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Nonfullerene Acceptors Bearing Spiro-Substituted Bithiophene Units
in Organic Solar Cells: Tuning the Frontier Molecular Orbital
Distribution to Reduce Exciton Binding Energy

Kai Wang, Seihou Jinnai,* Takumi Urakami, Hirofumi Sato, Masahiro Higashi,
Sota Tsujimura, Yasuhiro Kobori, Rintaro Adachi, Akira Yamakata, and Yutaka Ie*

g )

Abstract: The development of nonfullerene acceptors (NFAs), represented by ITIC, has contributed to improving the
power conversion efficiency (PCE) of organic solar cells (OSCs). Although tuning the electronic structures to reduce the
exciton binding energy (E,) is considered to promote photocharge generation, a rational molecular design for NFAs has
not been established. In this study, we designed and developed two ITIC-based NFAs bearing spiro-substituted
bithiophene or biphenyl units (named SpiroT-DCI and SpiroF-DCI) to tune the frontier molecular orbital (FMO)
distribution of NFAs. While the highest occupied molecular orbitals (HOMOs) of SpiroF-DCI and ITIC are delocalized
in the main n-conjugated framework, the HOMO of SpiroT-DCI is distributed on the bithiophene unit. Reflecting this
difference, SpiroT-DCI exhibits a smaller E, than either SpiroF-DCI or ITIC, and exhibits greater external quantum
efficiency in single-component OSCs. Furthermore, SpiroT-DCI shows improved PCEs for bulk-heterojunction OSCs
with a donor of PBDB-T, compared with that of either SpiroT-DCI or ITIC. Time-resolved spectroscopy measurements
show that the photo-induced intermolecular charge separation is effective even in pristine SpiroT-DCI films. This study
highlights the introduction of spiro-substituted bithiophene units that are effective in tuning the FMOs of ITIC, which is
\desirable for reducing the E, and improving the PCE in OSCs. )

Introduction unique properties suggest utility for practical applications
such as in agrivoltaics,”'” which has led to much inves-
Organic solar cells (OSCs) continue to show promise as a  tigation in recent years. The active layer of OSCs consists of
next-generation energy source due to advantageous attrib- a bulk-heterojunction (BHJ) structure composed of two
utes such as large-area fabrication, a light weight, flexibility, = organic semiconductors: a hole-transporting material (do-

and the potential for large-scale manufacturing."® These nor) and an electron-transporting material (acceptor).!"
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The combination of high-performance donors with a donor-
acceptor configuration and nonfullerene acceptors (NFAs)
has increased the power conversion efficiency (PCE) of
single-junction OSCs to a remarkable benchmark of more
than 19 %.0'*'! Focusing on NFAs has led to the utilization
of fused structures in the central portion and electron-
withdrawing functional groups at both terminal positions of
conjugated frameworks, which has been established as an
effective molecular design.['""”) However, a molecular design
based on the electronic structures should also be considered
to further improve solar cell performance in terms of
charge-carrier generation.

Organic semiconductors generally possess a relatively
small dielectric constant (¢,) and thus the hole-electron pairs
formed by photoexcitation are tightly bound in a molecule
via the force of Coulomb attraction.”>*! The energy
required to dissociate excitons into free-charge carriers is
called the exciton binding energy (E,). E, is classically
expressed with basic parameters by equation (1)

eZ

By ~ 4me e, R @

In equation (1), e is the elementary charge, ¢, is the
vacuum dielectric constant, and R is the average electron-
hole distance in the molecule. If the E, of semiconductors
can be reduced, excitons generated in BHJ OSCs will be
more effectively dissociated due to a smaller donor/acceptor
energy offset.>?” Therefore, reducing the E, of organic
semiconductors by increasing the ¢ and extending the
conjugation or introduction of polarizable units is regarded
as a rational approach (Figure 1 left). ™ Zhang eral
reported that enhancement of the hole/electron delocaliza-
tion via polymerization of a small n-conjugated compound
led to a reduction in the E.PY Li eral showed that
asymmetric glycolate substitution onto Y6-based com-
pounds, named Y6-40, successfully reduced its E,. Y6-40
showed an improved external quantum efficiency (EQE) of
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1.4% in single-component (SC) OSCs (Figure S1 in the
Supporting Information).® On the other hand, according to
equation (1), the E, of organic semiconductors is also
expected to decrease by increasing the R in the photoexcited
state. Photoinduced charge separation in organic semi-
conductors is generally mediated by the S; excited state, in
which one electron is transitioned from the the highest
occupied molecular orbital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO) in a molecule. Therefore,
we considered that the increased R can be attained by
detaching the spatial distribution of the HOMO and LUMO
of semiconductor molecules. However, the development of
organic semiconductors with a tuned R in the S, state has
not been reported.

Recently, we reported that the introduction of spiro-
substituted biphenyl units has advantages that improve the
OSC characteristics of a non-fused type NFA TT-FT-DCI
(Figure 1).” The n-extended biphenyl unit adjusts the
frontier molecular orbital energy level by modifying the
chemical structure. Replacing the biphenyl unit with an
electron-donating bithiophene unit tunes the shallow
HOMO energy level, which leads to a shift in the electronic
distribution of the HOMO from the conjugated backbone to
the bithiophene unit (See below for details). Therefore, we
hypothesized that the tuning of R could be achieved by
utilizing the structural feature of a perpendicular orientation
in a spiro-substituted unit against a mn-conjugated main
framework. To investigate the effectiveness of this molec-
ular design, we selected a representative fused-ring type of
ITIC framework in this study.'®* Therefore, we designed
new ITIC-based NFAs SpiroT-DCI and SpiroF-DCI, in
which bithiophene and biphenyl skeletons are spiro-substi-
tuted into the ITIC (Figure 1, right). In this study, we
investigated the effect of electronic structures on R, E;, and
OSC characteristics.

