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erformance organic solar cells
with a closer p–p distance in branched alkyl-chain
acceptors†
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Liang Han,a Jianfei Qu,a Nan Zheng,d Yuanzhu Zhang a and Feng He *ac

Side-chain functional groups have been shown to not only ensure solubility but also influence molecular

packing behavior, and side-chain modification is an important strategy in the optimization of

photovoltaic performance. Instead of focusing on the size of the alkyl side chains, we have investigated

the influence of side-chain configurations on the properties of acceptors and organic solar cells (OSCs).

Two acceptor molecules, BTIC-TCl-b and BTIC-TCl-l were designed by changing the linear

configuration of alkyl chain substituents on thiophene rings to a branched structure. The results show

that the branched configuration of the side-chain can significantly improve the planarity and reduce the

p/p distances, leading to a more compact 3D-network structure. With the polymer donor PBDB-TF, an

outstanding power conversion efficiency (PCE) of 16.17% was achieved by BTIC-TCl-b, which is

significantly higher than that found with BTIC-TCl-l. Our study offers new insights for side-chain

modification, regulation of the aggregation state, and optimization of photovoltaic performance.
Introduction

Organic solar cells (OSCs) with the advantages of exibility,
transparency, and roll-to-roll production have in recent
decades, become an effective supplement to silicon-based solar
cells.1–4 The OSC research community has made great efforts to
modify the characteristics of materials used in active layers to
obtain better properties.5–8 Since the paradigm shi from the
ITIC-series9 to the Y6-series,10 the 18% PCE of devices based on
bulk-heterojunctions11–17 or quasi-planar heterojunctions8,18,19

has been surpassed by the state-of-the-art non-fullerene accep-
tors (NFAs).20,21 This exceptional improvement in OSC devices
can be attributed to the design of the donor and acceptor
materials, the proper application and understanding of
molecular interactions,8,22–25 the charge dynamics26,27 and the
processes for the preparation of devices. At present, the main
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problem in the industrial production of OSCs is whether the
capabilities of materials and techniques24,28–30 have been
completely developed. As a result, one of the most important
items in current research is deep exploration of the potential of
OSCs with a view to achieving better performance through the
optimization of materials.31–35

To achieve ideal charge transportation, the solubility and the
interaction of NFA molecules and the morphology36,37 of blends
with donor materials should be maximized for improved
photovoltaic properties. From the perspective of molecular
design and its modication, changes in the side chains35,38–41 of
acceptors are among themost convenient and efficient methods
to regulate the packing modes and solubility of molecules. In
previous research, the rational choice of the length,40

conguration33,38–41 and substitution position of the side chains
that are connected to the pyrrole ring is a key strategy for
regulation of molecular aggregation.35 Generally, longer or
larger side chains can lead to a more uniform distribution and
avoidance of excessive aggregation of the single donor or
acceptor phases, which means the materials will have excellent
processability in solution. However, such a single structural
change does not ensure the performance improvement ex-
pected from the design due to competing effects on device
efficiencies. For instance, the use of longer or branched alkyl
chains can improve the solubility of the materials, but the
accompanying steric effect will weaken the intermolecular
interactions and thus reduce the charge mobility of the mate-
rials, and this leads to a trade-off between solution-
processability and device properties. Among the numerous
This journal is © The Royal Society of Chemistry 2023
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studies of alkyl chains in this context, we found that the choice
of branched chains connected to the pyrrole ring is preferable
on the inner side while the conformation of the alkyl chains on
the outer side of the molecule is still open to exploration.38 For
example, when the outer alkyl chain of Y6 had been changed to
branched chains in L8-BO,39 the packing mode of this molecule
changed signicantly from their single crystals, in which the
size of the framework also became small. It indicates that the
change of the outer alkyl chain conformation can affect the
packing mode of nal molecules, but the underlying reason of
this effect still needs to be analyzed and further claried.

