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Boosting charge separation in organic photovoltaics: unveiling 
dipole moment variations in excited non-fullerene acceptor layers 

Mid-infrared transient absorption spectroscopy (MIR-TA) is quite 
useful to investigate the intramolecular and intermolecular 
charge-transfer and charge-dissociation. Using MIR-TA, we 
revealed that charge-transfer and charge-dissociation can occur 
even in a neat fi lm of non-fullerene acceptor ITIC without donors. 
In neat ITIC layers, the intermolecular charge-transfer immediately 
proceeds after photoirradiation to form weakly-bound excitons, 
which are further dissociated into free electrons and holes. 
Theoretical calculations indicate that this pathway is triggered by 
the large dipole moment change on the excited state generated 
at the lower symmetric V-type molecular stacking of ITIC.
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separation in organic
photovoltaics: unveiling dipole moment variations
in excited non-fullerene acceptor layers†

Akira Yamakata, *a Kosaku Kato,a Takumi Urakami,b Sota Tsujimura,c

Kasumi Murayama,c Masahiro Higashi, *d Hirofumi Sato, b Yasuhiro Kobori, cef

Tomokazu Umeyama g and Hiroshi Imahori *bhi

The power conversion efficiency (PCE) of organic photovoltaics (OPVs) has reached more than 19% due to

the rapid development of non-fullerene acceptors (NFAs). To compete with the PCEs (26%) of

commercialized silicon-based inorganic photovoltaics, the drawback of OPVs should be minimized. This

drawback is the intrinsic large loss of open-circuit voltage; however, a general approach to this issue

remains elusive. Here, we report a discovery regarding highly efficient NFAs, specifically ITIC. We found

that charge-transfer (CT) and charge dissociation (CD) can occur even in a neat ITIC film without the

donor layer. This is surprising, as these processes were previously believed to take place exclusively at

donor/acceptor heterojunctions. Femtosecond time-resolved visible to mid-infrared measurements

revealed that in the neat ITIC layers, the intermolecular CT immediately proceeds after photoirradiation

(<0.1 ps) to form weakly-bound excitons with a binding energy of 0.3 eV, which are further dissociated

into free electrons and holes with a time-constant of 56 ps. Theoretical calculations indicate that

stacking faults in ITIC (i.e., V-type molecular stacking) induce instantaneous intermolecular CT and CD in

the neat ITIC layer. In contrast, J-type stacking does not support such CT and CD. This previously

unknown pathway is triggered by the larger dipole moment change on the excited state generated at

the lower symmetric V-type molecular stacking of ITIC. This is in sharp contrast with the need of

sufficient energy offset for CT and CD at the donor–acceptor heterojunction, leading to the significant

voltage loss in conventional OPVs. These results demonstrate that the rational molecular design of NFAs

can increase the local dipole moment change on the excited state within the NFA layer. This finding

paves the way for a groundbreaking route toward the commercialization of OPVs.
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Introduction

The use of sustainable and clean energy sources could be
a promising option for addressing energy and environmental
issues. Photovoltaics have garnered much attention due to their
ability to directly convert solar energy to electricity. This is
because solar energy is a substantially inexhaustible and clean
energy source. In this regard, organic photovoltaics (OPVs) have
been intensively studied due to their cost-effectiveness, exi-
bility, and aesthetical design.1–7 Recently, the power conversion
efficiency (PCE) of OPVs has exceeded 19% due to the rapid
development of non-fullerene acceptors (NFAs).8,9 To compete
with the PCEs (26%) of commercialized silicon-based inorganic
photovoltaics (PVs), the drawbacks of OPVs should be mini-
mized. One of the drawbacks is the intrinsic large loss of open-
circuit voltage (VOC), partly because OPVs require a donor–
acceptor heterojunction for charge-transfer (CT) from singlet
(S1) state and charge dissociation (CD) at the interface.10 At the
early stage of the development of acceptor molecules (i.e.,
fullerene derivatives), the energy offset between the S1 state and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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CT state was thought to be more than 0.3 eV for these processes
(Scheme 1a). However, the recent emergence of NFAs has shown
efficient charge generation with a small energy offset.10,11