SpiroT-DCI
® Fused-ring side units
® Spatially separated HOMO and LUMO

EH
SpiroF-DCI

® Fused-ring side units

Figure 1. Molecular design to reduce the E, of organic semiconductors and chemical structures of SpiroT-DCl, SpiroF-DCI, and ITIC.
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Results and Discussion
Synthesis of Compounds

The synthetic routes to SpiroT-DCI and SpiroF-DCI are
shown in Scheme 1. The starting material 1 was prepared
using a previously reported procedure.” Compound 2a was
obtained in a 65 % yield via the nucleophilic addition of a
lithiated bithiophene derivative of 1. Treatment of com-
pounds 2a with boron tribromide (BBr;) gave SpiroT in an
86 % yield. The formylation of 2a afforded SpiroT-CHO,
which was subjected to Knoevenagel condensation with 1-
(dicyanomethylene)-3-indanone to give SpiroT-DCI. Com-
pound SpiroF-DCI was synthesized in the same manner.
Due to the presence of 2-ethylhexyl groups, both com-
pounds showed sufficient solubility in typical process
solvents such as 1,2-dichlorobenzene (0-DCB), chloroben-
zene, and chloroform. The synthesis details, structural
characterization, '"H and *C NMR spectra, and high-resolu-
tion mass spectrometry data are supplied in the SI.

The thermal properties of SpiroT-DCI and SpiroF-DCI
were evaluated using thermogravimetric analysis (TGA)
under a nitrogen atmosphere. As shown in Figure S2, the
thermal decomposition temperatures (7,) at a 5% weight
loss of SpiroT-DCI and SpiroF-DCI are 319 and 338 °C,
respectively. These T, values indicate that these compounds
possess sufficient thermal stabilities for application to OSCs.

Theoretical Investigation

To gain insight into the effect that spiro-substituted units
exert on electronic structures, theoretical calculations using
density functional theory (DFT) and time-dependent DFT
(TD-DFT) methods were performed. Ground-state and
excited-state geometries were optimized by B3LYP and -

THF

CN
NC
\
0]
LDA  DMF pyridine
—_—
THF CHCl,

SpiroT-CHO : Ar = thiophene  75%
SpiroF-CHO : Ar = benzene  55%

Scheme 1. Synthetic routes to SpiroT-DCI and SpiroF-DCI.
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tuned ®B97XD functions, respectively, using a 6-31G(d,p)
basis set.”**"! As shown in Figure S3, the conjugated back-
bones of SpiroT-DCI and SpiroF-DCI showed a planar
configuration similar to that of ITIC. The bithiophene and
biphenyl units in SpiroT-DCI and SpiroF-DCI are perpen-
dicularly oriented to the indacenodithenothiophene (IDTT,
highlighted in Scheme 1) backbone due to the sp® hybridized
spiro carbon atom.

As shown in Figure 2a, SpiroF-DCI and ITIC showed
overlapped HOMO/LUMO distributions on the IDTT back-
bone. By contrast, SpiroT-DCI exhibited detached HOMO/
LUMO distributions with the HOMO localized mainly on
the bithiophene and the LUMO localized on the IDTT and
dicyanomethylideneindanone (DCI) terminal units. The
different HOMO distributions between SpiroT-DCI and
SpiroF-DCI stem from the difference in the HOMO energy
levels of bithiophene and biphenyl: The HOMO energy
level of bithiophene is shallower than that of the ITIC
backbone, whereas biphenyl possesses a deeper HOMO
energy than that of the ITIC backbone. As a result, the
electron orbital distribution corresponding to the HOMO of
SpiroF-DCI appeared at the HOMO-2 of SpiroT-DCL
Reflecting this HOMO distribution, the HOMO energy
level (Eyomo) of SpiroT-DCI was calculated to be —5.26 eV,
which is obviously upshifted compared with those of SpiroF-
DCI (—5.44¢V) and ITIC (—5.46 ¢V). On the other hand,
the LUMO energy levels (Eyymo) for these compounds are
almost identical values of around —3.35 eV.

To further understand the difference in electronic

structure caused by structural variations, we analyzed the
hole and electron distributions for the S, state (Table S1).
Figure 2b shows the isosurfaces of the hole and electron
distributions in the S, state.’**! Notably, the hole and
electron of SpiroT-DCI were separately populated on the
bithiophene units and on the IDTT backbone, respectively.
By contrast, both the hole and the electron of SpiroF-DCI

SpiroT : Ar = thiophene  86%
SpiroF : Ar =benzene  87%

SpiroT-DCI : Ar = thiophene  78% 1
SpiroF-DCI : Ar = benzene 60% ool LTIl
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Figure 2. (a) Distribution and energy level of molecular orbitals. (b) Distributions of the hole (red) and electron (blue) for S, state.

and ITIC dominantly populated the IDTT backbone. The
distance between hole and electron centroids was calculated
to be 3.612 A for SpiroT-DCI, 0.002 A for SpiroF-DCI, and
0.052 A for ITIC, indicating that SpiroT-DCI forms S, state
with larger R compared to the other compounds. These
results indicate that the exciton in the S; of SpiroT-DCI is
more favorable to the formation of a CT state rather than a
local excited (LE) state. Furthermore, the Coulomb attrac-
tion energies (E.) based on these distributions for SpiroT-
DCI, SpiroF-DCI, and ITIC were calculated to be 2.65, 2.86
and 2.83 eV, respectively.””! The apparently smaller E¢ for
SpiroT-DCI suggests that charge separation in the excited
state might be more facile compared with that of either
SpiroF-DCI or ITIC, which is likely beneficial for the
photon-to-current conversion process in OSCs.

