(7)°/9.0(4)° for Se-EHp with distances of
intramolecular O-Se non-covalent interactions being 2.63(6)/2.70
(1) Å for CH1007, 2.58(4)/2.62 (5) Å for Se-EH and 2.61(6)/2.65
(8) Å for Se-EHp. Compared to CH1007, the torsion angles (mea-
sured from the two planes respectively built by the outward se-
lenophenyl ring on different sides of the 𝜋-core) of 𝜋-core slightly
increase in Se-EH from 7.3(9)° to 8.5(1)° but decrease in Se-EHp
to 5.9(5)°. Moreover, molecular lengths measured from two far-
thest F atoms are 24.79(5), 23.22(2), and 24.29(0) Å for CH1007,
Se-EH and Se-EHp, respectively. We speculate that above dif-
ference in single molecules of SMAs may be caused by a com-
bined effect of alkyl chain bifurcation site (i.e., steric hindrance

effect) and length. Most importantly, packing patterns of molec-
ular single-crystals have been greatly affected by types of outer
alkyl chains. CH1007 exhibits a similar stacking pattern to Y6
with four different dimers alternating between core-to-core and
end-to-end stacking (Figure S5, Supporting Information). The
end-to-end stacking distances of CH1007 between M/M’, M’/P’
and P’/P are calculated to be ≈3.56, 3.32(0), and ≈3.53 Å, respec-
tively (Figure 2b), and the core-to-core stacking distances between
M/M’ and P’/P are calculated to be ≈3.54 and ≈3.58 Å with an
intermolecular S–N noncovalent interaction (distance of 3.59(9)
Å), respectively (Figure 2b). While Se-EH shows three different
dimers (Figure S6, Supporting Information) and presents two
types of end-to-end stacking modes in unit cells with smaller dis-
tances of ≈3.43 Å for M/P’ or M’/P, and ≈3.41 Å for M/M’ or
P’/P (Figure 2b). Se-EHp also owns three dimers similar to Se-
EH (Figure S7, Supporting Information) but with only one pair of
M/P enantiomer. Its stacking mode of unit cell is relatively com-
plex and can be simply seen as a core-to-core stacking dimer in-
serted into Se-EH unit cell. The end-to-end or core-to-core stack-
ing distances of Se-EHp are locked in 3.41–3.50 Å. In addition,
an intermolecular S-F noncovalent interaction can be observed
in core-to-core stacking mode of Se-EHp with a short distance of
3.30(0) Å. Due to differences in unit cell packing patterns, the
3D single-crystal frameworks of three SMAs are completely dif-
ferent, which are shown in Figure 2c and Figure S8 (Support-
ing Information) (different views of 3D packing frameworks of
CH1007, Se-EH, and Se-EHp along a-, b-, and c-axis). Single-
crystal framework of CH1007 shows a pore size of 20.1 × 30.1
Å, which is significantly larger than that of Se-EHp with a pore
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size of 11.0 × 14.5 Å. While single-crystal framework of Se-EH
shows two kinds of pores, an approximate square pore with a size
of 12.1 × 12.9 Å and a rectangular pore with a size of 9.6 × 19.9
Å. It is worth mentioning that although the outer alkyl chains of
Se-EH and L8-BO are similar and both 2-position branched (2-
ethylhexyl for Se-EH and 2-butyloctyl for L8-BO), their 3D frame-
work packing of single-crystals are completely different that L8-
BO presents a round hole-like structure with a larger size of 16.8
× 20.8 Å.[57] Single-crystal analysis shows that outer alkyl chain
transition from straight to branched one will change molecular
single-crystal packing mode where bifurcated alkyl chain causes
tighter molecular packing.

Differences in molecular packing often affect dielectric prop-
erty of SMAs.[54] Dielectric constant as an important characteris-
tic of photovoltaic materials determines exciton binding energy
(EB

CT) of charge transfer (CT) state according to Coulomb’s law
shown below:[54]