Recently, Wang et al.12 reported that charge transfer and
dissociation can occur even in a neat Y6 layer using time-
resolved visible to near-infrared (NIR) transient absorption
(TA) spectroscopy. This charge separation in Y6 was further
investigated by studying temperature dependence,13 pump-
pulse intensity dependence,14 and by varying the mixing ratio
with PTB7-Th donors.15 Photo-Hall and quasi-steady-state
photoinduced absorption measurements also support the
formation of free carriers in Y6.16 Similarly, charge separation
was observed in IEICO-4F, IT-4F, and ITIC using the triplet
sensitizer PtOEP and inorganic donors such as CuSCN.17

Despite these studies, the underlying mechanism of efficient
charge generation in NFAs remains unclear. Thus, a general
approach to the minimization of the VOC loss still remains
elusive.4,18,19

TA spectroscopy is a powerful tool that enables the obser-
vation of photoexcitation dynamics with ultrafast time
resolution.20–23 There have already been many reports on TA
measurements of NFAs.10,23–27 However, most of these conven-
tional measurements were performed in the visible and NIR
regions (400–1500 nm). These absorptions originate from the
electronic transitions between excitonic states such as the S1
state to higher Sn states, hence these measurements provide
information about the localized carriers around the molecules.
Because the PCE of OPVs depends on CT and CD with the
Scheme 1 Several intermolecular charge transfer (CT) and charge
dissociation (CD) models from singlet (S1) state in OPVs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
subsequent transport/collection processes, understanding the
binding states of carriers is indispensable for increasing the
PCEs of OPVs. It is known that the delocalized free carriers
exhibit optical response in the mid-infrared (MIR) region (4000–
400 cm−1) via intra-band transition and give structureless broad
absorption in the MIR region.28 Hence, MIR-TA measurements
are oen applied to study the behavior of free carriers in inor-
ganic semiconductors such as photocatalysts and dye-
sensitized solar cells.28–31 In contrast, MIR-TA measurements
have not been used for organic materials. Few exceptions
include conductive polymers and highly crystalline organic
semiconductors32,33 where free carriers have been observed for
single-crystalline rubrene34 and C10-DNTT.35 As such, it is still
questionable whether free carriers really exist in NFAs lms
prepared by simple spin-coating and drop-casting. MIR-TA
experiments were performed for NFAs to study the change of
molecular vibrations, but the existence of free carriers was not
conrmed because of the limited spectral ranges.36,37 Overall,
broadband MIR-TA measurements are prerequisite to monitor
the CT and CD processes as well as to identify the localized and
delocalized states of photogenerated charge carriers in the NFAs
lm.

In this study, we found that CD as well as CT proceeds even
in a neat ITIC (2,2'-[[6,6,12,12-tetrakis(4-hexylphenyl)-6,12-
dihydrodithieno[2,3-d:20,30-d0]-s-indaceno[1,2-b:5,6-b0]dithio-
phene-2,8-diyl]bis[methylidyne-(3-oxo-1H-indene-2,1(3H)-diyli-
dene)]]bis[propanedinitrile]) lm without a donor layer
(Scheme 1b). This was observed using broadband visible to MIR
TAmeasurements, where ITIC is one of the most highly efficient
NFAs.38,39 Aer photoexcitation of the neat ITIC lm, a broad
absorption peak appeared at 3000 cm−1 (0.37 eV), indicating the
formation of weakly-bound excitons such as an intermolecular
CT state with a binding energy of 0.37 eV. This peak dis-
appeared with a time constant of 56 ps, leading to a at MIR
absorption from 1800 to 3800 cm−1, indicating complete
dissociation of bound excitons and the formation of free
carriers. The vibrational frequency shi of C^N groups veries
the formation of these intermolecular CT, and theoretical
calculations predicts that such intermolecular CT and CD can
proceed at the stacking fault of the ITIC layers (i.e., V-type
molecular stacking). This previously unknown pathway is trig-
gered by the larger dipole moment change on the excited state
generated at the lower symmetric V-type molecular stacking of
ITIC. This is in sharp contrast with the need of sufficient energy
offset for CT and CD at the donor–acceptor heterojunction,
leading to the signicant voltage loss in conventional OPVs.
These results demonstrate that the rational molecular design of
NFAs can increase the local dipole moment change on the
excited state within in the NFA layer.

Results and discussion
Transient absorption of neat ITIC lm

Prior to the MIR-TA measurements, conventional VIS-NIR TA
measurements were performed for the neat ITIC lm. The
photoexcitation of the ITIC lm by 710 nm laser pulse irradia-
tion caused a negative peak at 740 nm and a positive peak at
Chem. Sci., 2024, 15, 12686–12694 | 12687
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970 nm (Fig. 1a). These signals were assigned to the ground-
state (S0) bleaching and transition of the excited bound state
(S1) to the higher states (Sn), respectively. The observed TA
spectra in the visible region are identical to those reported in
previous studies,40 and consistent results were obtained in our
experiments, showing that the band intensities at 740 and
970 nm simply decrease from 0 to 1000 ps.