Table 1: Physical properties of SpiroT-DCI, SpiroF-DCl, and ITIC.

Electrochemical and Photophysical Properties

The electrochemical properties of SpiroT-DCI and SpiroF-
DCI, as well as reference compound ITIC, were investigated
using differential pulse voltammetry (DPV). As shown in
Figure S4a, these molecules exhibited a similar reduction
pattern, where the first reduction peaks of SpiroT-DCI,
SpiroF-DCI, and ITIC were 0.95, 0.95, and 0.92 V, respec-
tively, vs. the ferrocene/ferrocenium (Fc/Fc*) couple.*!! As
shown by the oxidation peaks in Figure S4b, SpiroT-DCI
(0.56 V) possesses a lower oxidation potential than that of
either SpiroF-DCI (0.74 V) or ITIC (0.76 V). The Eyomo
and E| o values of SpiroT-DCI, SpiroF-DCI, and ITIC
were calculated from the oxidation and reduction peaks to
be —5.37/-3.83, —5.54/—-3.83, and —5.54/-3.85 ¢V, respec-
tively (Table 1). These values are qualitatively consistent
with the DFT results shown in Figure 2, and experimentally
demonstrate the upshifted HOMO energy level of SpiroT-
DCIL

Compounds A% (nm)® A (nm) Am (nm) EP (V)™ Erowo (€V)? Erpo (€V) IP (V) EA (eV)®  E (eV)"
SpiroT-DCI 693 709 785 1.58 —5.37 -3.83 5.75 3.85 0.32
SpiroF-DCI 680 695 764 1.62 —5.54 —3.83 5.88 3.86 0.40
ITIC 679 697 765 1.62 —5.54 —3.85 5.88 3.85 0.41

El n chloroform. ! E* was calculated by 1240 / Af™ .19 Determined by DPV in 0-DCB/acetonitrile containing 0.1 M of tetrabutylammonium

onset*

hexafluorophosphate (TBAPF). ¥ Estimated using PYS. © Estimated using LEIPS.  E, = EA—IP—EZP".
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Low-energy inverse photoemission  spectroscopy
(LEIPS)"*! and photoelectron yield spectroscopy (PYS)H!
were conducted to determine the electron affinity (EA) and
ionization potential (IP) of SpiroT-DCI, SpiroF-DCI, and
ITIC in films. As shown in Figures 3a and 3b, the EA values
of these molecules were similar — approximately 3.85eV.
The IP values for SpiroT-DCI, SpiroT-DCI, and ITIC were
found to be 5.75, 5.88 and 5.88 eV, respectively (Table 1).
This result indicates that the presence of the bithiophene
units could effectively raise the HOMO energy level while
leaving the LUMO energy level unaffected, which is
consistent with the electrochemical results and DFT calcu-
lations. Based on the EA value of 3.18eV for PBDB-T
determined by the same method (Figure S5), the EA offsets
between these NFAs and PBDB-T were calculated to be
around 0.7 eV, which meets the energy level offset require-
ment for efficient charge separation at donor-acceptor
interfaces.*

The UV/Vis absorption spectra of SpiroT-DCI, SpiroF-
DCI, and ITIC in chloroform solutions and films appear in
Figures S6 and 3c. In the solution spectra, SpiroF-DCI and
ITIC showed absorption bands at almost an identical wave-
length with maximum absorption peaks (A ) at 680 and
679 nm, respectively. By contrast, SpiroT-DCI exhibited a
red-shifted absorption band with a A% at 693 nm. The
molar extinction coefficient (¢) of SpiroT-DCI, SpiroF-DCI,
and ITIC were found to be 1.40x10° 1.95x10°, and
2.12x10° Lmol 'cm™, respectively (Figure Sé6a). The rela-
tively smaller ¢ value for SpiroT-DCI was consistent with
the TD-DFT results (Table S1). All the compounds in films
exhibited a red-shift of more than 15 nm, indicating the
appearance of intermolecular interactions in the solid state.
The optical energy gap (E;”) based on the onset of the
absorption spectra in films was estimated to be 1.58 eV for
SpiroT-DCI, 1.62 eV for SpiroF-DCI, and 1.62 eV for ITIC
(Table 1). As shown in Figure S7, the photoluminescence
(PL) spectra of SpiroT-DCI exhibited lower PL intensities
compared with those of either SpiroF-DCI or ITIC in both
solutions and films. The Stoke’s shifts of SpiroT-DCI,
SpiroF-DCI, and ITIC in solution were calculated to be 930,
820, and 820 cm ™, respectively. The observed phenomena of
SpiroT-DCI are explained as typical characteristics of CT
excited states.[*
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Based on the EA, IP, and Egp‘ values, we used
equation (2) to estimate the E, values for SpiroT-DCI,
SpiroF-DCI, and ITIC in films®*>!,

E,= EA — IP - E" ©)

As shown in Figure 3d, SpiroT-DCI possesses a smaller
E, value of 0.32 eV compared with that of either SpiroF-
DCI (0.40 eV) or ITIC (0.41 eV). This qualitatitve trend was
consistent with the calculated E. values (Figure 2b). This
result indicates that excitons derived from SpiroT-DCI tend
to form a charge-separated state, making the CT state more
favorable. This is beneficial for accelerating the photon-to-
current conversion.

