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1. Introduction

Simple non-fused small-molecule acceptors with
bithiazole core: synthesis, crystallinity and
photovoltaic propertiest

Jiali Guo,” Wei Tang,?® Yingshuang Zhang,® Can Qian,® Junfeng Wang,?
Hua Tan(®*% and Weiguo Zhu (2 *@

It is well-known that most high-efficiency small-molecule acceptors (SMAs) contain a big fused-ring
central core. However, their syntheses are multistep and complex. The development of high-efficiency
simple non-fused SMA is of great significance for organic solar cells (OSCs). In this study, 4,4’-dimethyl-
2,2'-bithiazole was primarily used as a weak electron-accepting (A,,) core to construct a type of non-
fused SMAs of BTz-4F-1 and BTz-4Cl-1 with an A, (r—A), architecture, in which halogenated (fluorinated
or chlorinated) cyanoindanone was used as a strong electron-accepting (A) terminal. For comparison, an
analogue BTz-4F-0 with 2,2’-bithiazole was synthesized. The effect of methylation in bithiazole and
halogenation in cyanoindanone on solubility, crystallinity, morphology and photovoltaic properties was
primarily studied. It was found that both SMAs with dimethylbithiazole exhibited a significantly increasing
solubility than BTz-4F-0. The fluorinated BTz-4F-1 exhibited an adjustable crystallinity and an increasing
solu-bility in comparison with the chlorinated BTz-4Cl-1. Furthermore, BTz-4F-1 exhibited better
morphological and photovoltaic properties than BTz-4Cl-1 in the bulk heterojuncation OSCs using poly-
mer J71 as the donor. The obtained power conversion efficiency in the BTz-4F-1 based OSCs is 1.46
times higher than that of the BTz-4Cl-1 based ones. However, the BTz-4F-0 based OSCs were not
obtained by a solution process owing to the lower solubility of BTz-4F-0. This study indicates that the
crystallinity, morphology and photovoltaic properties of SMAs can be managed by central methylation
and terminal fluorination strategies.

central core, end-capping groups, and branched side

Organic solar cells (OSCs) have become one of the most
promising solar energy utilization technologies owing to their
many advantages, such as low cost, lightweight, and flexible
devices."™ Their power conversion efficiencies (PCEs) have
been continuously updated due to the invention of non-
fullerene small-molecule acceptors (SMAs) in the past several
years.**® In comparison with fullerene acceptors, SMAs have
more potential in tuning energy levels, absorption spectra, and
molecular arrangement, which were rapidly developed by
designing and modifying molecular structures, such as the
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chains."*™* Up to now, most of the reported SMAs have an
A-D-A or A-A'DA’-A skeleton, which contains a big fused-ring
electron-donating (D) core (or a rigid A'DA’ core) and two strong
electron-accepting (A) terminal groups. The fused-ring core is
available to form a big plane molecular skeleton to promote
carrier transport and enhance absorption.'>™*° Thus, the PCE of
single-layer OSCs based on the above-mentioned SMAs has
exceeded 18%.”'° Nevertheless, the fused-ring core requires
multi-step synthesis, which leads to a high cost in practical
applications. Therefore, it is crucial to develop simple-structure
and high-efficiency SMAs in the future.

In order to achieve this goal, researchers have invented a
strategy to construct simple- structure SMAs with an A-D-A
framework, in which simple fused-ring or non-fused-ring
aromatic units were employed as the electron-donating (D)
units.?°® For instance, Chen et al. took fluorobenzene and
alkoxybenzene as the D units to construct simple-structure
non-fused-ring SMAs and obtained PCE over 10% in bulk-
heterojunction OSCs.*® Our group also developed another strat-
egy to construct simple-structure SMAs with the Ay(n-A’-A"),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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framework. The simple thiazolothiazole (TTz) and bithiazole
(BTz) were primarily used as a weak electron-accepting (Ay)
central unit, and two adjacent electron-accepting units (A'-A")
were employed as the terminal units, respectively.*>>”°
As expected, the improved PCE was obtained in the OSCs
using A, (n-A'-A"),-type TTz1 as the acceptor and polymer J71
as the donor. However, most of these high-efficiency simple
SMAs used cyclopentadithiophene as spacers or benzothiadia-
zole as one of two adjacent terminal electron-accepting
units, which also involve a multi-step synthesis and complex
purification. Therefore, it is necessary to develop novel simpler
non-fused SMAs and study their structure-property relationship
for high-efficiency OSCs.