In contrast, the TA spectra obtained in the MIR region have
unique characteristics. A broad peak appeared around
3000 cm−1 immediately aer excitation but disappeared within
∼300 ps (Fig. 1b). This peak has been observed in previous
reports and is ascribed to the transition of intermolecularly
formed bound electron–hole pairs (bound polaron pairs).36 The
appearance of this peak clearly shows that electrons and holes
are separated to neighboring ITIC molecules forming intermo-
lecular CT state, i.e., S1 state changed to intermolecular CT state
even in the neat ITIC lm. The binding energy was estimated to
be ∼0.37 eV from the absorption peak at 3000 cm−1 (0.37 eV).
Fig. 1 Transient absorption spectra of neat ITIC film after 710 nm laser
pulse irradiation. (a) Visible to NIR region. (b) MIR region. (c) Decay
kinetics of the transient absorption. The chemical structure of ITIC is
also shown in the inset.

12688 | Chem. Sci., 2024, 15, 12686–12694
However, it is noted that the spectral shape changes as the delay
time increases. The peak at ∼3000 cm−1 disappears within
∼300 ps, and a very at absorption spanning from 3800 to
1800 cm−1 emerges aer 300 ps, as will be more clearly shown
later by the global analysis (Fig. 3). Such broad TA signals are
oen observed in inorganic semiconductor photocatalysts such
as TiO2 (ref. 41) and SrTiO3,42 and are ascribed to the intraband
transition of free carriers,43 suggesting the formation of free
carriers in ITIC through CD. The signal intensity of these MIR
signals observed at 3000 cm−1 and 1800 cm−1 both linearly
increased with increasing laser uence, as is the case for the
peak at 970 nm (Fig. S3†). These results indicate that the
observed MIR TA signals are not due to thermal artifacts, but
due to the charge carriers generated by the one-photon
absorption process in the neat ITIC lm, implying that both
intermolecular CT and CD proceed in the neat ITIC lm. It has
been widely believed that intermolecular CT proceeds in the
donor–acceptor heterojunctions. However, these results
unambiguously corroborate that both intermolecular CT and
CD proceed in the neat ITIC lm. It should be noted that the
decay of TA signals depends on the wavelength of the probe
light, where the decay becomes slower as the wavelength
increases (Fig. 1c). This indicates that the probe light with
longer wavelengths is observing photocarriers with lower
binding energies. Consequently, the result suggests that pho-
tocarriers with lower binding energies have signicantly longer
lifetimes. This is consistent with the sequential process where
S1 states form CT states, and CT states subsequently form free
carriers, aligning with the observed time series.
Transient absorption of PBDB-T:ITIC blend lm

To further conrm the intermolecular CT and CD proceeding in
the ITIC layer, the same experiments were performed for the
PBDB-T:ITIC blend lm, because mixing ITIC with a donor such
as PBDB-T would enhance the CT of the bound exciton. In this
experiment, ITIC was selectively excited by 710 nm pulses, and
TA was measured from the visible to the MIR region. In the
visible to NIR region (Fig. 2a), the TA spectra at 0 ps were
identical to those of the neat ITIC lm (Fig. 1a), where negative
and positive peaks were observed at 740 nm and 970 nm,
respectively. However, aer ∼100 ps, the negative peak shied
from 740 nm to 640 nm, and positive peaks appeared at 690 and
780 nm. This absorption is characteristic of cationic PBDB-T,
suggesting that hole transfer proceeds from ITIC to PBDB-T,
as reported in a previous study.40 However, it is difficult to
discuss the details of the CT and CD dynamics only from them
because the TAs of various excited states are overlapped in the
visible to NIR region. For example, holes in PBDB-T give positive
absorption around 930 nm,40 but the intensity change at 930 nm
does not always reect the number of holes in PBDB-T because
other species such as bound electrons and radical anions of
acceptors also give signals at 930 nm. Hence, as shown in
Fig. S4a,† it is difficult to estimate the CD timescale from the
time prole at 930 nm.