OSC Characteristics

To examine the influence of the FE, values on device
performance, we first investigated the photon-to-current
conversion function using SC-OSC devices by utilizing
SpiroT-DCI, SpiroF-DCI, or ITIC as the active layer (Fig-
ure 4a). Details of the fabrication and evaluation procedure
of SC-OSC are provided in the SI. The current density (J)—
voltage (V) characteristics of SC-OSCs under an air mass of
1.5G using a solar simulator lamp (100 mW cm?) are shown
in Figure 4b. The SC-OSCs based on SpiroT-DCI showed a
PCE of 0.06% with a short-circuit current density (/) of
0.51 mA cm % By contrast, a SpiroF-DCI- and ITIC-based
device showed significantly lower PCE and J, values
(Table S2). As shown in Figure 4c, the maximum external
quantum efficiency (EQE,,,) of SpiroT-DCI was found to
be 3.6 %, which is higher than those of SpiroF-DCI (0.7 %),
ITIC (0.6 %), or Y6-40 (1.4 %).*! This result indicates that
SpiroT-DCI has a higher level of photocarrier generation
characteristics, compared with those of either SpiroF-DCI
or ITIC.

The photovoltaic characteristics of BHJ-OSCs with
SpiroT-DCI and SpiroF-DCI as acceptors were investigated
using an inverted configuration of ITO/ZnO/PBDB-T™!
(CAS Registry No. 1415929-80-4):acceptor/MoO;/Ag (Fig-
ure 4d),” where the donor polymer of PBDB-T was
selected due to its complemental absorption with these

(a) (b) (c) (d)
«-+ SpiroT-DCI - SpiroT-DCI — SpiroT-DCI 351 EA 385 386 385
| = spiroF-DCI ==| =] spiroF-DCI 5 |~ spiroF-De = ]
S| e ITIC "%,‘" o g « |TIC ’,.“ \(.“/ — ITIC E 4.0 ] Eb 1D032 $0.40 jt 0.41
S # - It 8 785 = ] AT S D
= 3.85 4 o < c = 3 457
72 NS RENEIL A e P = @© = p
5 - g 5 764 3 1 £ ot
= 2 2 A g 507 EsP 158 162 | 162
E 2 2 :
765 553
i o M . e . — ] < v
6.0 50 40 30 20 5.0 6.0 7.0 300 500 700 900 604 IP 575 588 -588

Energy vs. E 4 (V) Energy vs. E 4 (eV)

Wavelength (nm)

Figure 3. (a) LEIPS, (b) PYS, (c) UV/Vis absorption spectra, and (d) Energy level diagrams of SpiroT-DCl, SpiroF-DCI, and ITIC in pristine films.
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Figure 4. (a) Device structure, (b) J/—V curves, and (c) EQE spectra for SC-OSC devices. (d) Device structure, (e) J—V curves, and (f) EQE spectra

for BHJ-OSC devices.

acceptors. The details of the fabrication conditions and
device characteristics are provided in Tables S3-S7 in the SI.
Figure 4e shows the J—V characteristics of the best-perform-
ing BHJ-OSCs, and the key OSC parameters are summar-
ized in Table 2. The best PCEs of the PBDB-T:SpiroT-DCI,
PBDB-T:SpiroF-DCI, and PBDB-T:ITIC films were 9.08,
8.04, and 8.62 %, respectively. As expected, the PBDB-T:
SpiroT-DCI-based device showed a higher PCE value
compared with those of either PBDB-T:SpiroF-DCI or
PBDB-T:TIC, which was due mainly to the increased J.
The EQE spectra of the PBDB-T:SpiroT-DCI-based device
showed EQE responses between 400 and 800 nm, which
were higher than those of PBDB-T:SpiroF-DCI and PBDB-
T:ITIC. The PBDB-T:SpiroT-DCI-based device attained an
EQE, ., of 79% at 630nm (Figure 4f). The integrated
current densities from the EQE curves match well with the
integrated current density values from the J—V tests (within
a 5% error range), which indicates the good accuracy and
reliability of the proposed performance parameters. These
results indicate that SpiroT-DCI has potential for use as an
organic semiconductor for OSCs.

Table 2: BH)-OSC characteristics of SpiroT-DCI, SpiroF-DCI, and ITIC.

To estimate the hole and electron mobilities of the blend
films, the space-charge limited current (SCLC) was
investigated.”* The J—V characteristics for the PBDB-T:
SpiroT-DCI, PBDB-T:SpiroF-DCI, and PBDB-T:ITIC films
are shown in Figure S8. Based on Child’s law, the hole and
electron mobilities (u, and u,) were calculated and are listed
in Table S8. The relatively small differences between u;, and
U, among blend films indicate that the carrier transport
characteristics make only limited contributions to the photo-
current.