ECT
B =

q2

4𝜋𝜀0𝜀rr
(1)

where q is the elemental charge, 𝜖0 is the vacuum dielectric con-
stant, 𝜖r is relative dielectric constant of surroundings and r is
the average radius for electron-hole separation. To gain more in-
sights into the influences of outer alkyl chain on dielectric con-
stants of SMAs, capacitance (Cp) as a function of frequency was
measured by using a capacitor architecture of indium tin oxide
(ITO)/active layer/Ag with details regarding measurement dis-
played in Figure S9 and Table S3 (Supporting Information). 𝜖r val-
ues for CH1007, Se-EH, and Se-EHp were calculated to be 2.37,
3.05, and 2.75, respectively, under a frequency of 105 Hz where
a flat capacitive response to frequency can be obtained, which is
consistent with density of corresponding crystal. When polymer
donor PM6 that has a 𝜖r of 3.49 was added in with a D:A weight
of 1:1.2, the 𝜖r values of blend films based on PM6:CH1007 and
PM6:Se-EHp became 2.23 and 2.55, respectively, lower than that
for both components individually. While 𝜖r for PM6:Se-EH is
3.13, higher than that for pure Se-EH but slightly lower than
that for PM6. As higher dielectric constant generally relates to
more ordered molecular arrangement, the reason for this phe-
nomenon is probably that PM6 addition causes less damage to
ordered packing of Se-EH. Moreover, we also estimated the EB

CT

of neat and blend films based on retrieved 𝜖r and an approxi-
mate r = 1.5 nm[10] for CT state exciton according to formula (1),
which are 0.275, 0.405, 0.314, and 0.349 eV for PM6, CH1007,
Se-EH, and Se-EHp neat films, and 0.430, 0.307, and 0.376 eV
for PM6:CH1007, PM6:Se-EH, and PM6:Se-EHp blend films, re-
spectively. 2-Position branched alkyl chain shows a stronger abil-
ity in increasing 𝜖r than the 3-position branched one, which de-
creases EB

CT of active layer thereby beneficial to improving ex-
citon dissociation efficiency and reducing charge recombination
for higher FF.[58]

It is known that the growth of single-crystal is a slow pro-
cess and needs a long time, however, solid film can be quickly
formed in a short time by spin-coating. Therefore, grazing in-
cidence X-ray diffraction (GIXD) measurement was performed
to probe difference of molecular packing/aggregation properties
of three SMAs in neat films. 2D-GIXD patterns and correspond-
ing cut-line profiles are shown in Figure 3 with extracted pa-

rameters summarized in Table S4 (Supporting Information). It
can be observed that all samples exhibit strong diffraction sig-
nals in qz direction, indicating a well-defined “face-on” orien-
tation relative to substrate for three SMAs (Figure 3a–c). The
𝜋–𝜋 stacking d-spacing and coherence length (CL) of CH1007,
Se-EH, and Se-EHp neat films were calculated by fitting cut-
line profiles using Lorentzian methods, which are found to be
3.655/16.7, 3.647/14.8, and 3.649/16.2 Å, respectively, as shown
in Figure 3e,f. Se-EH pure film achieves the smallest 𝜋–𝜋 stack-
ing spacing, Se-EHp performs second, and CH1007 has the
largest 𝜋–𝜋 stacking spacing, which is consistent with the trend
observed in single-crystals. However, CL of 𝜋–𝜋 stacking behaves
completely opposite. To figure out why, we performed an analysis
of the smallest packing unit (dimer) that could exist in pure film.

As given by single-crystal, CH1007 processes four different
dimers, namely dimer 1, dimer 2, dimer 3, and dimer 4, that con-
struct the 3D packing framework of CH1007. However, with alkyl
chain transformation from straight chain to branched one, dimer
4 disappears in the 3D packing framework of Se-EH and Se-EHp,
which may be due that a weaker packing intensity of dimer 4 com-
pared to other three is more likely to be destroyed when steric
hindrance effect on molecular packing increases. Three common
dimer patterns (dimer 1, dimer 2, and dimer 3) for CH1007, Se-
EH, and Se-EHp are presented in Figure 4 for comparison. Se-
EH can be approximately regarded as an ethyl group substituted
into 2-position of outer alkyl chain of CH1007, while Se-EHp can
be further obtained by moving this group to 3-position. There-
fore, the order of steric hindrance exerted by outer alkyl chain on
molecular packing is Se-EH > Se-EHp > CH1007 due to size of
ethyl group much larger than that of hydrogen atom. Dimer 1
of CH1007 shows excellent half-molecular parallel stacking with
two thiazole units overlapping (the distance between S atoms on
two thiazole units is 4.47(4) Å) along with forming a strong S–N
non-covalent interaction, and good end-to-end stacking concen-
trated on five-membered ring of two end groups. However, such
form of 𝜋–𝜋 stacking in dimer 1 of Se-EH and Se-EHp is almost
completely destroyed (the distances between S atoms on two thi-
azole units are 10.01(1) Å for Se-EH and 10.49(9) Å for Se-EHp)
with stacking neither on 𝜋-core nor on end group because dimer
1 of Se-EH and Se-EHp needs to overcome huge steric hindrance
effect brought by two branched alkyl chains to form a dimer 1 like
CH1007. Dimer 2 of CH1007 exhibits good end-to-end antipar-
allel stacking, which is located between five-membered rings of
two end groups and between benzene ring of one end group and
vinyl group of another SMA (the distance between N atom on
cyano group of one molecule and F atom on another molecule is
3.83(8) Å). Steric hindrance effect of branched alkyl chain has less
influence on such packing pattern of dimer 2. Dimer 2′s stacking
of Se-EH is concentrated between two end groups of SMAs with
benzene ring of one end group stacked on five-membered ring
of another end group, but this stacking position will be biased
(the distance between N atom on cyano group of one molecule
and F atom on another molecule is 6.46(9) Å) because 2-position
branched alkyl chain of one SMA will prevent the end group of
another SMA from extending in the direction of greater pack-
ing. But this stacking mode can be improved in dimer 2 of Se-
EHp due to smaller steric hindrance effect of 3-position branched
alkyl chain (the distance between N atom on cyano group of one
molecule and F atom on another molecule is 5.63(1) Å). Dimer

