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An isomerization method was utilized to yield a novel near-infrared nonfullerene acceptor DTA-IC-M. By
simply changing the linking fashion between the anthracene and neighboring thiophenes, a remarkable
redshift (~170 nm) of absorption was observed from DTA-IC-S to its isomer DTA-IC-M which shows
a maximum absorption peak over 800 nm with a narrow bandgap of 1.35 eV. Due to the enhanced
photo-to-current response in the near-infrared region, an improved short-circuit current of 12.96 mA
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Nonfullerene n-type organic semiconductors have attracted
increasing attention as electron acceptors in organic solar cells
(OSCs) owing to their favorable features, such as widely tunable
absorption windows and controllable energy levels.” It is well
known that the majority of solar irradiation is located at near-
infrared (NIR) region (>750 nm), hence exploring NIR non-
fullerene acceptors (NNAs) is highly desirable in order to ach-
ieve efficient OSCs with high short-circuit current (/). In
addition, NNAs will be beneficial for realizing high-
performance semitransparent and tandem OSCs. For example,
a carbon-oxygen-bridged NNA reported by Ding et al. shows an
ultralow bandgap (E;) of 1.26 eV with the maximum absorption
peak over 800 nm, which enables a remarkable Js. of 27.39 mA
cm ™~ with a power conversion efficiency (PCE) of 14.62% *
single-junction OSCs and a much higher PCE of 17.36% *
tandem OSCs. Recently, Zou et al. invented a novel A-D-A-D-A
type NNA with a low E; of 1.33 eV as well as good electron-
transporting ability which boosted the PCE to 15.7% and
16.5% in binary** and ternary® single-junction OSCs, respec-
tively. Hence, huge potential still exists for the development of
NNAs.

Generally, there are three main strategies for designing
NNAs as shown in Fig. 1. Taking the simplest fused-ring elec-
tron acceptor IDT-IC as the starting point, elongating the -
conjugation of molecular skeleton is the most widely used

“Department of Materials Science and Engineering, The Shenzhen Key Laboratory for
Printed Organic Electronics, Southern University of Science and Technology
(SUSTech), No. 1088, Xueyuan Road, Shenzhen, Guangdong 518055, China. E-mail:
wangy6@sustech.edu.cn; guoxg@sustech.edu.cn

*Department of Chemistry, Korea University, Seoul 02841, South Korea

T Electronic supplementary information (ESI) available: Experimental details,
synthetic procedures, absorption spectra, theoretical calculations, charge
mobility measurement, optimal photovoltaic parameters of OPVs, AFM, TEM,
GIWAX. See DOI: 10.1039/c9ra07911d

i These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2019

cm~2 was achieved for the DTA-IC-M based OSCs.

method to redshift absorption (method A).® As a result, a low E,
of 1.35 eV is obtained for NNA1 having a 8-ring fused backbone.”
Alternatively, introducing strong electron-donating functional-
ities such as alkoxy or alkyl amino groups can also reduce E,
(method B),*® e.g. a similar E, of 1.34 eV is achieved for NNA2.5
In addition, narrow E, could be also realized by increasing
quinoidal character® as demonstrated in NNA3 (method C),
which shows an E, of 1.32 eV.*>** Despite of these achievements
in red-shifting absorption and narrowing bandgap for electron
acceptors, tedious synthesis and high-cost production are
usually required due to the introduction of additional specific
functional groups onto the initial molecular backbones.
Therefore, the exploration of NNAs with simple structural
modification and facile synthesis is preferred for future
commercialization of OSCs.
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Fig. 1 Typical methods employed to reduce the bandgap (Eg) of
nonfullerene acceptors.
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As reported in our previous work," polycyclic aromatic
hydrocarbon (PAH) based acceptors feature readily tailorable
chemical structures and facile synthesis as well as fine-tuned
optoelectronic properties. Based on such simple-to-use chem-
ical backbones, here, an isomerization method was employed to
produce a novel NNA without increasing the workload of
synthesis. As depicted in Fig. 1, we have developed an anthra-
cene based acceptor DTA-IC-S in our previous work,"” which
possesses a medium E, of 1.67 eV similar to that of IDT-IC.
Interestingly, after simply changing the linking fashion
between the anthracene core and fused thiophene units,
a significant redshift of nearly 170 nm could be realized for the
newly-developed acceptor DTA-IC-M, rendering an absorption
maximum (An,ay) at 822 nm as well as a low E, of 1.35 eV. Owing
to its wide photo-response in NIR region (750-950 nm), an
enhanced J,. of 12.96 mA cm ™2 could be achieved in the DTA-IC-
M based solar cells compared to DTA-IC-S, enabling a PCE of
4.2%.