With this point of view, we examined the replacement of the
linear chains with thiophene groups by alkyl chain substituents
on the outside position of the acceptor molecule. Two NFAs,
BTIC-TCl-b and BTIC-TCl-l were designed and synthesized with
different alkyl congurations of branched and linear chains.
BTIC-TCl-b and BTIC-TCl-l have a similar VOC of 0.88 V and the
structure and property effects caused by the conguration
differences were systematically investigated. Combined with the
VOC, a slightly red-shied absorption of BTIC-TCl-b caused an
enhanced JSC and afforded BTIC-TCl-b the highest PCE of
16.17%. Single-crystal analysis showed that despite their slight
structural differences in the alkyl chain conguration, the two
NFAs were packed quite differently. We found that in systems
containing both molecules, only BTIC-TCl-b with branched side
chains can form 3D stacks to provide multi-channel electron
transport. The signicantly shortened p/p distance and
smaller channel size of BTIC-TCl-b make it the best performer
in the photovoltaic performance. Consequently, the use of the
side-chain branching structural design for NFAs may prove to
be a promising strategy toward multi-channel exciton transport
and performance enhancement of OSCs.
Results and discussion

The chemical structures of BTIC-TCl-b and BTIC-TCl-l are
shown in Fig. 1, and their synthesis methods and structural
characterization are shown in Scheme S1 and Fig. S2–S5 in the
ESI.† For the production of two molecules with different side
chain congurations, the synthesis began with 4-chloro-2-(2-
ethylhexyl)thiophene (TCl-b) or 4-chloro-2-octylthiophene (TCl-
l), which represent straight and branch chains, respectively.
Aer a Stile coupling reaction with 3-bromothieno[3,2-b]thio-
phene, two monomers that were used to prepare the central
cores of BTIC-TCl-b and BTIC-TCl-l were synthesized. The
synthetic methods used to obtain the nal products have been
reported previously.38 The branched alkyl chains equip BTIC-
TCl-b with better solubility than BTIC-TCl-l, but both NFAs can
dissolve readily in common organic solvents, such as chloro-
form, dichloromethane, THF, and chlorobenzene. Differential
scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) were used to measure the thermal properties of BTIC-TCl-
b and BTIC-TCl-l, and the corresponding curves are shown in
Fig. S1.† Both BTIC-TCl-b and BTIC-TCl-l show good thermal
stability, with 5%-weight-loss temperatures (Td) of 336 and 317 °
C, respectively, and with no obvious peak observed in the DSC
This journal is © The Royal Society of Chemistry 2023
traces, both molecules meet the thermal requirements as
acceptors in active layers of OSC devices.

UV-Vis absorption was employed to characterize the photo-
electric properties of BTIC-TCl-b and BTIC-TCl-l, and the ob-
tained spectra are shown in Fig. 1. The almost identical
response in the range of 400–1000 nm of the two NFAs in the
absorption spectra is shown in Fig. 1e and f, and the maximum
absorption peaks in the lm state are at 828 nm and 823 nm for
BTIC-TCl-b and BTIC-TCl-l, respectively, which show a red-shi
of about 90 nm when compared to the absorption in a chloro-
form solution. The difference in the maximum absorption
peaks of BTIC-TCl-b and BTIC-TCl-l indicates that the congu-
ration of the alkyl chains contributes to the inuence of
conjugated or inductive effects, in both branched and linear
structures, and has a characteristic impact on the electronic
structure of the molecular backbone. The absorption onset of
the two NFAs is located at 912 nm in BTIC-TCl-b and 904 nm in
BTIC-TCl-l, which corresponds to optical bandgaps (Eg) of
1.36 eV and 1.37 eV, respectively. By comparing the absorption
behavior of the two materials in solution and in a lm, we can
hypothesize that changes in alkyl chain conformation affect the
aggregation mode of molecules and intermolecular electronic
coupling, as well as the energy gap between the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). For further exploration, cyclic vol-
tammetry (CV) was employed to estimate the energy levels of
BTIC-TCl-b and BTIC-TCl-l. The LUMO/HOMO energy levels of
BTIC-TCl-b, BTIC-TCl-l, and PBDB-TF are −3.90/−5.70 eV,
−3.92/−5.75 eV, and −3.65/−5.45 eV respectively, as shown in
Fig. 1g, and the electrochemical bandgaps of BTIC-TCl-b and
BTIC-TCl-l based on the tests are 1.80 and 1.83 eV, respectively.
The difference between these corresponds to the optical
bandgaps (Eg).