Adv. Energy Mater. 2024, 14, 2304477 2304477 (6 of 13) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. 2D GIXD patterns: a) CH1007; b) Se-EH; c) Se-EHp and d) PM6. e) Corresponding 1D line-cut profiles. f) d-spacing and g) CLs of CH1007,
Se-EH, and Se-EHp neat films.

Figure 4. Different dimer patterns for CH1007, Se-EH, and Se-EHp.

Adv. Energy Mater. 2024, 14, 2304477 2304477 (7 of 13) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. a) Device structure. b) Optimal J--V curves of OSCs based on PM6:CH1007, PM6:Se-EH, PM6:Se-EHp, and PM6:Se-EH:CH1007. c) Cor-
responding EQE spectra. d) FF and PCE statistics of Se-containing SMAs. e) Jph–Veff curves of PM6:CH1007-, PM6:Se-EH- and PM6:Se-EHp-based
devices. f) EQEEL plots.

3 of CH1007 exhibits an antiparallel stacking of half a molecule
with benzene ring on end group of one SMA close to thiazole
unit on 𝜋-core of another SMA (the distance between S atom on
thiazole unit of one molecule and F atom on end group of an-
other molecule is 3.29(1) Å). It can be observed that the benzene
ring will become farther and farther away from thiazole unit as
the steric hindrance of outer alkyl chain increases, especially in
dimer 3 of Se-EH (the distances between S atom on thiazole unit
of one molecule and F atom on end group of another molecule
are 3.53(7) Å for Se-EH and 3.30(0) Å for Se-EHp). This steric
hindrance effect of outer alkyl chain of SMA on molecular pack-
ing can also be clearly observed in differential scanning calorime-
ter (DSC) measurements (Figure S10, Supporting Information).
Cold crystallization peaks with a crystallization temperature (Tc)
of ≈206 °C appear in DSC curves of Se-EH and Se-EHp, while no
such peak appears in the DSC curve of CH1007, which is likely
because Se-EH and Se-EHp rearrange their internal structures
by overcoming steric hindrance effect of outer alkyl chain from
a disordered state to form an ordered crystal and release heat.
This thermal-induced molecular rearrangement may make Se-
EH and Se-EHp more ordered than CH1007, indicated by higher
melting temperature of Se-EH (317 °C) and Se-EHp (313 °C) than
that of CH1007 (303 °C). Moreover, the cold crystallization peak
of Se-EH is significantly stronger than that of Se-EHp, indicat-
ing that the enthalpy change of Se-EH from a disordered state
to a crystalline state is higher and Se-EH may become more or-
dered than Se-EHp after rearrangement, which is consistent with
their melting temperature. The steric hindrance effect of alkyl

chain flanked on selenophene of SMAs will reduce stacking ef-
fect of dimers, thereby decreasing CL of Se-EH and Se-EHp neat
films in contrast to CH1007, which will to some extent reduce the
crystalline features of SMAs (this can also be demonstrated by
longer single-crystal growth cycles of Se-EH and Se-EHp). How-
ever, this steric effect in turn also helps large groups to be stag-
gered from each other, such as cyano and carbonyl groups, con-
ducive to achieving smaller molecular packing distances. More
importantly, this steric hindrance effect changes configuration of
dimers to form a denser 3D stacking framework with smaller-
sized pore structures.