The broad absorption observed in the MIR region for the
blend lm, as in the case of the neat ITIC lm, gradually
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Transient absorption spectra of PBDB-T:ITIC film after 710 nm
laser pulse irradiation. (a) Visible to NIR region. (b) MIR region. (c) Decay
kinetics of the transient absorption. The chemical structure of PBDB-T
is also shown in the inset.
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decreased in intensity to atten the shape over time (Fig. 2b).
This behavior is similar to that of the neat ITIC lm (Fig. 1b),
but the magnitude of the at component is 3.7 times larger than
that of the neat ITIC lm at 1000 ps: the intensity at 1800 cm−1

at 1000 ps (∼1.0 × 10−4 and ∼4.8 × 10−4 for the neat and blend
lms, respectively) is normalized by the initial peak intensity at
3100 cm−1 at 0–0.5 ps (∼1.2 × 10−3 and ∼1.6 × 10−3 for the
neat and blend lms, respectively). These results suggest that
the formation of donor–acceptor heterojunction enhances the
dissociation of the bound exciton, increasing the number of
free electrons in ITIC.

The decay kinetics of S1, CT state and free electrons observed
by the TAs at 1800 cm−1, 3000 cm−1, and 970 nm provide
detailed insights into the CD process at the PBDB-T:ITIC
interface. As shown in Fig. 2c, the TA signals at 970 nm and
© 2024 The Author(s). Published by the Royal Society of Chemistry
3000 cm−1 monotonically decrease from 0 to 10 ps, while the
signal at 1800 cm−1 increases (though this increase is not
prominent for neat ITIC due to the lower CD efficiency).
Furthermore, the signal at 1800 cm−1 remains stable for up to
500 ps (inset of Fig. 2c), resulting in a signicantly longer life-
time compared to neat ITIC (Fig. S4b†). These results indicate
that CD, forming free electrons, occurs within tens of picosec-
onds and support the idea that the formation of the PBDB-
T:ITIC heterojunction can enhance CD and prevent charge
recombination. The hole transfer from ITIC to PBDB-T in the
PBDB-T blend lm was also veried by light-induced time-
resolved electron paramagnetic resonance (TREPR). As shown
in Fig. S6, S7 and Table S1,† polaron pairs of PBDB-T+c and
ITIC−c are formed upon photoexcitation, conrming that
charge transfer occurs at the heterojunction.

To conrm that the long-lived at MIR signal observed in
Fig. 2c did not originate from the excitation of PBDB-T, TA
measurements were performed for the neat PBDB-T lm. A
broad absorption was also observed at approximately 3100 cm−1

(Fig. S5†). However, the peak intensity monotonically decreased
with time, and the long-lived at component was absent. This
result suggests that free carriers are not generated in the neat
PBDB-T lm, or are generated at a much lower level than in the
neat ITIC lm. This conrms that the long-lived at mid-IR TA
signal does not originate from excitons in PBDB-T but from free
electrons generated in the ITIC domain aer CD.
Global analysis of the transient absorption of ITIC and PBDB-
T:ITIC lm

The TA spectra of ITIC were analyzed globally for the visible and
mid-IR region. Three components of different lifetimes (s1= 3.1
ps, s2 = 56 ps, and s3 = 1230 ps) were extracted, as shown in
Fig. 3a. Component 1 has negative and positive peaks at 720 nm
and 970 nm, respectively, as reported in previous studies.40

These bands are assigned to the ground state bleach and the
electronic excitation from S1 to higher states, respectively. In the
MIR region, pump pulse irradiation causes a broad positive
peak around 3300 nm (3000 cm−1,∼0.37 eV). This absorption is
assigned to the optical dissociation of the bound exciton,36 and
the binding energy was estimated as ∼0.37 eV. This value is
reasonable compared to that estimated by previous studies of
0.2–0.5 eV.44,45

The spectral shape of component 2 is similar to component 1
and just the amplitude becomes smaller. This result suggests
that the charge carriers in component 2 are in a similar envi-
ronmental condition as component 1, and indicates that the
component 1 simply decays via vibration relaxation to form the
component 2 without CD.40,46 The time constant of this relaxa-
tion is estimated to be s1 = 3.1 ps.