In 2020, Bo et al. used tetrathiophene as the central electron-
donating unit to construct non-fused-ring SMAs and obtained
PCE over 10% in bulk-heterojunction 0SCs.*' In 2021, Chen
et al. used thiophenes with two-dimensional phenyl side chains
and alkoxybenzene as the central unit to construct fully
non-fused-ring SMAs and obtained single-junction OSCs with
a PCE up to 12.76%, which is the highest PCE reported to date
for non-fused-ring SMAs.>> However, most non-fused SMAs
have not exhibited a comparable PCE in comparison with the
big fused-ring SMAs. It remains a great challenge to prepare
new non-fused-ring SMAs for high-efficiency OSCs.

There are many factors that influence the photovoltaic
parameters of SMAs in OSCs. Their chemical structures and
morphologies in the active layer are suggested to be crucial
factors. Hence, it is imperative to systematically develop new
non-fused-ring SMAs and study the influence of both factors on
the photovoltaic properties of OSCs. With this in mind, in this
study, we designed and synthesized a type of non-fused-ring
SMAs with an Ay(n-A), architecture, in which a type of non-
fused-ring aromatic units of 2,2’-bithiazole and 4,4’-dimethyl-
2,2'-bithiazole was designed as the A,, central unit, and
halogenated \cyanoindanone was used as the terminal
electron-accepting (A) units. The effect of methylation in central
bithiazole and halogenation (fluorination or chlorination) in
terminal cyanoindanone were studied, primarily in terms of
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crystallinity, solubility, morphology and photovoltaic properties.
The designed molecular structures of non-fused-ring SMAs for
BTz-4F-0, BTz-4F-1 and BTz-4Cl-1 are shown in Fig. 1. To the best
of our knowledge, few non-fused-ring SMAs with an A,(rn-A),
architecture have been reported using a non-fused-ring electron-
accepting unit as the central unit. This study indicates that
methylation in central bithiazole and halogenation in terminal
cyanoindanone plays an important role in crystallinity, solubility,
morphology and photovoltaic properties for their SMAs in OSCs.

2. Results and discussion

2.1 Synthesis and thermal properties

The synthetic routes of BTz-4F-0, BTz-4F-1 and BTz-4Cl-1 are
shown in Scheme 1. The experimental details and structural
characterizations are described in the ESI.{ It is found that
three A, (n-A),-type SMAs can be easily synthesized in three
steps at a low cost. Both methylated SMAs of BTz-4F-1and BTz-
4Cl-1 have better solubility than the non-methylated SMA of
BTz-4F-0, meaning methylation in central bithiazole is available
to increase solubility for SMAs. However, two methylated SMAs
exhibited different dissolving capacities in chloroform and
chlorobenzene. BTz-4F-1 easily dissolved at room temperature,
while BTz-4Cl-1 dissolved under heating conditions in the above
two solvents. The reduced solubility of BTz-4Cl-1 is mainly con-
tributed to the increased molecular self-aggregation, resulting
from a larger atomic radius of the chlorine atom. Thermogravi-
metric analysis (TGA) results further showed that the decomposi-
tion temperatures (T4) of BTz-4F-0, BTz-4F-1 and BTz-4Cl-1 at 5%
weight loss were 344, 345 and 366 °C, respectively. Therefore,
chlorination in terminal cyanoindanone was available to enhance
the thermal stability of the SMAs (Fig. S1, ESIf).