Photovoltaic performance of Se-EH and Se-EHp was investi
gated by fabricated OSCs devices with a conformation of ITO
/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)(PEDO
T:PSS)/PM6:SMA/poly(9,9-bis(3-(N,N-dimethyl)-N-ethylammo
inium-propyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))dibrom
ide:Melamine (PFN-Br:MA)/Ag (Figure 5a). Specific procedures
and conditions for device preparation can be found in Sup-
porting Information. The optimal current density-voltage (J--V)
curves of studied OSCs have been displayed in Figure 5b with
photovoltaic parameters listed in Table 2. PM6:Se-EH-based
OSCs are able to achieve a highest PCE of 18.58% coming from
a VOC of 0.859 V, a JSC of 27.35 mA cm−2 and a FF of 79.1%.
While OSCs enabled by PM6:Se-EHp gave secondary efficiency
of 17.96% with a VOC of 0.847 V, a JSC of 27.79 mA cm−2 and
a FF of 76.3%. However, both Se-EH and Se-EHp can obtain
higher photovoltaic performance than CH1007 showing a PCE
of 17.47% with a VOC of 0.825 V, a JSC of 27.50 mA cm−2 and

Adv. Energy Mater. 2024, 14, 2304477 2304477 (8 of 13) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Table 2. Photovoltaic parameters of optimal OSCs based on PM6:CH1007,
PM6:Se-EH, PM6:Se-EHp, and PM6:Se-EH:CH1007.

Active layer Voc [V] Jsc [mA cm−2] Jsc
b) [mA cm−2] FF [%] PCE [%]

PM6:CH1007 0.825 27.50 26.62 77.0 17.47

PM6:Se-EH 0.859 27.35 26.55 79.1 18.58

PM6:Se-EHp 0.847 27.79 26.97 76.3 17.96

PM6:Se-EH:CH1007a) 0.847 28.19 27.30 79.7 19.03
a)

Weight ratio of Se-EH:CH1007 is 0.8:0.4;
b)

Integrated JSC from EQE spectra.

a FF of 77%. Outer alkyl chain regulation of SMAs can greatly
enhance VOC of devices by elevating LUMO energy levels of
SMAs without causing too much loss to JSC because Se-EH- and
Se-EHp-based devices are able to achieve higher EQE response
across entire test ranges although EQE spectra show blue-shifts
(Figure 5c). The integrated JSC from EQE spectra were measured
to be 26.62, 26.55, and 26.97 mA cm−2 for CH1007-, Se-EH-, and
Se-EHp-based devices, respectively, with small errors of ≈3%.
In order to further improve PCE of Se-containing SMAs, we
tried to add CH1007 as a third component into PM6:Se-EH to
fabricate ternary OSCs, taking into account the possible comple-
mentary stacking between Se-EH and CH1007. Optimal weight
ratio between Se-EH and CH1007 was screened from 1:0.2,
0.8:0.4 to 0.6:0.6 with J--V curves, EQE spectra, and photovoltaic
parameters shown in Figure S11 and Table S5 (Supporting
Information). As the proportion of CH1007 increases, the VOCs
of ternary devices slightly decrease with JSCs first increasing
and then reducing. Interestingly, FFs of ternary devices can
be maintained at ≈79.6%. As a result, best-performing ternary
OSCs based on PM6:Se-EH:CH1007 (1:0.8:0.4) were achieved
with a PCE as high as 19.03% and a JSC of 28.19 mA cm−2.
Compared with PM6:Se-EH binary devices, CH1007 addition
is able to significantly improve EQE response within range
of 350–550 nm, which is conducive to JSC increase of ternary
devices.

Se-functionalized SMAs have advantage of achieving high JSC,
but their FFs are generally difficult to exceed that of S-containing
analogs. We have comprehensively counted reported OSCs based
on Se-containing SMAs (Figure 5d; Table S6, Supporting Infor-
mation) and found current dilemma for Se-based SMAs is that
OSCs based on them are difficult to achieve more than 18%
PCE and 77% FF. In this work, we significantly improved pho-
tovoltaic performance of Se-functionalized SAMs in both binary
and ternary OSCs to 18.58% and 19.03% with high FF approach-
ing 80%, which deserves one of the highest values reported so
far.

