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Non-fullerene small molecule acceptors with
three-dimensional thiophene/selenophene-
annulated perylene diimides for efficient organic

Jiawei Pan,? Ling Wang,” Wei Chen,? Shenglong Sang,® Hua Sun,® Bo Wu,’

Xiao-Chun Hang,? Zhengyi Sun

*3 and Wei Huang 2 2°

New three-dimensional non-fullerene small molecule acceptors were synthesized with the structure of
a spiro core, 4,4'-spirobilcyclopental2,1-b;3,4-b’]dithiophene] (SCPDT) linked with S/Se fused perylene
diimides (PDls). The three-dimensional structure suppresses the aggregation of PDIs and the formation
of excessively large crystalline domains. The well-conjugated structure and electron-rich property of
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the spiro core give rise to high electron mobility, making for more balanced carrier transport. The
introduction of S/Se aromatic rings leads to appropriate energy levels and more twisted molecular
configurations. Organic solar cells based on the PBDB-T-S:SCPDT-PDI4-S bulk heterojunction exhibit a

high power conversion efficiency of 6.95% along with a high V. of 1.00 V, a Jsc of 11.72 mA cm2and a

rsc.li/materials-c fill factor of 59.27%.

Introduction

In past decades, bulk heterojunction (BH]J) organic solar cells
(OSCs) have attracted extensive attention owing to their attrac-
tive characteristics, for instance, low cost, flexibility in their
fabrication, large-area printing production and environ-
mentally friendly nature."”® Polymer materials as donors and
fullerene or non-fullerene materials as acceptors make up the
active layers of the OSCs. Fullerene derivatives such as PC4;BM
([6,6]-phenyl-Ce;-butyric acid methyl ester) and PC,,BM ([6,6]-
phenyl-C,;-butyric acid methyl ester) have undergone remark-
able development in the last few years and power conversion
efficiencies (PCEs) of fullerene-based BH] OSCs of over 11%
have been reported.'®™"* Despite fullerene derivatives playing a
significant role in the development of OSCs, their weaknesses
are obvious, for example the fabrication of fullerene is costly
and energy level tuning is not easy.">'" Hence, non-fullerene
acceptors have been paid much attention in the development of
OSCs. Compared with fullerene, non-fullerene acceptors have
advantageous characteristics, such as tunable energy levels,
appropriate optical absorption, good chemical stability and
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excellent morphology stability.">® To date, a series of high-
performance non-fullerene acceptors have been intensively
developed and studied, such as perylene diimide (PDI),"
ITIC," Y6*° and their derivatives.'®® Especially, thanks to
their strong absorption in the near-infrared region, high elec-
tron mobility and suitable energy levels, OSCs based on Y6 or
its derivative acceptors have already achieved PCEs of over
17%,%°*! which are to date the highest efficiencies for single-
junction OSCs. Meanwhile, PDI-based acceptors have also been
subject to much exploration, owing to their fascinating proper-
ties such as easy accessibility, intense absorption in the visible
region, high electron affinity and mobility, and excellent photo-
chemical stability.****"*® The PCEs of OSCs with PDI derivative
acceptors have exceeded 10%.>* However, PDI has a large
planar structure and strong intermolecular n-rn stacking, leading
to the formation of excessively large crystalline domains, which
may result in considerable phase separation in the active layer
and thus limit the device performance.***° So as to suppress the
tendency to aggregate, many methods have been explored, such
as the construction of twisted PDI dimers and three-dimensional
structured oligomers. In addition, S,>”*° Se'”** and N*°
heteroatoms have been incorporated at the bay positions of PDI
units to gain more twisted structures and higher lowest unoccu-
pied molecular orbital (LUMO) levels. Although great progress has
been made in acceptors based on multidimensional PDIs, most of
the previous work has focused on the structure of twisted PDI
dimers. In comparison, besides suppressing the aggregation,
these three-dimensional structures can further promote
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isotropic charge transport, which is favorable to the device
performance. Therefore, it is pertinent to make high performance
PDI-based acceptors by adopting the three-dimensional structures.