It is widely recognized that aggregation behavior affects
many properties of materials in the blend lm, including
intermolecular electron coupling, UV absorption, distribution
of energy levels, solubility, mobility, and phase separation.
Consequently, a study based on molecular packing patterns is
necessary to explain the difference in the photovoltaic proper-
ties of materials. Crystals of BTIC-TCl-b and BTIC-TCl-l were
produced by solvent precipitation for 1 or 2 weeks at room
temperature and their crystallographic data were collected from
X-ray single crystal diffraction. This single-crystal information
can be found in the Cambridge Crystallographic Data Centre,
where the CCDC numbers of BTIC-TCl-b and BTIC-TCl-l are
2240315 and 2240316, respectively. As shown in Fig. 1c and d,
the two NFAs present classical congurations of Y-series NFA
molecules locked by non-covalent interactions of S/O with
distances of 2.63 and 2.66 Å, respectively. Signicantly, BTIC-
TCl-b not only has shorter S/O distances but also exhibits
smaller dihedral angles of 43.19° and 5.66°, while BTIC-TCl-l
with dihedral angles of 43.60° and 8.53° suggests that BTIC-TCl-
b has better planarity of the two molecules. Meanwhile, S/S
interactions were formed between the side chain thiophene ring
and the backbone with distances of 3.37 and 3.40 Å, respec-
tively, which is consistent with the planarity changes in BTIC-
TCl-b and BTIC-TCl-l. The single molecular crystal nature of
J. Mater. Chem. A, 2023, 11, 9538–9545 | 9539
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Fig. 1 The structures of (a) BTIC-TCl-b and (b) BTIC-TCl-l. The single crystal structures of (c) BTIC-TCl-b and (d) BTIC-TCl-l. The UV-Vis
absorption spectra of the two materials in (e) films and (f) chloroform. (g) The LUMO/HOMO energy levels of the two acceptors and PBDB-TF.
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BTIC-TCl-b suggests that it will be more conducive to the
packing of the molecules.

Through the single crystal analysis, it was found that the
molecular packing of BTIC-TCl-b and BTIC-TCl-l is composed of
three kinds of basic states including the intermolecular inter-
action between the core and terminal group (CT), the intermo-
lecular interaction between terminal groups with the opposite
molecular orientation (TT-1), and the intermolecular interac-
tion between terminal groups with the same molecular orien-
tation mode (TT-2), respectively. As shown in Fig. 2a and b, the
p/p distances of two packing states in BTIC-TCl-b are 3.40 Å in
the CT mode and 2.98 Å in the TT-1 mode, and in BTIC-TCl-l are
3.65 Å in the CT mode and 3.58 Å in the TT-2 mode. BTIC-TCl-
b has signicantly shorter p/p distances than BTIC-TCl-l, and
this underlies the superior molecular planarity of BTIC-TCl-
b which will facilitate intermolecular charge transfer.

The aggregation states of BTIC-TCl-b and BTIC-TCl-l are
analyzed in Fig. 3a–d. Both acceptors can form framework
structures with four adjacent molecules through non-covalent
bonding, while there are some differences in the intermolec-
ular interactions. As shown in Fig. 3a and c, there are only
intermolecular p/p and intermolecular S/O interactions
(3.47 Å) in one framework in BTIC-TCl-b, and beneting from
the reverse aggregation of two molecules in the TT-1 mode, the
frameworks can be connected by p/p interactions. On the
9540 | J. Mater. Chem. A, 2023, 11, 9538–9545
other hand, the chlorine atom in the side-chain thiophene of
BTIC-TCl-l leads to an intermolecular Cl/S (3.56 Å) interaction
which together with p/p interactions can form a framework
structure. Different from the TT-1 mode, the TT-2 mode formed
by the interaction of codirectional molecules in BTIC-TCl-l
results in the framework not being fully connected by p/p

interactions but rather by an S/S (3.56 Å) interaction, as shown
in Fig. 3b and d. As a result, BTIC-TCl-b shows a 3D network
packing structure with a smaller framework in which Lx = 14.12
Å (major axis) and Ly = 13.31 Å (minor axis) due to its better
planarity and CT/TT-1 mode intermolecular interactions. BTIC-
TCl-l on the other hand exhibits a larger framework with Lx =
14.45 Å and Ly = 13.88 Å and forms a quasi-3D network. The
tighter aggregation state of BTIC-TCl-b provides more possible
channels for electron hopping. At this stage, the structure and
the size of the 3D/quasi-3D framework can be adjusted by the
conguration of the alkyl chain substituents on the thiophene
side-chains. This will control the overlap ranges and the
number of intermolecular junctions.