Exciton dissociation and charge collection processes were ex-
plored by measuring photocurrent density (Jph) against effec-
tive applied voltage (Veff)[59,60] (Figure 5e). Jph–Veff curves re-
veal that Jph can quickly reach saturation (Jsat) at a small Veff of
1.7 V, indicating a fast exciton dissociation process. And Jsats are
found to be 27.88, 27.62, and 28.27 mA cm−2 for PM6:CH1007-,
PM6:Se-EH-, and PM6:Se-EHp-based devices, corresponding to
exciton dissociation (Pdiss)/charge collection (Pcoll) efficiencies of
98.6%/89.5%, 99.0%/90.9%, and 98.3%/88.3%, respectively, by
calculating the specific values of Jph/Jsat under short circuit and
maximum power output conditions, respectively. More effective

Pdiss of PM6:Se-EH-based OSCs may be related to a smaller EB
CT

of PM6:Se-EH active layer and is conducive to achieving higher
EQE. The higher Pcoll is beneficial to improving FF of devices
based on PM6:Se-EH. Moreover, J--V curves under different light
intensities (Plight) were measured to determine recombination
mechanism and degree of studied OSCs by analyzing JSC and
VOC dependence on Plight.

[59,60] It is observed that linear fitting
of Voc-ln(Plight) shows small slopes (𝛼) close to kT/q (Figure S12a,
Supporting Information), indicating that bimolecular recombi-
nation dominates in three devices. Furthermore, ln(JSC)–ln(Plight)
fittings give similar slopes (S) with values approaching to 1.00
(Figure S12b, Supporting Information), demonstrating low de-
grees of bimolecular recombination happening in PM6:CH1007,
PM6:Se-EH and PM6:Se-EHp devices, which is consistent with
their high FF values.

Charge transport behaviors were also explored by employ-
ing electron-only (ITO/ZnO/active layer/PFN-Br:MA/Ag) and
hole-only (ITO/PEDOT:PSS/active layer/MoO3/Al) diodes[59,60]

(Figure S13, Supporting Information). Electron (μe)/hole (μh)
mobilities can be obtained by fitting J–V curves using space-
charge-limited-current (SCLC) model based on 𝜖r obtained above.
μes of neat CH1007, Se-EH, Se-EHp films and μh of PM6 film
were calculated to be 1.17 × 10−2, 5.17 × 10−3, 7.44 × 10−3,and
3.88 × 10−3 cm2 V−1 s−1, respectively. Compared to CH1007, Se-
EH, and Se-EHp exhibit relatively lower μe, which may be caused
by larger dielectric constant and smaller CL that both originates
from larger steric hindrance effect of outer branched alkyl chain,
especially for Se-EH. When coming into blend films, μe, and μh
all decrease relative to that of pure donor and acceptors due to a
mutual destruction of molecular packing between donor and ac-
ceptor. μhs/μes of PM6:CH1007, PM6:Se-EH and PM6:Se-EHp
active layers are 2.76 × 10−3/5.41 × 10−4, 5.42 × 10−4/3.64 ×
10−4 and 1.82 × 10−3/4.94 × 10−4 cm2 V−1 s−1 with μh/μe ratios
of 5.10, 1.48, and 3.68, respectively. Significantly balanced elec-
tron/hole mobility of PM6:Se-EH contributes to its higher FF in
devices.

To understand the effect of outer alkyl chain change on en-
ergy loss of OSCs, EQE onsets in long wavelength of optimal
devices were fitted and bandgaps (Egs) of PM6:Se-EH, PM6:Se-
EHp, and PM6:CH1007 can be found to be 1.412, 1.383, and
1.367 eV, respectively. Eloss defined as difference between Eg
and qVOC (Eloss = Eg – qVOC, where q is elementary charge)
were estimated to be 0.553, 0.536, and 0.542 eV for PM6:Se-
EH-, PM6:Se-EHp-, and PM6:CH1007-based devices, respec-
tively, which suggests that Se-EH with 2-position branched outer
alkyl chain will slightly increase Eloss of OSCs compared to
CH1007, while the opposite is true for Se-EHp with 3-position
branched outer alkyl chain. Moreover, the electroluminescence
EQEs (EQEEL) were also measured as shown in Figure 5f,
which are 9.27 × 10−3 for PM6:Se-EH, 9.03 × 10−3 for PM6:Se-
EHp and 7.24 × 10−3 for PM6:CH1007, corresponding to non-
radiative Eloss (ΔE3 = –kT ln(EQEEL), where k is the Boltzmann
constant and T is absolute temperature) of 0.241, 0.241, and
0.247 eV. This result reveals that optimization of outer alkyl chain
by altering branched positions can inhibit non-radiation volt-
age loss to a certain extent and thus increase VOC of relevant
OSCs.