2.2 Photophysical and electrochemical properties

The normalized UV-Visible absorption spectra of BTz-4F-0, BTz-
4F-1 and BTz-4Cl-1 in CHCI; solution and thin film are shown in
Fig. 2, and the corresponding absorption data are summarized

< BT1z-4CI-1

Fig. 1 Molecular structures of polymer donor J71, small-molecule acceptors BTz-4F-0, BTz-4F-1 and BTz-4Cl-1.
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Scheme 1 Synthetic route of BTz-4F-0, BTz-4F-1 and BTz-4Cl-1.
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Fig. 2
BDT-4Cl-1 and J71 in thin film.

in Table 1. It is observed that BTz-4F-1 and BTz-4Cl-1 exhibited
similar absorption curves with two strong absorption bands
from 300 nm to 650 nm in a chloroform solution (10> M) at
room temperature. From the solvent to the film, BTz-4F-1 and
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(a) UV-Vis absorption spectra of BTz-4F-0, BTz-4F-1 and BDT-4Cl-1 in chloroform and thin films, (b) the absorption spectra of BTz-4F-1,

BTz-4Cl-1 exhibited a significant red-shifted absorption profile
by about 200 nm owing to strong intermolecular n-n interactions
in the solid state.®® The non-methylated BTz-4F-0 exhibits a
significantly red-shifted absorption profile by 48 nm in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Absorption and electrochemical properties of BTz-4F-0, BTz-4F-1 and BTz1-4Cl-1

Jmax (NmM)
Acceptors Solution” Film® £max (x10° M~ ' em ™) Jonsee (M) EgP (eV)  Egu/Ereq (V) EuomolErumo (6V)  E (eV)
BTz-4F-0 312, 563 626, 678 1.10 734 1.69 1.80/—0.15 —6.03/—4.08 1.95
BTz-4F-1 326, 515 657, 718 1.52 773 1.60 1.65/—0.30 —5.88/—3.93 1.95
BTz-4Cl-1 336, 523 667, 726 1.01 784 1.58 1.76/—0.20 —5.99/—4.03 1.96

@ Measured in chloroform solution. * Measured in a neat film. ¢ Evaluated by Egpt = 1240/ Aonser. ¢ Calculated according to Eruymo — Enomo-

comparison with the methylated BTz-4F-1 in CHCl; solution.
However, BTz-4F-0 exhibits a blue-shifted absorption profile by
about 40 nm in comparison with the methylated BTz-4F-1 in a
thin film. It means that methylation in the central bithiazole can
make its SMAs exhibit stronger intermolecular interaction in a
neat film owing to the electron-donating effect of the methyl
group. Moreover, BTz-4Cl-1 thin film exhibited a red-shifted
absorption onset by 11 nm compared to the BTz-4F-1 thin film
owing to the higher dipole effect of the chlorine atom.**

Fig. 3a displays cyclic voltammograms of BTz-4F-0, BTz-4F-1
and BTz4Cl-1 in their neat films measured by cyclic voltammetry
(CV), and their resulting CV data are summarized in Table 1. It is
found that the onset oxidation and reduction potentials (Eox/Ered)
were 1.80/—0.15 (V/V) for BTz-4F-0, 1.65/—0.30 (V/V) for BTz-4F-1 and
1.76/—0.20 (V/V) for BTz-4Cl-1. According to the empirical formula,
HOMO and LUMO energy levels (Exomo/ELumo) Were calculated to
be —6.03/—4.08 (eV/eV) for BTz-4F-0, —5.88/—3.93 (eV/eV) for BTz
4F-1 and —5.99/—4.03 (eV/eV) for BTz-4Cl1, respectively. It is
apparent that the methylated BTz-4F-1 exhibited slightly increasing
HOMO and LUMO energy levels in comparison with the non-
methylated BTz-4F-0. In contrast, chlorination instead of fluorina-
tion in terminal cyanoindanone can lower the HOMO and LUMO
energy levels for the methylated SMAs. Therefore, the synergistic
effect of the terminal halogenation and central methylation can
manage the energy level of SMAs to match well with polymer J71
donor material. Thus, it can make the BTz-4F-1 based OSCs obtain a
higher open circuit voltage (V,.), further exhibiting a higher PCE.**>”

