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It is a great challenge to simultaneously improve the short-circuit current density (Js.) and open-circuit
voltage (Vo) of organic solar cells (OSCs) owing to the trade-off effect between the two photovoltaic
parameters. Delicate chemical structure modulation of the active layer materials is always one of the
effective strategies to address this issue. In this work, following a simple and efficient strategy through
fine-tuning the molecular configuration in combination with the side chain modulation to address the
issue, three non-fullerene acceptors (NFAs), 5T-2C8-IN, 5T-2C8-Cl and 5T-2C8-2Cl with a five-
thiophene (5T) fused asymmetric molecular backbone and octyl side chains at the terminal position of
the molecular backbone, have been designed and synthesized. Among them, the 5T-2C8-2Cl based
photovoltaic device showed a power conversion efficiency (PCE) of 13.02% with a simultaneously
improved V. of 0.802 V and a Js. of 24.97 mA cm~2 compared with the device of the control acceptor
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1. Introduction

Organic solar cells (OSCs) have witnessed a great progress in
the past decade."™ The state-of-the-art OSCs have achieved
impressive efficiencies of over 18% thanks to the invention of
new active layer materials especially non fullerene acceptors
(NFAs) and device engineering.>™*° NFAs with broad absorp-
tions up to the near-infrared range have proved to be an
effective strategy to harvest more solar irradiation and obtain
enhanced /. values. However, the decrease of the bandgaps of
acceptor materials inevitably leads to a concomitant reduction
in the V,. value.™ Thus, the trade-off issue between the V,. and
Jsc limits the overall PCE values of OSC devices. Obtaining
balanced and best values for V,. and J,. has become a great
challenge for active material design and device optimization.
Finely tuning the absorption ranges and energy level align-
ments of the active layers have been regarded as the effective
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6T-2C8-2Cl with a PCE of 12.43%, a Vo of 0.785 V and a Jsc of 24.40 mA cm™2.

way to address the above trade-off issue of V,. and J,.."*** In

fact, many efforts have been devoted to designing active layer
materials, especially the donor-acceptor-donor (A-D-A) type
NFAs from multiple perspectives to encounter this issue. Gen-
erally, A-D-A NFAs have a ladder-type electron-rich conjugation
skeleton with two electron-deficient end groups.*>™*” In order to
precisely regulate NFAs’ properties, fine-tuning the chemical
structures via modification of the central core,'®?* the side
chains?®*™*” or end groups*®*® has attracted extensive attention
and led to great success in the past decade.*'**

In our previous work, we have developed a strategy to
improve V,. and J,. synergistically by a simple and effective
side chain modulation on the six thiophene (6T) fused sym-
metric backbone of an A-D-A type acceptor.'”? Recently, asym-
metric NFAs have been proposed as a simple but effective
strategy for precise regulation of molecular structures.*®*™° It
has been demonstrated that asymmetric structures could
induce a larger dipole moment and an enhanced intra-
molecular structure charge transfer, thus leading to enhanced
intermolecular charge transfer (ICT) and stronger intermolecu-
lar binding energy compared with the symmetric ones.***" In
this work, based on our previous work of side chain modulation
at the terminal position of the molecular backbone and the
advantages of asymmetric acceptors, we have designed and
synthesized three asymmetric NFAs, 5T-2C8-IN, 5T-2C8-Cl and
5T-2C8-2Cl with 5T fused asymmetric skeletons and octyl side

This journal is © The Royal Society of Chemistry 2022
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chains at the terminal position of the molecular backbone.
Among them, 5T-2C8-2Cl showed redshifted absorption with
absorption edge up to 960 nm. Compared with the control
molecule 6T-2C8-2Cl with a 6T fused symmetric molecular
backbone,'” 5T-2C8-2C1 demonstrated an up-shifted LUMO
energy level but a slightly red-shifted absorption edge. The
OSC based on PM6:5T-2C8-2Cl achieved a higher PCE of
13.02% with an enhanced V,. of 0.802 V and an improved Js.
of 24.97 mA cm > compared with the PM6:6T-2C8-2Cl based
device with a PCE of 12.43%, a V,. of 0.785 V and a J,. of
24.40 mA cm 2. These results demonstrate that careful mole-
cular modulation from the perspective of an asymmetric mole-
cular backbone as well as the side chain modulation is an
effective strategy to address the challenge of the trade-off issue
between V,. and Jg.