To gain further insights into the influences of outer
alkyl chains on the morphology of active layer, atomic force
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Figure 6. AFM phase images: a) PM6:CH1007; b) PM6:Se-EH; c) PM6:Se-EHp. 2D-GIXD patterns: d) PM6:CH1007; e) PM6:Se-EH; f) PM6:Se-EHp. g)
Corresponding cut-line profiles. h) RSoXS measurements for PM6:CH1007, PM6:Se-EH, and PM6:Se-EHp blend films. TAS measurements for i) CH1007,
Se-EH, and Se-EHp neat films and j) PM6:CH1007, PM6:Se-EH, and PM6:Se-EHp blend films.

microscope (AFM), contact angle (CA), transmission electron
microscope (TEM), and GIXD measurements were performed
with results shown in Figure 6 and Figures S14–S17 (Support-
ing Information). AFM height images display a smooth and uni-
form surface for PM6:CH1007, PM6:Se-EH, and PM6:Se-EHp
active layers with small root-mean-square (RMS) roughness of
≈1 nm (Figure S14, Supporting Information), which is conducive
to good ohmic contact between active layer and metal electrode to
obtain an efficient carrier extraction process. More importantly, it
can be clearly observed from AFM phase images that PM6:Se-EH
forms a denser (less voids) interpenetrating networks with finer
nanofiber structure in contrast to PM6:CH1007 and PM6:Se-
EHp, which can be attributed to a weaker crystallization property
of Se-EH. Such type of morphology is considered to be benefi-
cial to increase D-A interface and develop dual-continuous trans-
port channels, which facilitates more effective exciton dissocia-
tion and balanced carrier transport to gain higher FF for PM6:Se-
EH devices.

In addition, considering that outer alkyl chain altering may
have an effect on surface tension of SMAs to change miscibility
with polymer donor, contact angle measurements of neat films
were performed (Figure S15, Supporting Information). Contact
angles relative to surfaces of PM6, Se-EH, Se-EHp, and CH1007
neat films with water/ethylene glycol (EG) as media were found
to be 106.1/81.3°, 97.7/66.2°, 99.1/66.8°, and 99.2/68.5°, respec-
tively. According to Wu’s model, surface energies of PM6, Se-EH,
Se-EHp, and CH1007 were estimated to be 20.4, 28.2, 29.1, and
27.2 mN m−1, respectively, which indicates that out alkyl chain
from straight to bifurcated will slightly increase the surface en-
ergy of SMAs. Flory–Huggins interaction parameter 𝜒 that pro-
vides a direct information about the miscibility between two ma-

terials can be obtained by using Equation 2 suggested by Moons
and co-workers[61]

𝜒 ∝ (
√
𝛾A −

√
𝛾B)2 (2)

where 𝜒 is Flory-Huggins interaction parameter between materi-
als A and B, 𝛾A and 𝛾B are the surface energies of pure materials
A and B, respectively. It shows that 𝜒 parameters of PM6:Se-EH,
PM6:Se-EHp, and PM6:CH1007 differ slightly, which elucidates
such change in out alkyl chain shows small impacts on the mis-
cibility of SMAs with PM6. We further explored surface energies
of PM6:Se-EH, PM6:Se-EHp, and PM6:CH1007 blend films con-
sidering that the surface energy of two components follows the
following empirical formula (3):

𝛾AB = X1𝛾A + X2𝛾B + X1X2Δ𝛾 (3)

Where 𝛾AB is surface energy of two-component blend film of
A and B, X1 and X2 are molar fractions of A and B, respec-
tively, and Δ𝛾 is the difference of surface energy between A and
B. It is easy to calculate out the content of two components
in the surface of blend film according to Equation 3 once the
surface energy of blend films is measured. The water/EG con-
tact angles were measured to be 105.9/75.4°, 105.0/76.7°, and
105.3/78.0° for PM6:Se-EH, PM6:Se-EHp and PM6:CH1007, re-
spectively (Figure S16, Supporting Information), corresponding
to surface energies of 27.6, 24.1, and 22.9 mN m−1 also fitting by
using Wu’s model. Therefore, contents of Se-EH, Se-EHp, and
CH1007 in the surface of blend films of PM6:Se-EH, PM6:Se-
EHp, and PM6:CH1007 were estimated to be 65%, 24%, and
21%, respectively, when assuming X1 + X2 = 1. It is obviously

Adv. Energy Mater. 2024, 14, 2304477 2304477 (10 of 13) © 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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higher that Se-EH content is almost three times than that of Se-
EHp and CH1007 in the surface of blend films, which facilitates
vertical phase separation of Se-EH component with high concen-
tration at top electrode and is conducive to electron transport to
cathode then to be effectively collected, thus helpful to FF im-
provement.