As shown in Scheme S1,t the synthetic route to DTA-IC-M is
exactly the same with DTA-IC-S'* except for different commer-
cially available starting materials (i.e. 1,5-dibromoanthracene
for DTA-IC-S and 9,10-dibromoanthracene for DTA-IC-M),
ensuring low-cost and facile synthesis. The structure and
purity of new acceptor DTA-IC-M was proved by "H NMR, *C
NMR, high resolution mass spectrometry, and elemental anal-
ysis as included in the ESL.}

The UV-vis absorption spectra of DTA-IC-S and DTA-IC-M are
shown in Fig. 2a with the corresponding data summarized in
Table 1. Surprisingly, a significant redshift of A, as large as
145 nm is observed for DTA-IC-M in solution versus its isomer
DTA-IC-S, accompanied by an intensified molar extinction
coefficient (&) from 1.63 x 10° M~ ' cm ™' of DTA-IC-S to 2.23 x
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Fig. 2 (a) Normalized absorption spectra of DTA-IC-S and DTA-IC-M
in CHClz solutions and as thin films; (b) chemical structure of DTA-IC-
S and DTA-IC-M; (c and d) frontier molecular orbitals of (c) DTA-IC-S
and (d) DTA-IC-M.
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10°M ' em ! of DTA-IC-M (Fig. S11 and Table 1). Ongoing from
solution to thin film, the redshift of A, increases to 168 nm
due to enhanced intermolecular interactions in solid state with
the Amax Of DTA-IC-M reaching 822 nm in NIR region. As
a result, a medium bandgap electron acceptor DTA-IC-S (E, =
1.67 eV) could be transformed to a NNA DTA-IC-M (E, = 1.35 €V)
just by simple structural isomerization.

To unravel such an interesting phenomenon of absorption
properties, density functional theory (DFT) and time-dependent
DFT (TD-DFT) calculations were carried out at the B3LYP/6-
31(d,p) level. As shown in Fig. S2a,} DTA-IC-S features
a highly planar backbone with four 4-methylphenyl groups out
of the plane, while DTA-IC-M exhibits a slightly twisted struc-
ture which might be due to the steric hindrance between S
atoms in thiophene rings and hydrogens at 1 and 5 positions of
anthracene. Fig. 2c and d reveal that the highest occupied
molecular orbital (HOMO) is mainly localized on anthracene
and fused thiophene rings for both DTA-IC-S and DTA-IC-M.
However, a pronounced difference is observed for the lowest
unoccupied molecular orbitals (LUMOs). The LUMO of DTA-IC-
S is mainly concentrated on electron-withdrawing ending
groups with marginal delocalization on anthracene, while the
LUMO of DTA-IC-M is fully delocalized along the conjugated
backbone covering the anthracene and fused thiophene rings as
well as ending groups, indicative of a more conjugated back-
bone for DTA-IC-M than that for DTA-IC-S. This is reasonable by
considering that unavoidable cross-conjugation mode exists in
DTA-IC-S as displayed in Fig. S2cf whereas no conjugation node
is found for DTA-IC-M despite of its slightly twisted structure.*?
Moreover, the upshifted HOMO level (—5.32 to —5.25 eV) and
downshifted LUMO level (—3.21 to —3.50 eV) for DTA-IC-M
suggest its narrower bandgap compared to DTA-IC-S. To
further confirm the remarkable variation in absorption prop-
erties for these two isomers, the simulated absorption spectra
were conducted by the TD-DFT calculation as shown in
Fig. S2b.7 Apparently, a large redshift of ~140 nm is also
observed from DTA-IC-S to DTA-IC-M which is in good agree-
ment with the experimental results. Our findings suggest that
structural isomerization employed in this work could furnish
a simple and effective means to construct NNA with facile
synthesis.