To further explore the inuence of different alkyl chain
congurations on material photovoltaic properties, the
conventional structure of ITO/PEDOT:PPS/PBDB-TF:acceptors/
PDINO/Ag was synthesized and the photovoltaic performances
of OSCs based on BTIC-TCl-b and BTIC-TCl-l were examined.
The assessment results are shown in Fig. 4a–f, and the
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The different packing modes analyzed using single-crystal data and the corresponding binding energies for (a) BTIC-TCl-b and (b) BTIC-
TCl-l.
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corresponding data are summarized in Table 1. The highest
PCE of 16.17% is achieved by BTIC-TCl-b-based OSC devices,
while the PCE of 15.49% is shown by BTIC-TCl-l-based devices.
Both BTIC-TCl-b and BTIC-TCl-l-based devices show the same
VOC of 0.88 V, the difference in PCE mainly came from JSC and
Fig. 3 The intermolecular interactions and aggregation behaviors calcul
BTIC-TCl-l.

This journal is © The Royal Society of Chemistry 2023
FF% of 24.29 mA cm−2/75.78% and 23.84 mA cm−2/73.62%,
respectively. From the point of view of the property parameters
discussed above, the best photovoltaic performances can be
obtained when the conguration of alkyl chains is branched, as
in BTIC-TCl-b. It can be seen that when the alkyl chain
ated by single-crystal analysis for (a) and (c) BTIC-TCl-b and (b) and (d)

J. Mater. Chem. A, 2023, 11, 9538–9545 | 9541
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Fig. 4 (a) J–V curves, (b) EQE curves, (c) the hole mobility curves, (d) Fourier transform photocurrent spectra, (e) bimolecular recombination
curves, and (f) the electron mobility curves of devices based on BTIC-TCl-b and BTIC-TCl-l.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
8 

M
ar

ch
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/2
7/

20
24

 6
:0

3:
38

 A
M

. 
View Article Online
conguration changes from linear to branched, a PCE
improvement occurs in both JSC and FF%. To further under-
stand the origin of the increased JSC in the devices based on
BTIC-TCl-b and BTIC-TCl-l, the external quantum efficiency
(EQE) curves of the two NFA-based devices were measured and
are shown in Fig. 4b. Both materials have strong light responses
in the wavelength range of 450–850 nm, with BTIC-TCl-b and
BTIC-TCl-l exhibiting more than 70% EQE, indicating that
efficient photon–electron conversion occurs in that wavelength
range, and BTIC-TCl-b surpasses this. The calculated currents
(Jcal) of the two acceptors were obtained by integrating the EQE
curves:from the data shown in Table 1, Jcal of BTIC-TCl-b and
BTIC-TCl-l was 23.59 and 23.33 mA cm−2, respectively, match-
ing well with the J–V tests. The photovoltaic performance
calculated based on Jcal is shown in Table S1.† To meet the
practical application requirements, we prepared OSC devices
with an area of 1 cm2 using the two molecules as the acceptor
materials, and the corresponding J–V and EQE test curves are
shown in Fig. S2.† The details are shown in Table S2.†

As discussed above, the packing mode and aggregation
behavior lead to effects on exciton mobility that cannot be
ignored. This is further reected in the FF% of the devices
based on BTIC-TCl-b and BTIC-TCl-l. The electron and hole
Table 1 Photovoltaic performance of the two NFA-based OSC devices

Acceptors VOC
a (V) JSC

a (mA cm−2) FFa (%)

BTIC-TCl-b 0.88 (0.88 � 0.001) 24.29 (24.15 � 0.14) 75.78 (75.38
BTIC-TCl-l 0.88 (0.88 � 0.001) 23.84 (23.72 � 0.12) 73.62 (73.07

a The values in parentheses are average values calculated from 16 devices

9542 | J. Mater. Chem. A, 2023, 11, 9538–9545
mobility curves were measured by a space-charge-limited-
current (SCLC) method, the test results are shown in Fig. 4c
and f, and the calculated data are summarized in Table 1. The
hole (mh) and electron (me) mobility of the two acceptors are
signicantly different and ascend from BTIC-TCl-b to BTIC-TCl-
l with 3.9 × 10−4 and 6.4 × 10−4 cm2 V−1 s−1 for mh, and 3.0 ×

10−4 and 5.7 × 10−4 cm2 V−1 s−1 for me, respectively. These
results are consistent with the difference in PCEs, revealing that
the strategies of xing the alkyl chains at the a-position of the
side-chain thiophene rings and changing the conguration to
branched are effective in enhancing the charge transport. The
higher carrier mobilities of BTIC-TCl-b-based devices benet
from their better molecular packing mode and tighter aggre-
gation as shown by the aforementioned single-crystal analysis,
resulting in a higher JSC. The relationship between the photo-
current density (Jph) and the effective voltage (Veff) was investi-
gated in an effort to understand the charge generation and
collection properties of the two acceptor-based OSC devices (as
in me). The P(E,T) in P(E,T) = Jph/Jsat of BTIC-TCl-b and BTIC-TCl-l-
based devices is 0.97 and 0.96, respectively, and BTIC-TCl-b also
has the result closer to 1. We also summarized the relationships
between JSC and light intensity (Plight) of BTIC-TCl-b and BTIC-
TCl-l-based devices to examine the charge recombination
PCEmax
a (%) mh (cm2 V−1 s−1) me (cm