2.3. Theoretical calculation

Fig. 4 shows the molecular geometries and frontier molecular
orbitals of BTz-4F-0, BTz-4F-1 and BTz-4CIl-1 obtained from
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Fig. 3
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density functional theory (DFT) calculations. It is observed that
both methylated BTz-4F-1 and BTz-4Cl-1, as per BTz-4F-0, have
good planarity from the side view and top view of their optimal
molecular structures. The torsion angle is almost zero between
two thiazole units, the thiazole unit and the adjacent thiophene
n bridge, and between the thiophene n bridge and the terminal
group. It indicates that methylation in the central bithiazole
has little influence on the molecular plane architecture.
Both methylated SMAs also have good planarity and a strong
inter-molecular n-n stacking effect, which is available to
facilitate charge transfer.*®*' However, a smaller twist of angle
was observed in BTz-4Cl-1 rather than BTz-4F-1 by theoretical
calculation. It is suggested that high atomic mass halogens
are available to improve the planarity and charge transport
properties of conjugated materials through a heavy atom
effect.”” Therefore, the BTz-4Cl-1 with chlorine atom exhibited
better planarity than BTz-4F-1 with the fluorine atom, which
is consistent with a smaller torsion angle of BTz-4Cl-1. Here,
a smaller twist angle makes BTz-4Cl-1 exhibit a decreasing
solubility than BTz-4F-1. From the electron cloud density
distribution diagram of the frontier molecular orbitals, it is
found that three molecules exhibited similar electron cloud
density distributions. They are delocalized in the entire
molecular backbone for the LUMOs and mainly distributed
on the bithiazole core and thiophene n bridge for the HOMOs.
It indicates that three SMAs have a particular ICT effect.
The calculated HOMO and LUMO levels are respectively
—5.90 and —3.73 eV for BTz-4f-0, —5.77 and —3.65 eV for BTz-
4F-1, and —5.82 and —3.73 eV for BTz-4Cl-1, which are in good
agreement with those corresponding values measured by the
CV method.
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(a) Cyclic voltammogram of the BTz-4F-0, BTz-4F-1 and BTz-4Cl-1 films and (b) their energy diagram relative to the vacuum level.
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Fig. 4 Molecular geometries and frontier molecular orbitals of BTz-4F-0, BTz-4F-1 and BTz-4Cl-1.

2.3 Photovoltaic properties

The OSCs were made by the solution process using BTz-4F-1
and BTz-4Cl-1 as the acceptor and polymer ]J71 as the donor to
deeply study the influence of halogenation in terminals on the
photovoltaic performance. The cell structure is ITO/PEDOT:
PSS/active layer/PFN-Br/Al. Similar OSCs have not been
obtained by the solution process using BTz-4F-0 as the acceptor
owing to the lower solubility of BTz-4F-0. Fig. 5 shows the J-V
curves and external quantum efficiencies (EQE) spectra of the
optimized J71: BTz-4F-1 and J71: BTz-4Cl-1 based solar cells.*®
The resulting optimal photovoltaic data are listed in Table 2. It
is found that the BTz-4Cl-1-based device showed a PCE
of 3.93% with a V,. of 0.80 V, a short-circuit current ( J.) of
9.66 mA cm ™~ and a fill factor (FF) of 51.0%. In contrast, the
optimal BTz-4F-1-based OSCs showed better photovoltaic prop-
erties than the optimal BTz-4Cl-1-based OSCs. The PCE of
5.72% with a V.. of 0.84 V, J. of 12.28 mA cm ™2 and a FF of
55.3% was obtained in optimal BTz-4F-1-based OSCs, which
was 1.46 times higher than that of BTz-4Cl-1 based ones.
Higher EQE of 56% observed for the optimal J71: BTz-4F-1
blend further supported the result of higher PCE for the
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Fig. 5
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optimal OSCs based on the J71: BTz-4F-1 blend, in which the
J71: BTz-4Cl-1 blend exhibited a lower EQE of 42%. The higher
EQE meant that the J71: BTz-4F-1 blend has a higher photo-
response efficiency, which improves Js. for the J71: BTz-4F-1-
based OSCs.