2. Results and discussion
2.1. Synthesis and characterization

The synthetic route of the three asymmetric acceptors
5T-2C8-IN, 5T-2C8-Cl and 5T-2C8-2Cl is depicted in Scheme 1.
The control symmetric acceptor 6T-2C8-2Cl was prepared fol-
lowing our reported method."” The detailed synthesis proce-
dures and characterization data of the three asymmetric
acceptors are summarized in the ESI. As shown in Scheme 1,
the intermediate 3 was obtained with two step Stille coupling
reactions with a and b. Then, the intermediate 5T-2C8 was
synthesized via the intramolecular cyclization reaction from
compound 3. Subsequently, the intermediate 5T-2C8 was
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reacted with the Vilsmeier-Haack reagent to afford dialdehyde
5T-2C8-2CHO. Finally, the target asymmetric acceptors were
obtained through Knoevenagel condensation of 5T-2C8-2CHO
with different end groups. The intermediates and the target
molecules are well characterized by "H NMR, *C NMR, and HR-
MS, the details of which are presented in the ESIL.¥

2.2. Photophysical and electrochemical properties

The ultraviolet-visible absorption spectra of 5T-2C8-IN, 5T-2C8-Cl,
5T-2C8-2Cl and 6T-2C8-2Cl both in diluted solution and thin films
were studied to investigate the influence of the backbone structure
and the number of chlorine atoms on the optical properties. As
shown in Fig. S1 (ESIY), in diluted chloroform solution, the max-
imum absorption peaks of 5T-2C8-IN, 5T-2C8-Cl and 5T-2C8-2Cl
were located at 770 (¢ = 2.44 x 10° M ' ecm™ ), 785 (& = 2.61 x
10° M ' em™ %), and 796 (¢ = 2.64 x 10° M~ cm™ "), respectively. In
contrast, 6T-2C8-2C] showed redshifted absorption with maximum
absorption peaks at 809 nm (¢ = 2.41 x 10° M~ " cm™ ') owing to its
enlarged conjugation length. In the solid film state, these three 5T
acceptors all showed clear red-shifted absorptions compared with
their absorptions in solution, demonstrating strong intermolecular
interactions (Fig. 1). Surprisingly, 5T-2C8-2Cl demonstrated a red-
shifted absorption peak (871 nm) in comparison with the control
molecule 6T-2C8-2Cl (860 nm). Besides, a density functional theo-
retical (DFT) calculation based on the B3LYP/6-31G(d) level by
Gaussian 16 (Fig. S3, ESIt) has been performed to further investi-
gate the performance variation. To simplify the calculation process,
the long alkyl chains were replaced with methyl groups. It can be
seen from the calculation results that the four acceptors all exhibit
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Scheme 1 The synthetic routes of 5T-2C8-IN, 5T-2C8-Cl and 5T-2C8-2Cl.
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X=H 5T-2C8-IN; X = H+CI 5T-2C8-Cl; X = CI 5T-2C8-2CI
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(@) Chemical structures of 6T-2C8-2Cl, 5T-2C8-IN, 5T-2C8-Cl and 5T-2C8-2Cl, (b) normalized UV-vis-NIR absorption spectra of PM6, 5T-2C8-IN,

5T-2C8-Cl, 5T-2C8-2Cl and 6T-2C8-2Cl neat films, and (c) energy level diagram of PM6, 5T-2C8-IN, 5T-2C8-Cl, 5T-2C8-2Cl and 6T-2C8-2CL

Table 1 The optical and electrochemical properties of 5T-2C8-IN, 5T-2C8-Cl, 5T-2C8-2Cl and 6T-2C8-2Cl

Acceptors Joex (nm) MM (hm) e (x10°M 'em ™) 255 (nm) HOMO (eV) LUMO (eV) Eg" (eV) EP (eV)
5T-2C8-IN 770 801 2.44 895 —5.48 —-3.79 1.69 1.39
5T-2C8-Cl 785 838 2.61 939 —5.52 —3.83 1.69 1.32
5T-2C8-2Cl 796 871 2.64 960 —5.57 —-3.90 1.67 1.29
6T-2C8-2Cl 809 860 2.41 959 —5.56 —3.95 1.61 1.29

planar conjugations for their backbones, which is beneficial to
achieve effective intermolecular m-n stacking and good charge
transport channels. The configuration change of asymmetric
5T-2C8-2Cl shows a “C” shaped skeleton, which plays an important
role in facilitating the intermolecular n-n stacking.”>* In contrast,
6T-2C8-2Cl exhibits a “Z” shaped configuration as depicted in
Fig. S3 (ESI}).***