In this study, we report two new propeller-shaped small
molecule acceptors (SMAs) named SCPDT-PDI,-S and SCPDT-
PDI,-Se, based on a spiro core 4,4’-spirobi[cyclopenta[2,1-5;3,4-
b’]dithiophene] (SCPDT) linked with S/Se fused PDIs. The spiro
core SCPDT possesses an orthogonal molecular conformation
with two planar cyclopenta[2,1-b;3,4-b']dithiophene (CPDT)
units connected via a spiro sp® carbon, and shows unique
optical and electrochemical properties due to the use of thio-
phene as the central aromatic system to provide the n-electron
conjugation.*”*> Owing to the well-conjugated structure and
electron-rich property of two CPDTs,*® these two SMAs are
expected to possess strong intramolecular charge transfer charac-
teristics and thus broad low-energy optical transitions and high
carrier mobilities. The introduction of S/Se aromatic rings has an
important effect on the energy levels and molecular configurations,
as well as carrier mobilities. By using SCPDT-PDIL,-S as the acceptor
and the polymer PBDB-T-S as the donor, the OSCs show a higher
PCE of 6.95% compared with that of 4.26% for SCPDT-PDI,-
Se-based counterparts, which is attributed to the combined pro-
perties of appropriate energy level, balanced carrier mobility and
appropriate phase separation in the active layer.

Results and discussion
Synthesis and characterization

The synthetic routes of the two new acceptors are illustrated in
Scheme 1 and Scheme S1 (ESIf). The synthesis of PDI-S uses
methods borrowed from previous literature,*” by which PDI-S
was obtained through the reaction of the compound PDI-NO,
with S in N-methyl-2-pyrrolidone (NMP) solvent. Then, it was
reacted with liquid bromine at room temperature to produce
monomer PDI-S-Br. Afterwards, SCPDT-PDI,-S was yielded via
Stille coupling reaction between 4Sn-SCPDT and the compound
PDI-S-Br. The synthetic route of SCPDT-PDI,-Se was similar to
that of SCPDT-PDI,-S. The compounds were characterized by
NMR spectroscopy and mass spectrometry (Fig. S5-S8, ESIT).
Both SCPDT-PDI,-S and SCPDT-PDI,-Se show good thermal
stabilities (Fig. S4, ESIf), with 5% weight loss at 368.75 °C
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Scheme 1 Synthesis routes of SCPDT-PDI4-S and SCPDT-PDI4-Se.
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and 370.85 °C, respectively. They show excellent solubility in
common organic solvents such as chloroform and chloroben-
zene, which is mainly due to their 3D molecular structure and
branched alkyl side chains.

Optical and electrochemical properties

The UV-visible absorption spectra of SCPDT-PDI,-S and SCPDT-
PDI,-Se in solutions and thin films are illustrated in Fig. 1 and
the corresponding data are summarized in Table 1. As shown in
Fig. 1a, the two acceptors show similar absorption profiles in
dichloromethane solution (10~> M), while the spectrum
of SCPDT-PDI,-S exhibits a slight blue shift. In the range of
400-600 nm, SCPDT-PDI,-S and SCPDT-PDI,-Se exhibit high
absorption with the peaks at 498 and 503 nm, respectively. In
Fig. 1b, it can be seen that the absorption spectra of the films are
quite similar to those of the solutions, indicating a weak inter-
molecular aggregation of the two acceptors in the solid state. The
optical bandgaps (Eg™) of SCPDT-PDL,-S and SCPDT-PDI,-Se are
estimated to be 1.87 and 1.84 eV, respectively, from the empirical
formula EgP" = 1240/onser. It is easy to see in Fig. 1b that the
combination of the absorbances of donor molecule PBDB-T-S
and these two acceptors covers the visible spectrum well. And in
comparison, owing to the blue shift, the spectrum of SCPDT-
PDI,-S is expected to make a better combination with that of the
PBDB-T-S donor. To further verify these, the absorption spectra
of SCPDT-PDI,-S and SCPDT-PDI,-Se blended with PBDB-T-S
(1:1, w/w) are characterized, which confirm a full harvest of
light in the visible spectrum, as shown in Fig. S1 (ESIf). As
expected, the PBDB-T-S:SCPDT-PDI,-S blend shows superior
absorbance compared with PBDB-T-S:SCPDT-PDI,-Se one.
Cyclic voltammogram (CV) measurements were carried
out in dichloromethane solution (Fig. S2, ESI{). The LUMO
and highest occupied molecular orbital (HOMO) levels
were estimated to be —3.75/—5.62 eV and —3.74/—5.58 €V for
SCPDT-PDI,-S and SCPDT-PDI,-Se, respectively, according to
the reduction onset potential and optical bandgap (Eg™) (Table 1).
The LUMO levels of SCPDT-PDI,-S and SCPDT-PDI,-Se are almost
the same and show a rise in comparison with that of SCPDT-PDI,
(—3.80 eV),”” which can be attributed to the introduction of
S/Se aromatic ring with electron-donating ability."”*° The energy
offset between LUMO of SCPDT-PDI-S (—3.75 eV) and HOMO of