To investigate the exciton dissociation and charge
generation efficiencies of BHJ-OSCs, we plotted the photo-
current density (J,,) against the effective applied voltage
(Ver)-P7*1 As shown in Figure S9, the J,;, for the PBDB-T:
SpiroT-DCI-based device was higher than that of either the
PBDB-T:SpiroF-DCI or PBDB-T:TIC devices, indicating
that the overall photo-charge generation efficiency for
PBDB-T:SpiroT-DCI was higher than that of the other
blend films. The J,;, showed saturation when V. exceeded
~1V for all devices. Based on the equation P, =J//g,, the
charge carrier collection probabilities (P.,) were estimated

Active layer PCE (%) Jo (MAcm™?) Voo (V) FF (%) EQE, . (%)
PBDB-T:SpiroT-DCl 9.08 (8.93+0.13) 16.39 (16.47 £0.29) 0.91 (0.90£0.01) 61 (60+1) 78.6
PBDB-T:SpiroF-DCI 8.04 (7.78+0.16) 13.93 (13.3440.39) 0.92 (0.92+0.00) 63 (63+1) 68.4
PBDB-T:ITIC 8.62 (8.41+0.13) 14.73 (14.334£0.28) 0.90 (0.90+0.01) 65 (65+1) 72.2

The values in parentheses indicate the mean and standard deviation of five independent devices in Tables S5-S7.
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to be 84 % for PBDB-T:SpiroT-DCI, 84 % for PBDB-T:
SpiroF-DCI, and 86% for PBDB-T:ITIC. The almost
identical P, values indicate limited differences in the
charge-transport and collection processes under short-circuit
conditions.

The surface morphologies of the optimized PBDB-T:
SpiroT-DCI, PBDB-T:SpiroF-DCI, and PBDB-T:ITIC films
were investigated via atomic force microscopy (AFM).
Figure S10 shows that all the blend films exhibited a uniform
and relatively smooth surface morphology, and lists arith-
metical mean deviation (R,) surface roughness values of 2.2,
1.7, and 2.0 nm for PBDB-T:SpiroT-DCI, PBDB-T:SpiroT-
DCI, and PBDB-TITIC, respectively. The crystallinities
were investigated using X-ray diffraction (XRD) measure-
ments. As shown in Figure S11, all the blend films exhibited
weak diffraction peaks between 26=4-5° (corresponds to a
lattice spacing of 1.8-2.2 nm) in both out-of-plane and in-
plane directions. The diffraction peaks approximate to the
longitudinal length of the acceptor molecules, which in-
dicates that all the blend films have an isotropic lamellar
arrangement for acceptors.

To gain further insight into the arrangement of accept-
ors, molecular dynamics (MD) simulations were performed
for SpiroT-DCI, SpiroF-DCI, and ITIC. The computational
details of the MD simulations are provided in the SI.
Figure 5a shows the radial distribution functions (RDFs)
between acceptor sites. The RDFs of SpiroT-DCI, SpiroF-
DCI, and ITIC are similar. The large peaks at ~4 A indicate
the stacking between acceptor-acceptor (A-A) sites, which is
consistent with previous studies of ITIC films.”**! Next, the
distributions of the distances between electron-donating
IDTT sites in the A-A stacking structures were analyzed
(Figure 5b). The largest peaks at ~20 A correspond to J-type
molecular stacking, and indicate that J-type molecular
stacking is dominant in SpiroT-DCI, SpiroF-DCI, and ITIC
films. The short distance between donor sites corresponds to
a V-type stacking structure. The distribution for ITIC is
broader than those for either SpiroT-DCI or SpiroF-DCI
due to the flexible side chains of ITIC. The rigid side chains
of SpiroT-DCI and SpiroF-DCI preferably adopt a specific
V-type stacking structure. The similar distribution between
SpiroT-DCI and SpiroF-DCI indicates that the higher PCE

(a) (b)
2.5 - 0.12 -
— SpiroT-DCI — SpiroT-DCI
2.0 — SpiroF-DCI — SpiroF-DCI
—ITic 0081 —imic
=
w 1.5 =
=) 8 0.06
®10 3
o
0.5 0.03
0.0 0.00
0 2 4 6 8 10 12 0 5 10 15 20 25 30

A-A Distance (A) D-D Distance (A)

Figure 5. Results of MD simulations. (a) The radial distribution
functions between acceptor-acceptor sites. (b) The distribution of
electron-donating IDTT-IDTT distance in the acceptor-acceptor stacking
structures.
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of SpiroT-DCI could originate from the difference in
electronic structures.

Time-resolved Analyses of Exciton Dynamics for Pristine Films

To elucidate the photoinduced responses of SpiroT-DCI
and SpiroF-DCI relative to ITIC, transient IR absorption
(TR-IR) measurements were conducted (Figures 6 and
7).164621 This method is particularly effective for studying
intra- and inter-molecular charge transfer processes and
for elucidating the behavior of free carriers that contrib-
ute to electrical conductivity. This effectiveness arises
because intra- and inter-molecular charge transfer proc-
esses alter the local electron density within NFA mole-
cules, which changes molecular vibrational frequencies
such as those of cyano groups. Additionally, free carriers
provide a broad, structureless absorption in the infrared
region. Therefore, TR-IR is a crucial tool for investigat-
ing intra- and inter-molecular charge transfer and the
behavior of free carriers.