2 V−1 s−1)

� 0.40) 16.17 (15.88 � 0.29) 7.6 × 10−4 8.7 × 10−4

� 0.55) 15.49 (15.17 � 0.32) 5.7 × 10−4 6.4 × 10−4

.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) and (b) The AFM images, (c) and (d) GIWAXS images, and (e) the line-cut profiles of BTIC-TCl-b and BTIC-TCl-l blend films with PBDB-
TF.
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behavior in a short circuit as shown in Fig. 4e. The a in JSC f

Plight
a of BTIC-TCl-b is 0.989 which is closer to 1 than in BTIC-

TCl-l (a = 0.966). These results indicate that BTIC-TCl-b-based
devices have diminished bimolecular recombination, a higher
exciton dissociation probability, and better efficient charge
collection than BTIC-TCl-l.

Morphology analysis of BTIC-TCl-b and BTIC-TCl-l blend
lms with PBDB-TF was achieved by atomic force microscopy
(AFM) and transmission electron microscopy (TEM) measure-
ments to characterize the homogeneity and phase separation of
active layer blend lms. As displayed in Fig. 5a and b, both
BTIC-TCl-b and BTIC-TCl-l-blend lms show uniform surfaces
without the formation of undesirably large aggregates, and the
root-mean-square (RMS) roughness of BTIC-TCl-b and BTIC-
TCl-l-blend lms was found to be ∼1.2–1.4 nm, which is
conducive to efficient charge dissociation and collection. For
further conrmation, TEM was used to capture images for these
blend lms, and as shown in Fig. S1e and f,† both BTIC-TCl-
b and BTIC-TCl-l-blend lms exhibit similar uniform phase
distributions. On the other hand, the suitable phase separation
sizes of PBDB-TF: BTIC-TCl-b and PBDB-TF: BTIC-TCl-l ensured
sufficient contact interfaces between the donor and acceptor for
efficient separation and transport of excitons, and high JSC and
FF% in related devices are guaranteed. The two-dimensional
GIWAXS patterns of the blend lms are shown in Fig. 5c and
d, and the corresponding one-dimensional proles in the IP
and OOP directions are in Fig. 5e. The detailed parameters of
2D-GIWAX proles are shown in Table S3.† As shown in Fig. 5e
and Table S3,† the lamellar diffraction peaks of the two blend
lms are located at 0.30 and 0.31 Å−1, and p/p stacking
diffraction (010) peaks at 1.76 and 1.75 Å−1, respectively, with
corresponding p/p distances of 3.55 and 3.59 Å, respectively.
This journal is © The Royal Society of Chemistry 2023
It was found that both the blend lms of BTIC-TCl-b and BTIC-
TCl-l with PBDB-TF reected the predominant face-on orienta-
tion, which could improve the transfer of the carriers in the
vertical direction, and will be thereby conducive to the photo-
voltaic properties of the materials.
Conclusions

In summary, two acceptors, BTIC-TCl-b and BTIC-TCl-l were
designed and synthesized by changing the congurations of the
alkyl chains on the side-chain thiophene rings attached to the
central core. The impacts of the side-chain congurations on
their optoelectronic and molecular aggregation properties were
investigated, and it was found that aer the conguration of
alkyl chains is changed from linear to branched, the planarity of
the molecule is enhanced, and the p/p stacking distance is
signicantly shortened. The frame size is also reduced, and the
packing mode changes from a quasi-3D to a better 3D-network
structure. This tightly packed structure formed by changing the
alkyl chain conguration enables BTIC-TCl-b to exhibit
enhanced properties of 16.17% in its PCE. Our results indicate
that changing the alkyl chain conguration is an effective
strategy to enhance the stacking behavior of NFA materials and
further improve the photovoltaic performance of the materials.
Data and code availability

The accession number for the single crystal of BTIC-TCl-b re-
ported in this paper is 2240315 and the accession number for
BTIC-TCl-l is 2240316 in the Cambridge Crystallographic Data
Centre (CCDC).
J. Mater. Chem. A, 2023, 11, 9538–9545 | 9543
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