X=8 SCPDT-PDI4-S
Se SCPDT-PDI,-Se
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Fig. 1 (a) The normalized UV-vis absorption spectra of SCPDT-PDI4-S and SCPDT-PDI,4-Se in dichloromethane solution (10~ M). (b) The normalized
absorption spectra of SCPDT-PDI,4-S, SCPDT-PDI4-Se and PBDB-T-S thin films.

Table 1 Basic properties of SCPDT-PDI4-S and SCPDT-PDI4-Se

Jmax Jonset P HOMO LUMO
Acceptor (nm) (nm) (eV) (eV) (eV)
SCPDT-PDI,-S 499 663 1.87 —5.62 —3.75
SCPDT-PDI,-Se 509 674 1.84 —5.58 —-3.74

PBDB-T-S (—5.35 eV) is 1.6 eV; therefore a high V,. can be
reasonably expected.

Theoretical analysis

In order to get the optimal 3D molecular geometries, density
functional theory (DFT) calculations were performed at the
B3LYP/6-31G(d) level.** For convenience of calculation, we used

LUMO

% 7807f
3, o9
?

methyl to replace long branched alkyl chains. Both SCPDT-
PDI,-S and SCPDT-PDI,-Se show 3D nonplanar configurations,
which should contribute to suppressing aggregation tendency
and intermolecular stacking. As shown in Fig. 2, the LUMOs of
SCPDT-PDI,;-S and SCPDT-PDI,-Se are mainly located on the
SCPDT core, while the HOMOs are distributed on peripheral
PDIs, which implies a polarization in the excited state. The
LUMO/HOMO levels of SCPDT-PDI,-S and SCPDT-PDI,-Se are
—3.52/—5.77 eV and —3.49/—-5.77 eV, respectively, from DFT
calculations, which are consistent with the experimental values
from the CV measurements. Moreover, the four dihedral angles
between CPDT and the PDI unit are 81.88°, 77.10°, 78.07° and
80.07° for SCPDT-PDI,-S, and 81.20°, 74.26°, 74.42° and 80.97°
for SCPDT-PDI,-Se (see Fig. 2). Compared with the value of 59°
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Fig.2 HOMOs, LUMOs and optimized molecular geometries of (a) SCPDT-PDI4-S and (b) SCPDT-PDI4-Se calculated by DFT at the B3LYP/6-31G(d)

level.
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Fig. 3 Device configuration of the OSCs and energy levels of PBDB-T-S, SCPDT-PDI4-S and SCPDI-PDI4-Se.

for all these dihedral angles in SCPDT-PDI,,** this remarkable
increase clearly indicates that the introduction of an S/Se
aromatic ring (especially thiophene) leads to a more twisted
molecular structure, which is beneficial to the suppression of
molecular aggregation and the blending of donor and acceptor
in the active layer.