Subsequently, we performed TEM measurement to further
confirm the aforementioned finding with images shown in
Figure S17 (Supporting Information). It can be clearly observed
that a significant increase in the proportion and domain size of
the white region in TEM image of PM6:Se-EH compared to these
of PM6:Se-EHp and PM6:CH1007, indicating crystalline phase
component (e.g. SMA) is significantly enhanced in the surface of
PM6:Se-EH blend film, which is highly consistent with the con-
tact angle test results of blend films.

2D-GIXD patterns indicate that PM6:CH1007, PM6:Se-EH,
and PM6:Se-EHp films all adopt favorable “face-on” orientations
with strong (010) peaks in out-of-plane (OOP) direction and (100)
peaks in in-plane direction (Figure 6d–f). The d-spacing/CL of
𝜋–𝜋 stacking are 3.64/20.8 Å for PM6:CH1007, 3.59/19.1 Å for
PM6:Se-EH and 3.66/19.6 Å for PM6:CH1007. This smaller d-
spacing and CL value of PM6:Se-EH film both should be caused
by larger steric hindrance of outer alkyl chain of Se-EH. Smaller
𝜋–𝜋 stacking distance will promote intermolecular charge hop-
ping for effective charge transfer between donor or acceptor
molecules. CL value of PM6:Se-EH decrease causes hole and elec-
tron transport performance to simultaneously reduce but it does
not affect balanced transport too much as revealed by SCLC re-
sults. The d-spacing/CL of lamellar packing for PM6, CH1007,
Se-EH, and Se-EHp neat films in IP direction are fitted to be
21.4/37.7, 16.1/50.5, 14.9/38.5 and 15.7/52.9 Å, respectively. Se-
EH owns smallest lamellar packing spacing that is consistent
with its smallest unit cell volume. PM6 pure film exhibits a
mixed orientation of “edge-on” and “face-on” (Figure 3d,e). Due
to interaction with acceptor molecules, its molecular orientation
changes into a complete “face-on” with 𝜋–𝜋 stacking signal (lo-
cated at 1.676 Å−1) overlapping with that of acceptor (located at
1.72 Å−1) in blend film. Since there is a large difference in the
lamellar packing distance between PM6 and SMAs, the donor
and acceptor phases can be easily judged through this feature.
PM6:CH1007 blend film exhibits two (100) diffraction peaks in
the IP direction located at 0.300 and 0.385 Å−1 (d-spacing of 20.9
and 16.3 Å), which can be attributed to the lamellar packing of
PM6 and CH1007 phases, respectively. It can be seen that the
lamellar packing of PM6 and CH1007 is less affected by each
other, which is most likely because faster crystallization speed of
CH1007 can squeeze PM6 all out of acceptor phase. For PM6:Se-
EHp blend film, the lamellar packing of PM6 and Se-EHp phases
in the IP direction also shows two (100) diffraction peaks located
at 0.302 and 0.385 Å−1 (d-spacing of 20.8 and 16.3 Å), respectively.
However, the lamellar packing distance of Se-EHp in blend film
is slightly larger than that in pure film, which can be attributed to
a slightly slower crystallization rate of Se-EHp that cannot com-
pletely squeeze out PM6 when crystallizing and result in a small
part of PM6 being mixed into acceptor phase to make lamel-
lar packing spacing of Se-EHp become larger. PM6:Se-EH blend
film displays three (100) diffraction peaks located at 0.291, 0.350,
and 0.451 Å−1 (d-spacing of 21.6, 18.0, and 13.9 Å), which can be
classified as PM6 pure phase, PM6:Se-EH mixed phase and Se-

EH pure phase, respectively. The formation of PM6:Se-EH mixed
phase is probably due to the slower crystallization speed of Se-
EH, making Se-EH co-crystallize with PM6.