The energy levels of the three asymmetric NFAs together
with 6T-2C8-2Cl for comparison were measured by cyclic vol-
tammetry (Fig. S3b, ESIt) in acetonitrile on solid films. As
shown in Fig. 1c, the HOMOs and LUMOs were estimated to
be —5.48/-3.79, —5.52/—3.83, —3.57/—3.90 and —5.56/—3.95 eV
for 5T-2C8-IN, 5T-2C8-Cl, 5T-2C8-2Cl and 6T-2C8-2Cl, respec-
tively. These results indicate that the introduction of chlorine at
the end groups indeed downshifts the energy levels, especially
the LUMOs. Furthermore, the asymmetric acceptor 5T-2C8-2Cl
demonstrated a relatively higher LUMO energy level compared

2744 | J Mater. Chem. C, 2022,10, 2742-2748

to that of the control symmetric 6T-2C8-2Cl, which is expected
to offer an improved V,. value for 5T-2C8-2Cl based OSCs
(Table 1).

2.3. Photovoltaic performances

To evaluate the photovoltaic properties of 5T-2C8-IN, 5T-2C8-Cl
and 5T-2C8-2Cl, OSCs with an inverted device structure of ITO/
ZnO/PFN-Br/PM6:NFA/Mo0O,/Ag were fabricated, in which the
wide band gap polymer PM6 was selected as the donor material
owing to the matched energy levels and complementary absorp-
tions with these acceptors. The device optimization process
under different conditions is summarized in Tables S1-S9
(ESIY), including the donor/acceptor weight ratio (m%), the
amount of additive (1,8-diiodine octane, DIO, vol%), thermal
annealing (TA) conditions, etc. After systematic optimization,
chlorobenzene was selected as the solvent, the optimized
amount of DIO is 0.6% and the best TA temperature is 140 °C

This journal is © The Royal Society of Chemistry 2022
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Table 2 The optimized photovoltaic parameters of 5T-2C8-IN, 5T-2C8-Cl, 5T-2C8-2Cl and 6T-2C8-2Cl based devices under the illumination of AM

1.5G (100 mW cm™3)

Devices Voe (V) FF Jse (MA cm™?) EQE (mA cm ™ ?) PCE* (%)
PM6:5T-2C8-IN 0.965 (0.963 + 0.03) 0.51 (0.50 + 0.01) 10.24 (10.12 + 0.21) 9.95 5.04 (4.82 + 0.30)
PM6:5T-2C8-Cl 0.864 (0.861 + 0.03) 0.64 (0.64 + 0.01) 20.86 (20.62 + 0.26) 19.91 11.53 (11.22 + 0.23)
PM6:5T-2C8-2C1 0.802 (0.800 + 0.03) 0.65 (0.64 + 0.02) 24.97 (24.80 + 0.20) 23.77 13.02 (12.87 + 0.23)
PM6:6T-2C8-2Cl 0.785 (0.782 + 0.04) 0.65 (0.64 + 0.01) 24.40 (24.22 + 0.17) 23.80 12.43 (12.25 + 0.18)°

% The PCE value was calculated from 20 devices. ” The data were cited from ref. 50.

for the devices based on these four acceptors. The optimized
photovoltaic parameters are summarized in Table 2 and the
corresponding current density-voltage (J-V) curves are shown
in Fig. 2a. As shown in Table 2, 5T-2C8-IN, 5T-2C8-Cl and
5T-2C8-2Cl based devices showed the best PCEs of 5.04%,
11.53% and 13.02%, respectively. The V,. of the three opti-
mized devices decreased with the increasing number of chlor-
ine atoms on the end groups owing to the down shifted LUMOs,
while the J,. was gradually enhanced due to the red-shifted
and broadened absorption range. It is worth noting that the
5T-2C8-2Cl based device demonstrated an impressively higher
PCE of 13.02% with the simultaneously improved V. of 0.802 V
and a J,. of 24.97 mA cm ™2 compared with the acceptor 6T-2C8-
2Cl based device with a PCE of 12.43%, a V,. 0of 0.785 V and a J,.
of 24.40 mA cm 2. In addition, the 5T-2C8-2C based device with
a conventional structure has also been fabricated and a com-
parable PCE of 12.20% has been achieved (Table S11, ESIf).
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The external quantum efficiency (EQE) curves of the opti-
mized devices are shown in Fig. 3b. For the three asymmetric
5T based devices, the EQE response was significantly enhanced
after chlorination of the end groups and extended to around
960 nm for the 5T-2C8-2Cl based device. Compared with the
5T-2C8-2C1 device, the 6T-2C8-2Cl based device showed a
relatively lower EQE response but a slightly broader EQE range,
which is consistent with the blend film absorptions (Fig. S2,
ESIT). The integrated J,. values of the four optimized devices are
in good agreement with the corresponding J,. values measured
from J-V curves (error of less than 5%).