Photovoltaic properties

OSCs using SCPDT-PDI,-S and SCPDT-PDI,-Se as acceptors were
fabricated with the conventional architecture of ITO/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/
PBDB-T-S:acceptors/2,9-bis((3-(dimethylamino)propyl)anthra[2,1,9-
def:6,5,10-defldiisoquinoline-1,3,8,10(2H,9H)-tetraone) (PDIN)/Al, as
shown in Fig. 3 and Fig. S3 (ESIt). The wide bandgap polymer
PBDB-T-S was selected as the donor owing to its complementary
absorbance and matched energy levels with SCPDT-PDI,-S and
SCPDT-PDI,-Se. In our experiment, the optimal donor-acceptor
weight ratio was found to be 1:1, with a total concentration of
20 mg mL " in dichlorobenzene. The current density-voltage (J-V)

3] (@)
0

] —— PBDB-T-S:SCPDT-PDI:-S
-3 —— PBDB-T-S:SCPDT-PDIL:-Se

1
(=)
1

1
=}
PR

Current Density (mA/cm”)
—
i

02 00 02 04 06 08 1.0
Voltage (V)

characteristics of the devices are shown in Fig. 4a and the
parameters are summarized in Table 2. The PBDB-T-S:SCPDT-
PDI,-S-based device (SCPDT-PDIL,-S device) achieves a high PCE of
6.95% along with a high V. of 1.00 V, . of 11.72 mA cm > and fill
factor (FF) of 59.27%, while the PBDB-T-S:SCPDT-PDI,-Se-based
device (SCPDT-PDI,-Se device) has a PCE of 4.26%, along with a
Voe Of 0.97 V, Jo. of 8.70 mA cm ™2 and FF of 50.55%. It can be
easily seen the SCPDT-PDI,-S device shows the much higher Jg,
which can be ascribed to the more complementary absorbance of
SCPDT-PDI,-S with the donor molecule. In addition, the larger FF
of the SCPDT-PDI,-S device is believed to arise from the more
favorable morphology of PBDB-T-S:SCPDT-PDI,-S film compared
with that of PBDB-T-S:SCPDT-PDI,-Se film, which would reduce
the impedance at the interface. Note that the SCPDT-PDI,-S device
also shows a higher efficiency than the SCPDT-PDI,-based device
with the different polymer donor PTB7-Th (PCE = 6.31%, without
additive), as reported in the literature.*” In our study, the donor
PTB7-Th paired with SCPDT-PDI,-S and SCPDT-PDI,-Se acceptors
was also tried but led to a relatively low performance.
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Fig. 4 (a) J-V curves and (b) IPCE spectra of the OSCs with PBDB-T-S:SCPDT-PDI4-S and PBDB-T-S:SCPDT-PDI4-Se absorber layers under

illumination of AM 1.5G at 100 mW cm™2.
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Table 2 Performance of the optimized OSC devices based on the active layer of PBDB-T-S:acceptor (1:1, w/w) under illumination of AM 1.5G at

100 mW cm~2

Active layer Voe (V) Jse (MA) FF (%) PCE” (%) th (em®> v 's™h) e (em?> V' tsTh Un/ e
PBDB-T-5:SCPDT-PDI,-S 1.00 11.72 59.27 6.95 (6.90) 1.960 x 10° 1751 x 10°° 1.12
PBDB-T-S:SCPDT-PDI,-Se 0.97 8.70 50.55 4.26 (4.16) 1.779 x 10° 1.097 x 10° 1.62

% The first value in each is the best PCE, while the one in parentheses is the average PCE collected from 10 independent devices.

The incident photon to current efficiency (IPCE) spectra
of the SCPDT-PDI,-S device and SCPDT-PDI,-Se device are
displayed in Fig. 4b. Both the PBDB-T-S:SCPDT-PDI,-S and
PBDB-T-S:SCPDT-PDI,-Se blend films exhibit a broad spectral
response from 320 to 720 nm. The optimal SCPDT-PDI,-S
device exhibits a stronger photo response in the wavelength
range of 400-670 nm with a maximum quantum efficiency of
62%. The J,. values integrated from the IPCE data are 11.34 and
8.33 mA cm ™2 for the SCPDT-PDI,-S and SCPDT-PDI,-Se devices,

respectively, which are consistent with the values obtained from
the J-V measurements (less than 5% mismatch).