As shown in Figure 6a, the photoexcitation of a neat
ITIC film leads to a negative peak at 2,225 cm ™' and two
positive peaks at 2,205 and 2,175 cm™'. Previously, we
reported that the negative peak is associated with the
ground state bleaching of parent CN groups, and the two
positive peaks correspond to the S, state of ITIC and the
anionic ITIC molecules resulting from intra- and inter-
molecular charge separations, respectively.”®! The emer-
gence of these red-shifts in CN indicates an increase in
electron density around CN due to photoexcitation, and
confirms that intermolecular charge separation occurs
even in the absence of a donor layer.

Similar red-shifts were observed for SpiroT-DCI
(Figure 6b), and although the relative peak intensities at
2,205 and 2,175 cm™' differed significantly, the intensity
of 2,175 cm ™" is markedly greater than that of 2,205 cm ™',
which suggests that intermolecular charge separation is
more efficient in SpiroT-DCI compared with that in
ITIC. Analogous results for SpiroF-DCI indicate that
intermolecular charge separation also occurs (Figure 6c¢).
However, the relative peak intensity at 2,175cm™" is
considerably smaller than at 2,205 cm™', which indicates
a less-frequent intermolecular charge separation in Spi-
roF-DCI, compared with that in either SpiroT-DCI or
ITIC. By considering the peak intensity ratios of 2,175 to
2,205 cm™!, the order for the efficiency of intermolecular
charge transfer would be SpiroT-DCI > ITIC > SpiroF-
DCI.

To examine how the E, contributes to photoinduced
charge-transfer and charge-separation kinetic behavior
in pristine films, we observed time-resolved photolumi-
nescence (PL) decay at room temperature. Figure 8
shows the time-resolved PL spectra (a, c¢) and time
profiles (b, d) for the SpiroT-DCI and SpiroF-DCI neat
films, respectively. Although the PL spectrum shapes are
similar between these NFAs, which is characteristic of
broad CT band emissions, the PL intensity of the SpiroT-
DCI film is much weaker than that of the SpiroF-DCI
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Figure 6. Differential vibrational spectra of CN groups in NFAs after pump pulse irradiation. Neat ITIC (a), SpiroT-DCI (b), and SpiroF-DClI (c) are
photoexcited by a 685 nm pump pulse. Additionally, the NFA domain in the blend film with PBDB-T is photoexcited by the same 685 nm pump
pulse (panels d—f). PBDB-T within the blend film is selectively photoexcited by a 580 nm pump pulse (panels g-i). Broad absorption by

photocarriers was subtracted to extract the change of CN vibrations.*

film, which indicates that the more efficient charge-
separation may significantly reduce emissions following
photoirradiation. Accordingly, the quicker PL decay in
SpiroT-DCI (Figure 8b) than in SpiroF-DCI (Figure 8d)
suggests efficient charge generation from the §;
exciton.®! Based on the above transient absorption
results (Figure S12) where free carriers are created in the
pristine films, we performed analysis of the time-traces
of the PL data as shown by the red lines in Figures 8b
and 8d by solving coupled-rate equations, as detailed in
the SI (Scheme 2, and Equation S1).

403 nm __KRes
S,(NFA) % )
ko B CT _%(381
kg™ CS1 Ky
Ker T~Cs2
So(NFA) (free charges)

Scheme 2. Kinetic model for analyzing the transient PL profiles after the
403 nm light.

As listed in Table 3, the quicker decay in SpiroT-DCI
(Figure 8b) is explained by kcg;=2.8ns™!, while the
minor second decay component is rationalized by the
thermally activated delayed fluorescence with kg,=
0.7 ns™', which results in a free energy change of AGcg=
—0.07 eV by using AG = —kgT In(kcsi/kg,). On the other
hand, the single exponential decay in Figure 8c denotes
that the CS rate constant is much smaller in SpiroF-DCI
- estimated to be kcg;=0.3ns™' (Table3). This is
explained by the large E, (0.40 ¢V) in SpiroT-DCI and is
consistent with a small EQE in the SC-OSCs (Figure 4c).
Overall, the exergonic CS behavior in the SpiroT-DCI
neat film is consistent with the small E, of 0.32 eV for the
charge-generation in the neat film.

Time-resolved Analyses of Exciton Dynamics for Blend Films

TR-IR measurements were extended to the blend films
with PBDB-T. In these experiments, only the acceptor
molecules (ITIC, SpiroT-DCI, or SpiroF-DCI) were
excited using 685 nm laser pulses. As shown in Figure 6d,
two positive peaks appeared at 2,205 and 2,175cm’,
which is similar to the observations in pristine ITIC

Table 3: Excited state kinetic parameters estimated for neat films of SpiroT-DCI and SpiroF-DCI.

Film ker (ps™) ks (ps™) kesi (ns™) ke, (ns™) kr (ns™)
SpiroT-DCI 1.0 0.24 2.8 0.7 0.9
SpiroF-DCI 1.1 1.1 0.3 - -

kees=10 5", ky=2.8 ns™' and k;g=1.0 ns™" are applied. See the SI.