2.4. Carrier dynamics study

For further evaluating the exciton dissociation and charge
collection properties of these four NFA based solar cells, the
photocurrent density (J,n) versus applied voltage (Veg) was
measured. Herein, J,, = Ji, — Jp, where J;, and Jp, are the current
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Fig. 2 (a) J-V curves of PM6:5T-2C8-IN/5T-2C8-1Cl/5T-2C8-2Cl and PM6:6T-2C8-2Cl based devices under one sun illumination (AM 1.5G 100 mW cm™2).
(b) EQE spectra of the corresponding devices. (c) Jpn versus Ve and (d) light-intensity (P) dependence of Js. measurement of the devices.
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Fig. 3 AFM images of the blend films based on 5T-2C8-IN (a), 5T-2C8-1Cl, (b) 5T-2C8-2Cl, (c) and 6T-2C8-2Cl (d), the 2D GIWAXS patterns based on
PM6:5T-2C8-1Cl (e) and PM6:5T-2C8-2Cl (f) and the corresponding line-cut profiles (g).

densities under light illumination and in the dark, respectively,
and V¢ is calculated as Vg = V,, — V,, in which V, is the applied
voltage and V, is the voltage when J,, = 0.°®*” As shown in
Fig. 3c, these four devices all reach saturation (Jg,) when Veg
reaches ~ 1.5V, illustrating that at a higher voltage, the charge
recombination is minimal for these devices. Then the value of
JonlJsae Tepresenting the charge dissociation and the collection
probability (P(E, T)) was studied to investigate the charge
carrier dynamics. The devices based on 5T-2C8-IN, 5T-2C8-Cl,
5T-2C8-2Cl and 6T-2C8-2Cl gave J,n//sa values of 69%, 90%, 92%
and 91% under short-circuit density conditions and 44%, 74%,
78% and 76%, under maximal power output conditions, respec-
tively. The 5T-2C8-2Cl based device showed the highest J,i//sat
values under short-circuit current density and maximal power
output conditions, demonstrating the best exciton dissociation
and efficient charge collection efficiency in these devices.*®

The light-intensity dependence (P) of Js. was measured to
further study the charge recombination behaviour of the
corresponding devices (Fig. 2d). The light intensity (P) and J.
abided the power-law equation of J,. oc P*, where the exponent
o represents the bimolecular recommendation extent. The
device with an o value ~1 indicates the weaker degree of
bimolecular recombination.”” The o values were 0.92, 0.93,
0.96 and 0.95 for 5T-2C8-IN, 5T-2C8-Cl, 5T-2C8-2Cl and
6T-2C8-2Cl based devices, respectively. These results demon-
strate that the 5T-2C8-2Cl based device exhibited least bimole-
cular recombination among the devices based on these four
acceptors.

2746 | J Mater. Chem. C, 2022,10, 2742-2748

The charge mobilities were measured using the space charge
limit current (SCLC) method with the electron and hole only
devices (Fig. S4, ESIt). The electron and hole mobilities of
PM6:5T-2C8-2Cl and PM6:6T-2C8-2Cl based devices were calcu-
lated to be 6.05 x 107°/3.99 x 10~ * and 2.85 x 10" °/5.08 x 10>
em 2 V' s respectively, which are higher than those of
PM6:5T-2C8-IN (9.13 x 10 %/3.38 x 10 ° em > V ' s7') and
PM6:5T-2C8-Cl (2.77 x 107°/2.11 x 10 * em > V' s7"). The
mobility values as well as the exciton dissociation and bimole-
cular recombination results indicate that the asymmetric mole-
cular backbone and side chain modulation generate favourable
effects on the device working process and is a promising
strategy for the active layer material design to achieve high-
efficiency OSCs.