To further account for the superior performance of the
SCPDT-PDI,-S device, the morphologies and the charge carrier
mobilities of the OSC active layers were investigated. The
surface morphology was characterized by atomic force micro-
scopy (AFM) and transmission electron microscopy (TEM).
It can be seen in Fig. 5a-d that the as-cast blend films of
PBDB-T-S:SCPDT-PDI,-S and PBDB-T-S:SCPDT-PDI,-Se display

Fig. 5 Morphology images of PBDB-T-S:SCPDT-PDI4-S (1:1, w/w; left) and PBDB-T-S:SCPDT-PDI4-Se (1:1, w/w; right) blend films: (a) and (b), AFM

height; (c) and (d), AFM phase; (e) and (f), TEM images.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Dark current density—voltage characteristics for (a) hole-only devices and (b) electron-only devices with optimized PBDB-T-S:SCPDT-PDI4-S

and PBDB-T-S:SCPDT-PDI,4-Se active layers.

smooth and uniform morphologies. The root mean square
(RMS) surface roughness values are 2.443 nm and 2.705 nm,
respectively. No distinct molecular aggregations between the donor
PBDB-T-S and the two acceptors take place. Compared with the
PBDB-T-S:SCPDT-PDI,-Se film, the PBDB-T-S:SCPDT-PDI,-S film
exhibits some improvement in the RMS surface roughness values,
which could be beneficial to the enhancement of FF and J,. in the
device.”® The AFM image of the PBDB-T-S:SCPDT-PDI,-S film also
seems to exhibit a certain nanofibrillar structure, which facilitates
charge collection and transport. The TEM images demonstrate
that the domain size of the PBDB-T-S:SCPDT-PDI,-S film is
smaller than that of the PBDB-T-S:SCPDT-PDI,-Se film (Fig. 5e
and f), indicating more suppressed aggregation, which will
facilitate exciton dissociation and hence improve the FF and
Jsc- As expected, SCPDT-PDI,-S, with the more twisted mole-
cular configuration, gives rise to better surface morphology of
the blend film.

Charge transport characteristics play an important role in
device performance; hence we investigated the charge carrier
mobility of the donor-acceptor blend film with the space-
charge-limited current (SCLC) method, as shown in Fig. 6.
Hole-only and electron-only devices were fabricated with the
structures ITO/PETDOT:PSS/active layer/MoO;/Al and ITO/ZnO/
active layer/PDIN/Al, respectively. The hole mobilities (un) of
PBDB-T-S:SCPDT-PDI,;-S and PBDB-T-S:SCPDT-PDI,-Se active
layers were calculated to be 1.960 x 107> and 1.779 x
107° em® V' s, respectively, while the electron mobilities (i)
are 1.751 x 107> and 1.097 x 107> em® V' s, respectively.
Therefore, PBDB-T-S:SCPDT-PDI,-S shows higher p, and pe
values as well as more balanced up/u. values compared with
PBDB-T-S:SCPDT-PDI,-Se (see Table 2), which also reasonably
accounts for the higher J;. and FF values of SCPDT-PDI,-S device.

Conclusions

In summary, we designed and synthesized two new non-
fullerene SMAs of SCPDT-PDI,-S and SCPDT-PDI,-Se with SCPDT
as the spiro core and PDI-S and PDI-Se as the peripheral groups.

6754 | J Mater. Chem. C, 2020, 8, 6749-6755

In comparison with SCPDT-PDI,-Se, SCPDT-PDI,-S exhibits the
more suitable absorption properties and more twisted molecular
configuration, as well as higher carrier mobility in the blend
film. The BHJ OSCs based on the PBDB-T-S:SCPDT-PDI,-S active
layer achieve a high PCE of 6.95%, with V,. of 1.00 V, J,. of
11.72 mA cm ™2 and FF of 59.27%, showing a better performance
than PTB7-Th:SCPDT-PDI,-based devices without additive,
while the OSCs based on the PBDB-T-S:SCPDT-PDI,-Se active
layer show lower performance. The good photovoltaic property of
SCPDT-PDI,-S makes it a suitable candidate for non-fullerene
acceptors in OSCs. The design strategy of SMAs with suitable
spiro core and S-annulated PDI end groups is a simple and
efficient method to achieve high performance OSCs. It can be
expected that with further optimization of energy levels and
optical absorption, the corresponding devices can achieve better
efficiency in the future.
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