Angew. Chem. Int. Ed. 2024, 202412691 (8 of 12)

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

35UB017 SUOWILLIOD SAIER.D) 3]0 [dde U3 Ag pauLBAOB a8 SSPIL YO '8N J0S3IN. 10} ARRIQIT BUIIUO ABIA IO (SUORIPUOO-PLE-SWLRILI0D &S |IM ARG BU1[UO//Sd1Y) SUORIPUOD PUE SWW L 3U) 385 *[1Z02/0T/9T] U0 ARiq1T 3UIIUO AB]IM BESO JO AISIBAINN 84 L Aq T69ZTYZ0Z 2 1UE/Z00T OT/I0P/LI0Y A3 | IW ARRIq1jpU1UO//SdNY LLOL) PpEOIUMOQ ‘0 ‘ELLETZST



GDCh
~~

(a) 2205 cm™" (neat film, A_ = 685 nm)

7 Vex

Research Article

(d) 2205 cm™" (blend film, A_,= 685 nm)

An dte

Chemie

Internatic

(g9) 2205 cm™ (blend film, A_ = 580 nm)

7 Vex

1.0 ITIC 1.0 ITIC:PBDB-T 1.04 ITIC:PBDB-T
8 os SpiroT-DCI 3 0.8 SpiroT-DCI:PBDB-T 8 osd SpiroT-DCI:PBDB-T
g SpiroF-DCI s SpiroF-DCI:PBDB-T - SpiroF-DCI:PBDB-T
8 o6 S 06 8
2 2 2
< os < <
3 02 P <
E oo £ £
o o
Z-0.2 . z
-0.4 T T T T T -0.6 T T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Time (ps) Time (ps) Time (ps)
(b) 2175 cm™ (neat film, A_ = 685 nm) (e) 2175 cm™ (blend film, A_, = 685 nm) (h) 2175 cm™ (blend film, A_, = 580 nm)
1.0 ITIC 1.04 ITIC:PBDB-T 1.0
I SpiroT-DCI 3 SpiroT-DCI:PBDB-T 3
g 081 SpiroF-DCI € 0.4 SpiroF-DCI:PBDB-T £ 08
Qo Qo Qo
5 5 5 0.6
§ § 0.6 §
2 < 04 5 0 ITIC:PBDB-T
p e £ 024 SpiroT-DCI:PBDB-T
£ £ 0.27 5 L SpiroF-DCI:PBDB-T
0.0 s
Z-0. Z ) 0deadd P4 IVWUW
-04 T T T T T T T T T T -0.2 T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000 -200 0 200 400 600 800 1000
Time (ps) Time (ps) Time (ps)
(c) 2000 cm™" (neat film, A_, = 685 nm) (f) 2000 cm™" (blend film, A_ = 685 nm) (i) 2000 cm™* (blend film, A_ = 580 nm)
1.04 ITIC 1.0 ITIC:PBDB-T 1.04 ITIC:PBDB-T
g SpiroT-DCI 8 SpiroT-DCI:PBDB-T 8 SpiroT-DCI:PBDB-T
£ 08+ SpiroF-DCI < 0.8+ SpiroF-DCI:PBDB-T < 0.8 SpiroF-DCI:PBDB-T
€ £ 06+ £
S 064 S S 0.6
2 8 044 2
< 0.4+ 2 - < 044
< 0.2 <
£ 0.2 g g 0.2
S A S 0.0 S
z 00 Z 00
02 Al
-0.2 T T T T T T T T T T T -0.2 T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000

Time (ps)

Time (ps)

Time (ps)

Figure 7. Time profiles for the locally excited (LE) state of NFAs, anionic NFAs, and free electrons in neat and blend films are presented. These

profiles were obtained by photoexciting the neat NFA film with a 685 nm pump pulse and measuring at 2,205, 2,175, and 2,000 cm

', respectively

(panels a—c). The NFA domain (panels d—f) and the PBDB-T domain (panels g ~ i) on the blend film with PBDB-T were also selectively photoexcited
by a 685 nm and 580 nm pump pulses, respectively. The peak heights at 2,205 and 2,175 cm™' were calculated after subtracting the broad
absorptions by free electrons to extract the change of CN vibrations (Figure 6) and those of free electrons were estimated from Figure S12.
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Figure 8. Time-resolved photoluminescence data of neat films of a,b)
SpiroT-DClI and c,d) SpiroF-DCI obtained at room temperature. The
spectra in the left panels were obtained by accumulating photon counts
at 1 ns with a width of 200 ps.

films. However, the decay of the peak at 2,205 cm™ is

accelerated, and the lifetime of the peak at 2,175 cm™' is

extended. These findings indicate that intermolecular

Angew. Chem. Int. Ed. 2024, 202412691 (9 of 12)

charge separation is more efficiently facilitated at the
donor/acceptor interface.

Consistent observations were made for SpiroT-DCI
and SpiroF-DCI, as shown in Figures 6e and 6f. The
lifetime of the peak at 2,175cm™' in these films also
increased, further confirming the enhanced charge sepa-
ration efficiency due to the formation of the donor/
acceptor interface. This result suggests a more effective
interaction and charge-transfer dynamics at the inter-
faces in blend films, compared with that in the pristine
films of the acceptors.