2.5. Morphology characterization

Atomic force microscopy (AFM) was used to investigate the
blend films of the three asymmetric acceptors with PM6. As
shown in Fig. 3a-d and the corresponding phase images in
Fig. S5 (ESIT), PM6:5T-2C8-IN and PM6:5T-2C8-Cl blend films
show relatively larger aggregates with root-mean-square (RMS)
values of 2.64 and 2.62 nm, respectively, which is similar to that
of the PM6:6T-2C8-2Cl (2.82 nm) blend film.*> Whereas, a
nano-fibrillar network was observed in the 5T-2C8-2Cl blend
film with a RMS surface roughness of 1.97 nm. Furthermore,
the PM6:5T-2C8-2Cl based blend film exhibits a clear nanoscale
network with a small root-mean-square (RMS) surface rough-
ness of 1.97 nm, which indicates a well matched compatibility

This journal is © The Royal Society of Chemistry 2022
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between PM6 and 5T-2C8-2Cl. Furthermore, grazing incidence
wide angle X-ray scattering (GIWAXS) was used to investigate
the molecular packing properties of 5T-2C8-Cl and 5T-2C8-2Cl
based blend films. As shown in Fig. 3f, the 5T-2C8-Cl and
5T-2C8-2Cl based blend films adopt a face-on orientation with
an intense n-n diffraction peak in the out-of-plane (OOP)
direction and a lamellar diffraction peak in the in-plane (IP)
direction. The 5T-2C8-2Cl blend film shows a clear n-r stacking
diffraction peak (010) at 1.75 A™*, with a n-n d-spacing distance
of 3.59 A in the OOP direction, which is more compact than that
of the 5T-2C8-Cl blend film with n-n d-spacing distance of
3.61 A (OOP diffraction peak (010) at 1.74 A™*). In contrast, the
PM6:6T-2C8-2Cl blend film exhibits an OOP diffraction peak at
1.82 A" with a n-n d-spacing distance of 3.45 A.'>*° Despite
the slightly larger n-n distance in the PM6:5T-2C8-2Cl blend
film compared with that of PM6:6T-2C8-2Cl blend film, the
crystal coherence length (CCL) for the PM6:5T-2C8-2Cl blend
film estimated from Scherrer’s equation® (CCL = 2rk/fwhm) by
Gaussian fitting with the full-width at half-maximum (fwhm) is
24.1 A, which is larger than that of the 6T-2C8-2Cl based blend
film (CCL of 18.8 A).”° This demonstrates the enhanced crystal-
linity in the blend film of PM6:5T-2C8-2Cl, facilitating the
charge transport in the photovoltaic device. Compared with
the “Z” type molecular skeleton of the symmetric acceptor
6T-2C8-2Cl, the “C” type configuration of the asymmetric
acceptor 5T-2C8-2Cl should be the intrinsic factor that deter-
mines the packing difference of the two acceptor based blend
films. The results also demonstrate that careful modulation of
the molecular skeleton should be one of the effective ways for
the morphology control of the active layer.

3. Conclusions

In summary, following the strategy of fine-tuning the molecular
configuration in combination with the side chain modulation
to simultaneously improve the V,. and J4, three acceptors with
asymmetric molecular skeletons and octyl side chains at the
terminal position of the molecular backbones, 5T-2C8-IN,
5T-2C8-Cl and 5T-2C8-2Cl, have been designed and synthe-
sized. Among them, the 5T-2C8-2Cl based solar cell demon-
strated the best PCE of 13.02% with a simultaneously improved
Jsc 0f 24.97 mA cm ™2 and a V,. of 0.794 V, compared with the
control symmetric acceptor 6T-2C8-2Cl based device with a PCE
of 12.43%, a Js. of 24.40 mA cm ™2 and a V. of 0.785 V. The
results indicate that the J;. and V,. can be simultaneously
enhanced through careful molecular structural regulation.
Considering the large variety of organic materials and current
promising results in the OSC field, it is believed that high
efficiency active layer materials can be rationally designed to
encounter the issue of Ji. and V,. trade-off and obtain higher
device performance.
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