Furthermore, different steric hindrance effects of outer alkyl
chain on domain size of active layer were investigated by using
resonant soft X-ray scattering (RSoXS) measurement (Figure 6h).
RSoXS data revealed that scattering peaks of PM6:CH1007,
PM6:Se-EH, and PM6:Se-EHp blend films are located at q =
0.0096, 0.0063, and 0.0086 Å−1, corresponding to domain sizes
of 32.7, 49.8, and 36.5 nm, respectively. This result indicates that
the greater the steric hindrance effect of outer alkyl chain, the
more conducive to the formation of a larger domain size, which
is probably due to the steric hindrance effect of outer alkyl chain
inhibiting crystallization of acceptor molecule to obtain a slower
phase formation process, promoting the growth of domain size
by prolonging crystallization time.

Femtosecond-resolved transient absorption spectroscopy (fs-
TAS) of CH1007, Se-EH, and Se-EHp neat and blend films
were performed to study the effect of morphological differences
caused by steric hindrance of outer alkyl chain on dynamics
of photo-induced charge carriers (Figure S18, Supporting Infor-
mation). The excitation wavelength was determined as 800 nm
according to their absorption spectra and a suitable excitation
fluence of 3 μJ cm−2 for neat films and 5 μJ cm−2 for blend
films was selected. We choose the fs-TAS spectral line-cuts im-
mediately after excitation (i.e., 0.5–1.0 ps) to represent the sin-
gle exciton that can be characterized by the ground state bleach
(GSB) signal. The maximum GSB for SMAs is found to be lo-
cated at 720–760 nm, thereby used as probe ranges. As shown in
Figure 6i, there are no significant differences in the singlet exci-
ton lifetime of CH1007, Se-EH, and Se-EHp as per 720–760 nm
GSB kinetics indicates. But the GSB intensity of CH1007 ap-
pears weaker. It is not because of pump power fluctuation but
apparently due to the weaker absorption (oscillator strength) of
CH1007 as molar extinction coefficient indicates, thus leading to
relatively smaller JSC despite a narrower bandgap. The kinetics
are based on the probe region, and its rise describes the exciton
dissociation while the decay is for the sub-ns free charge recom-
bination based on hole polarons photobleaching (PB). It can be
observed in Figure 6j that PM6:Se-EH has the slowest exciton dis-
sociation kinetics while PM6:Se-EHp and PM6:CH1007 blends
are faster and comparable to each other, which is probably re-
lated to the mixed phase of PM6:Se-EH. Slower dissociation is
not always harmful, as long the domain size is properly tuned, it
can even be an advantage.[62] The rate of sub-ns recombination is
PM6:Se-EHp > PM6:CH1007 > PM6:Se-EH. The faster recom-
bination rate will compete with charge transport causing lower
FFs, which very well correlates to the relative FFs obtained.

3. Conclusion

In summary, two new Se-functionalized SMAs Se-EH and Se-
EHp respectively with 2-ethylhexyl and 3-ethylheptyl as outer
alkyl chains were designed and synthesized. It was found that
the steric hindrance of outer alkyl chain enables CH1007, Se-EH,
and Se-EHp adopt completely different packing modes of unit
cell and 3D crystal frameworks. The increase in steric hindrance
of outer alkyl chain will cause stacking pattern of two molecules
in one dimer to shift to a certain extent, which will stagger large
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groups to reduce 𝜋–𝜋 stacking distance and also induce denser
3D molecular packing with smaller pore size and higher crystal
density. Se-EH blend film achieved high dielectric constants to
lower EB

CT and in turn improve exciton dissociation efficiency to
help obtain high EQE response, allowing Se-EH to achieve higher
VOC without excessive loss of JSC in devices. Moreover, the slower
crystallization process of Se-EH promoted the formation of a suit-
able domain size with a favorable interpenetrating nanofiber net-
work, which reduces the rate of sub-ns recombination and pro-
motes balanced transport behavior, helping improve FF of Se-
EH-based OSCs. As a result, PM6:Se-EH-based OSCs achieved
18.58% PCE in binary devices and 19.03% PCE in ternary de-
vices, which both are one of highest values for Se-functionalized
SMAs. Obvious photovoltaic performance improvement of Se-
EH compared with classic Se-containing CH1007 revealed the
importance of steric hindrance regulation of outer alkyl chains,
and also illustrateed the feasibility of appropriately increasing
steric hindrance effect to achieve high-performance SMAs by re-
ducing molecular crystallinity.
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