The electrochemical properties of DTA-IC-S and DTA-IC-M
were investigated by cyclic voltammetry*® (CV) as shown in
Fig. 3a. Distinctive oxidative and reductive behaviors could be
detected for both compounds, and the HOMO/LUMO levels of
—5.73/—3.83 and —5.53/—4.05 eV were derived for DTA-IC-S and
DTA-IC-M, respectively, based on the onsets of the redox peaks.
The trend of energy level variation is in accordance with that
from the DFT calculations. In addition to the frontier molecular
orbital (FMO) energy levels, the electron mobility (u) is also
probed by the space-charge-limited-current (SCLC) method*
(Fig. S31 and Table 1). A relatively lower y. of 1.06 x 10~° cm?
V™' s is obtained for DTA-IC-M than that of DTA-IC-S (3.90 x
107® cm® V! s7') which may be attributed to the twisted
backbone of DTA-IC-M and the resultant weaker molecular
packing in neat film.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Optical properties, electronic energy levels and electron mobilities of DTA-IC-S and DTA-IC-M

Compound  Amay, som” (M) e (M ' em™)  Amay, aim” (nm) Aonset, aim’ (nm) E, (eV) HOMO? (eV) LUMO? (eV) EZV (eV)

e (em®> Vs

1.63 x 10°
2.23 x 10°

DTA-IC-S
DTA-IC-M

647
792

654
822

744
920

3.90 x 107°
1.06 x 10°°

1.67
1.35

—5.73
—5.53

—3.83
—4.05

1.90
1.48

“ Measured in chloroform solution with a concentration of 10~°> mol L', Measured in neat film. ¢ Estimated from the absorption edge in neat film
using the equation: Ey = 1243/Aongec (€V). 4 Measured in neat film using cyclic voltammetry (CV). ¢ Electrochemical bandgap from CV measurement.
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Fig. 3 (a) Cyclic voltammograms of DTA-IC-S and DTA-IC-M in
acetonitrile with 0.1 M BusNPFg as the supporting electrolyte; (b)
energy level diagram of donor polymer PBDB-T and electron accep-
tors DTA-IC-S and DTA-IC-M.

To evaluate the potential of DTA-IC-M as a NNA, OSC devices
are fabricated with the configuration of indium tin oxide (ITO)/
poly(3,4-ethylenedioxythiopene): poly(styrene sulfonate) (PEDOT:
PSS)/active layer/amino N-oxide perylene diimide (PDINO)'/Al,
where PBDB-T* is selected as the donor polymer. In addition, the
acceptor DTA-IC-S is also used as a control. The optimized D:
a weight ratio of PBDB-T: DTA-IC-S and PBDB-T: DTA-IC-M are
1:1.5 and 1: 1, respectively, and no additives are needed during
the device fabrication. The corresponding current density-voltage
(J-V) characteristics of the devices measured under 100 mW c¢cm >
simulated sunlight illumination are displayed in Fig. 4a. The DTA-
IC-S based device shows a PCE of 6.09%, with a V,,. of 0.94 V, a J. of
12.27 mA cm ™2 and a FF of 0.529, which is in consistent with the
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Fig. 4 (a) J-V characteristics of the optimized OSCs under the illu-
mination of AM 1.5G, 100 mW cm™2; (b) EQE curves of the corre-
sponding OSCs; (c) JY2-V curves of the electron-only devices for the
optimal active layer; (d) J¥?~V curves of the hole-only devices for the
optimal active layer.
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result reported in our previous work.™ In contrast, the device based
on DTA-IC-M shows a lower PCE of 4.20% which mainly resulted
from the lower V,. (0.69 V) and FF (0.468). Despite of this, the
slightly enhanced J;. (12.96 mA cm™~?) could be obtained from the
DTA-IC-M based device which can be attributed to the additional
NIR absorption of DTA-IC-M. As shown in Fig. 4b, the external
quantum efficiency (EQE) spectra reveal that a much broader
photo-to-current response from visible to NIR region (300 to 950
nm) is achieved for the DTA-IC-M based device which is in good
agreement with its red-shifted absorption in film state. Although
the EQE value is generally lower for the DTA-IC-M based device
than that of the DTA-IC-S based on in the visible region, the
absorption contribution in the NIR region enables a higher inte-
grated . of 12.56 mA cm > for the DTA-IC-M based cell compared
to 11.93 mA cm™ > for the DTA-IC-S base one, suggesting the great
significance of NIR harvesting for such low bandgap electron
acceptor.