2.4 Charge mobility and film morphology

The hole-only and electron-only devices were further fabricated
to study the carrier-transporting properties of the photosensi-
tive layer using the space-charge-limited current (SCLC)
method.** Fig. 6 shows the J>-V plots of these hole-only and
electron-only devices based on the J71: BTz-4F-1 and J71: BTz-
4Cl-1 blends. For the J71: BTz-4Cl-1 devices, the calculated
electron mobility and hole mobility are 3.50 x 107> em* V' s7*
and 8.01 x 10~ em® V' s™'. In contrast, increasing electron
mobility of 5.16 x 10> cm® V' 5" and hole mobility of 8.95 x
107% em® V' s ! are observed for the devices based on the J71:
BTz-4F-1 blends, which were slightly higher than those
corresponding values for the devices based on the J71: BTz-4Cl-1
blends. It further supports the truth why the devices based on the
J71: BTz-4F-1 blends exhibited higher FF.

) T1:BT2-4F-1
) 71:BT2-4C)-1
60 4
a\: 404
=
g
=
20 4
0 T T T T T
300 400 500 600 700 800 900

Wavelength (nm)

(a) J-V curves and (b) EQE spectra for the BTz-4F-1 and BTz-4Cl-1 based OSCs using polymer J71 as the donor at optimized process conditions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The photovoltaic properties of the BTz-4F-1 and BTz-4Cl-1 based OSCs using polymer J71 as the donor at optimized process conditions

Active layer

DIO ratio (%) Vo (V) Jse (MA em™?) Cal. Jo. (mA cm™?) FF (%) PCE® (%)

tn % 10° (em®* V' s™h) g x 10° (em®> Vs

J71: BTz-4F-1 1.0
J71: BTz-4Cl-1 1.0

0.84
0.80

12.28
9.66

12.28
9.66

“Value in parentheses donotes the averaged PCE obtained from 10 devices.
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Fig. 6 (a) Jon—Vess and (b) dark current density curves of J71: BTz-4F-1 and J71: BTz-4Cl-1 blend OSCs under optimal conditions; JY2-V plots of the
hole-only devices (c) and the electron-only devices (d) based on the J71: BTz-4F-1 and J71: BTz-4Cl-1 blends.

The photocurrent ( Jpn)-effective voltage (Ves)-dark current
density ( Jo) characteristics were measured for the J71: BTz-4F-1
and J71: BTz-4Cl-1 devices under optimal conditions in order to
further evaluate their photoelectric performance, as recorded in
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/ o 010
I ~
g
E M
/200 \
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20(°)
Fig. 7 XRD patterns of the BTz-4F-1 and BTz-4Cl-1 pristine solid
powders.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 6. Here, Jp, is defined as J;, — Jp, denoting the current under
the illumination of 100 mW cm ™2 and in the dark. Vg can
be described by Ve = Vo — Vappi, where Vj is the voltage when
Jpon = 0 and Vg, is the applied bias voltage. It is found that 1,
reached saturation when V. is up to 3 V. The exciton dissocia-
tions (1qiss) of the J71: BTz-4Cl-1 and J71: BTz-4F-1 devices are
calculated to be 86.44% and 91.75%, respectively. It implies
that J71: BTz-4F-1 devices exhibited more efficient charge
dissociation than J71: BTz-4Cl-1 devices, which correlated with
the higher J,. in the J71: BTz-4F-1 devices. On the other hand, a
large rectification ratio and low dark current at reverse bias are
observed in the optimal J71: BTz-4F-1 devices. It implies that
the optimal J71: BTz-4F-1 devices had fewer defects and
reduced shunt resistance effect. As a result, the optimal J71:
BTz-4Cl-1 devices can get increased FF and J. values.