The interfacial charge separation was further ana-
lyzed by photoexciting the PBDB-T donor layers with a
580 nm pump pulse and monitoring the C—N stretching
mode in the NFA layers. In the PBDB-T:ITIC blend
film, as illustrated in Figure 6g, a negative peak and a
positive peak were observed at 2,225cm™' and
2,175 cm™!, respectively, with a small shoulder at
2,205 cm™'. The small peaks at 2,205 cm ™' are attributed
to the partial photoexcitation of the ITIC layer by the
580 nm pump pulse. More critically, the presence of the
2,175 cm™! peak confirms that electron injection occurs
from the PBDB-T layer to the ITIC layer, which results
in the formation of anionic ITIC molecules. Similar

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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electron injections from the donor to acceptor layers
were observed for SpiroT-DCI and SpiroF-DCI, which
indicates that charge separation occurs at the donor/
acceptor interface.

To better understand the decay kinetics of photo-
excited charge carriers at the donor/acceptor interface,
changes in intensity at 2,205, 2,175, and 2,300 cm™' are
presented in Figure 7. As shown in Figure 7a, the S, state
of neat ITIC, which is induced by intramolecular charge
transfer, exhibits an absorption peak at 2,205 cm™' that
diminishes within approximately 100 ps. The anionic
ITIC state, which is characterized by an absorption peak
at 2,175 cm™', also was diminished within ~100 ps (Fig-
ure 7b). However, via the formation of a heterojunction,
its lifetime was extended - exceeding 1,000 ps (Fig-
ure 7¢). This duration is notably longer than that
observed in a neat ITIC film. These findings indicate that
the formation of a donor/acceptor heterojunction ex-
tends the lifetime of the anionic ITIC state, by compar-
ison with the S, state. A similar extension in lifetime for
the anionic state is observed in SpiroT-DCI and SpiroF-
DCI, with the lifetimes increasing on the order of
SpiroF-DCI > SpiroT-DCI > ITIC. Comparable trends
are noted for donor photoexcitation, where the lifetime
sequence is SpiroF-DCI > SpiroT-DCI ~ ITIC. How-
ever, the lifetime of these anionic states does not
consistently correlate with the PCEs since anions do not
participate directly in the charge-carrier transport that is
necessary for current flow; instead, electrons remain
bound within the molecules and thus are immobile.
Conversely, free carriers, which are essential for generat-
ing photocurrent, can be analyzed by observing their
broad, structureless absorption in the mid-IR region,
particularly at 2,000 cm™', which is an absorption peak
that is off-resonant to the C—N vibration. As depicted in
Figure 7c, the lifetimes of free electrons generated by the
photoexcitation of neat NFAs follow the order of
SpiroT-DCI > ITIC > SpiroF-DCI. A similar sequence is
observed for the blend films, where the lifetimes of
photoexcited electrons in the NFAs follow the same
order, regardless of whether the photoexcitation occurs
in the acceptor (Figure 7f) or the donor (Figure 7i). The
PCEs of the assembled BHJ-OSCs are ranked as SpiroT-
DCI > ITIC > SpiroF-DCI, reflecting consistent results
in the decay kinetics of free carriers. Consequently, the
superior PCE of SpiroT-DCI could also be attributed to
the prolonged lifetime of these free carriers.

Conclusions

In summary, to investigate the effect that the electronic
structures of NFAs exert on the E, and on OSC
characteristics, we designed and synthesized novel ITIC-
based NFAs with spiro-substituted bithiophene or bi-
phenyl units as side groups. Theoretical calculations
indicated that the HOMO and LUMO of SpiroF-DCI
and ITIC are distributed in the main n-conjugated frame-
work. By contrast, when electron-donating bithiophene
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units were introduced into SpiroT-DCI, they adopted a
HOMO distribution, which led to detached HOMO and
LUMO distributions. Electrochemical and photophysical
measurements of SpiroT-DCI showed an upshifted
HOMO energy level and a narrower E;™, respectively,
compared with those of SpiroF-DCI and ITIC. Based on
the results of EA, IP, and E‘;"‘ in films, the SpiroT-DCI
showed a E, of 0.32 eV, which is smaller than that of
either SpiroF-DCI (0.40eV) or ITIC (0.41eV). MD
simulations indicated that SpiroT-DCI and SpiroF-DCI
tend to adopt similar intermolecular configurations.
Based on this result, we attributed the small E, for
SpiroT-DCI to the separated distribution of FMOs. This
phenomenon shows that SpiroT-DCI-based SC-OSC
were significantly improved compared with those of
SpiroF-DCI- and ITIC-based devices. Furthermore,
BHIJ-OSCs based on PBDB-T and SpiroT-DCI achieved
a maximum PCE of 9.08 %. Time-resolved IR absorption
spectroscopy and PL decay of the pristine films revealed
that intermolecular charge separation of SpiroT-DCI is
more efficient than that of SpiroF-DCI. In the time-
resolved IR absorption spectroscopy measurements of
the blend films with PBDB-T, SpiroT-DCI showed a
lifetime of free carriers that was longer than that of
either SpiroF-DCI or ITIC. These results demonstrate
that tuning FMOs to increase the electron-hole distance
in the molecule is an effective molecular design for
reducing the E, of organic semiconductors, which could
pave the way to the development of higher-performing
OSCs.
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Exciton binding energy (E,) is a key substituted bithiophenes. This NFA
parameter for efficient charge-carrier showed the separated frontier molecular
generation in organic solar cells (OSCs). orbitals, effectively lowering the E,. Sin-
To tune the electronic structures for gle-component and bulk-heterojunction
reducing E,, we developed new non- OSCs based on this NFA showed en-

fullerene acceptor (NFA) featuring spiro- hanced photovoltaic performance.
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