To understand the lower PCE of the NNA DTA-IC-M
compared to the medium bandgap acceptor DTA-IC-S, energy
levels are taken into consideration first. As shown in Fig. 3b, the
lower-lying LUMO of DTA-IC-M is responsible for the decreased
Voc in the device compared to DTA-IC-S (0.69 V vs. 0.94 V)."”
However, the energy loss (Ej.ss) is reduced to 0.66 eV for the
DTA-IC-M based device as compared to that of the DTA-IC-S
based cell (0.73 eV) according to the equation: Ejos = EgP* -
eVoe.'® This may be ascribed to suppressed nonradiative
recombination losses for electron acceptors with a low
bandgap." Subsequently, the charge transport properties in the
blend films were investigated using the SCLC method as illus-
trated in Fig. 4c and d with the calculated data listed in Table
S2.7 The u. is comparable for both DTA-IC-S and DTA-IC-M
based films (2.96 x 107> em®* V"' s7 ' vs. 9.37 x 10 ° ecm* V!
s™'), whereas the hole mobility (u) of DTA-IC-M blend film
(1.16 x 107> em® V' s7') is an order of magnitude lower than
that of DTA-IC-S blend film (1.96 x 10~* cm® V™' s7') which
leads to a much more unbalanced u./up (8.07) for DTA-IC-M
based device and the resultant lower FF. This could be further
confirmed by morphological analysis. Based on the atomic force
microscopy (AFM) (Fig. S47) and transmission electron
microscopy (TEM) images (Fig. S51), it can be seen that more
obvious fiber-like aggregates exist in the PBDB-T:DTA-IC-S
blend film with a larger root-mean-square (RMS) roughness of
3.12 nm, while the PBDB-T:DTA-IC-M blend shows a more
homogenous film with a RMS roughness of 1.39 nm. This likely
indicates that DTA-IC-M blend film suffers from an unsatis-
factory phase separation which results in lower charge trans-
porting abilities, increased charge recombination losses and

RSC Adv., 2019, 9, 37287-37291 | 37289
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the lower FF, ultimately.® Similar results could also be obtained
from two dimensional (2D) grazing-incidence wide-angle X-ray
scattering (GIWAXS) (Fig. S61). The weaker scattering along
both in-plane and out-of-plane directions are observed for DTA-
IC-M compared to DTA-IC-S in their pristine films due to the
more twisted molecular backbone of DTA-IC-M and under-
mining intermolecular stacking. Similarly, the PBDB-T:DTA-IC-
M blend film shows a slightly weaker m— scattering along out-
of-plane direction compared to the PBDB-T:DTA-IC-S blend film
which may be owing to the more disruptive PBDB-T crystalli-
zation when blended with the DTA-IC-M with a lower ordering.
Therefore, the nonplanar structure of DTA-IC-M is regarded as
the main origin for the weaker packing, lower charge mobility,
poorer phase separation and ultimately lower device perfor-
mance in OSC devices. However, this issue can be tackled by
further structural optimization, e.g. replacing fused thiophene
units with furan units to reduce steric hindrance. Please note
that the most significant finding in this work is the realization
of a novel NIR electron acceptor featuring a simple structure
and facile synthesis by a newly developed structural isomeri-
zation method.

Compared with several benchmark nonfullerene acceptors
(Table S37), the acceptor DTA-IC-M synthesized here displays
a fairly narrow optical bandgap of 1.35 eV. It should be noted
that the bandgap of the benchmark non-fullerene acceptors
becomes narrower in principle as the field progresses (Table
S37). To date, the best-performance non-fullerene acceptor Y6
has a bandgap of 1.33 eV,* which is highly comparable to that
(1.35 eV) of our acceptor. The results demonstrate the greatly
advantage of DTA-IC-M for non-fullerene solar cells in terms of
optoelectronic properties. We must admit that the performance
of our acceptor is greatly lower than that of the state-of-the-art
acceptors, which reflects the fact that there is a great room for
further performance improvement through donor polymer
pairing and film morphology optimization. Hence the isomer-
ization method presented in this work provides an effective way
(even if not universal) to develop novel NIR acceptors, which are
highly pursued for maximizing the device performance of non-
fullerene organic solar cells. In addition, developing novel NIR
nonfullerene acceptors is essential for efficient ternary solar
cells or tandem solar cells. More efforts on structural optimi-
zation using this isomerization method are currently under-
going and further improvement of PCE could be anticipated in
the future.

In summary, a new NIR electron acceptor DTA-IC-M is
developed via a structural isomerization method with simple
chemical structure and facile synthesis. Compared to its
medium bandgap isomeric acceptor DTA-IC-S, a remarkable
bathochromic shift (~170 nm) is attained for the new DTA-IC-
M, which shows a maximum absorption peak over 800 nm
and a narrowed bandgap of 1.35 eV. Due to the enhanced photo-
to-current response in the NIR region, a higher Js. of 12.96 mA
em™? is achieved for the DTA-IC-M based solar cell with a PCE of
4.21%. Moreover, the universality of this isomerization
approach and the isomerization effect on the stability are
currently undergoing in our lab and further PCE enhancement
could be anticipated in the near future.
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