Fig. 7 shows the powder X-ray diffraction (XRD) patterns of
BTz-4F-1 and BTz-4Cl-1. There are two diffraction peaks
(100, 010) for the BTz-4F-1 powder and three diffraction peaks
(100, 200, 010) for the BTz-4Cl-1 powder. Furthermore, the
small-angle diffraction peak of BTz-4Cl-1 is more intense and
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Fig. 8 AFM height (a, c) and AFM phase (b, d) of the optimal J71: BTz-4F-1
(a, b) and J71: BTz-4Cl-1 (c, d) blend films.
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sharper than that of BTz-4F-1, which meant that BTz-4Cl-1 was
a more ordered layer stack than BTz-4F-1. Based on their
resulting small-angle diffraction peaks respectively at a
2-theta angle (26) of 5.83° and 6.08°, the d-spacing values are
calculated to be 15.13 A for BTz-4F-1 and 14.51 A for BTz-4Cl-1
using the Bragg equation, which implies that BTz-4Cl-1 has
more ordered lamellar stacking than BTz-4F-1. In addition,
based on the weak diffraction peaks in the wide-angle region,
the intermolecular n-n stacking distance is 4.10 A for BTz-4F-1
and 3.46 A for BTz-4Cl-1. This further indicates that BTz-4Cl-1
has a stronger intermolecular n-n stacking effect. Such inter-
molecular interaction and solubility are observed to further
affect the surface morphology of both SMA blends with J71
seriously.

Fig. 8 shows the surface morphologies of J71: BTz-4F-1 and
J71: BTz-4Cl-1 blend films under optimal conditions tested
using an atomic force microscope (AFM). The root mean square
(RMS) roughness of 2.54 and 5.35 nm were observed in the J71:
BTz-4F-1 and J71: BTz-4Cl-1 blend films, respectively. It
is obvious that the J71: BTz-4F-1 blend film exhibited more
appropriate phase separation dimensions than the J71:
BTz-4Cl-1 blend film, which is available to promote the
dissociation of exciton dissociation and charge transport, resulting
in an increasing PCE.*>*® It indicates that fluorination instead of
chlorination in the terminal here is more available to improve the
surface morphologies of the blend films.

3 Conclusions

In summary, 4,4’-dimethyl-2,2'-bithiazole and 2,2'-bithiazole
were used as A, cores to construct a type of non-fused-ring
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SMAs of BTz-4F-0, BTz-4F-1 and BTz-4Cl-1 with an Aw/(n-A),
architecture. It was found that BTz-4F-1 and BTz-4Cl-1 with
methylation in bithiazole core exhibited significantly increasing
solubility than the non-methylated BTz-4F-0. Furthermore, the
fluorinated BTz-4F-1 exhibited an adjustable crystallinity and
increased solubility in comparison with the chlorinated BTz-4Cl-
1. As a result, the J71: BTz-4F-1 based OSCs exhibited better
morphological and photovoltaic properties than the J71: BTz-
4Cl-1 based OSCs. An increasing PCE of 5.72% was observed in
the J71: BTz-4F-1 based OSCs, which is 1.46 times higher than
that of the J71: BTz-4Cl-1 based OSCs. This study is of great
significance to guide the design and improve the efficiency of
simple-structure non-fused-ring SMAs based on an Ay(n-A),
architecture.
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