In contrast, the spectral shape of component 3 was
remarkably different from components 1 and 2: the positive and
negative peaks at 970 and 740 nm were almost diminished but
the relative intensity of negative peak at 640 nm increased.
Furthermore, the peak observed at 3000 cm−1 disappeared, and
a new at absorption appeared in the entire mid-IR region from
3800 to 1750 cm−1. This spectral shape is characteristic of the
Chem. Sci., 2024, 15, 12686–12694 | 12689
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Fig. 3 Global analysis of the transient absorption spectra of neat ITIC (a) and PBDB-T:ITIC blend film (b). Inset is the enlarged view around
2200 cm−1.
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absorption of free electrons in semiconductors.28–30 Therefore,
this result indicates that the transition from component 2 to 3
corresponds to CD, resulting in the formation of free electrons.
The time constant of this CD was estimated to be s2= 56 ps, and
the lifetime of the free carriers is estimated to be s3= 1230 ps. It
is worth noting that the negative peak at 640 nm and the at
mid-IR absorption are correlated, suggesting that photoexcita-
tion by the 640 nm pump generates free electrons. The mech-
anism will be discussed based on DFT calculations later.

In the case of the PBDB-T:ITIC blend lm, three components
with different lifetimes (s1= 2.6 ps, s2= 23 ps, and s3= 1970 ps)
were extracted (Fig. 3b). Component 1 displays negative peaks at
640 nm and 730 nm, along with positive peaks at 970 nm and
3000 cm−1. The shape of component 1 is almost identical to that
of component 1 of the neat ITIC lm. This result is reasonable
since the ITIC domain is selectively photoexcited by using
a 710 nm laser pulse, conrming that these absorptions are
attributed to the photocarriers generated in the ITIC domain.

The spectral shape of component 2 is almost identical to that
of component 1. This result is the same as observed for the neat
ITIC lm, suggesting that the transition of component 1 to
12690 | Chem. Sci., 2024, 15, 12686–12694
component 2 arises from the simple vibrational relaxation of
the component 1. The lifetime of component 1 is estimated to
be s1 = 2.6 ps, which is also identical to that in the neat ITIC
within experimental errors.

On the contrary, the spectral shape of component 3 under-
went signicant changes in comparison to components 1 and 2.
The at absorption of free electrons in ITIC is also observed at
3800–1750 cm−1, but the spectral shape in visible region is
different, where the negative peak around 640 nm increased
further, and new positive peaks emerged at approximately
690 nm and 780 nm. This spectrum differs from component 3 of
the neat ITIC lm but aligns with that of the cationic PBDB-T.40

These results clearly show that holes generated in the ITIC
domains are transferred to the PBDB-T domain and free elec-
trons are remained in the ITIC domain. The rate constant of this
CD (s2 = 23 ps) is faster than that observed in the neat ITIC lm
(s2= 56 ps), and the signal intensity of free electrons was higher
than in the neat ITIC lm. Furthermore, the lifetime of this CD
state (s3= 1970 ps) is longer than that in the neat ITIC lm (s3=
1230 ps). These results support that the CD proceeds more
effectively at the heterojunction than in the neat ITIC.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Analyzing the local charge state of ITIC molecules through CN
vibrations

CN groups are added as electron-withdrawing groups of the
acceptor moieties in acceptor–donor–acceptor type NFAs where
they play essential roles. The frequency shi of CN groups can
be used to monitor the CT and CD in the neat ITIC lm since
vibrational frequencies are highly sensitive to changes in local
electron density of molecules.36,37,47 DFT calculation predicts
that the formation of the S1 state induces an internal CT with
a 20 cm−1 red-shi, and that of the anionic ITIC state via
intermolecular CT shows further red-shi (Table S2†).

Fig. 4 displays the ground state FT-IR and differential tran-
sient IR spectra of CN groups in the neat ITIC lm. The negative
and positive peaks observed at 2224 cm−1 and 2205 cm−1 aer
irradiation with a 710 nm pump laser pulse are attributed to
ground state bleaching and S1 state, respectively. This attribu-
tion is based on the fact that S1 states cause internal CT, leading
to an increase in electron density around the CN group (Table
S2†). These two peaks have also been observed in other NFAs
such as TT-T-DCl and TT-FT-DCl.37 However, the positive peak
observed at 2175 cm−1 in the neat ITIC lm did not appear in
Fig. 4 Vibrational spectra of CN groups in ITIC. Steady-state FT-IR
spectrum of neat ITIC film (a). Transient IR absorption spectra of neat
ITIC film (b) and PBDB-T:ITIC blend film (c) irradiated by 710 nm pump
pulse. Broad absorption by photocarriers was subtracted to extract the
change of CN vibrations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
either TT-T-DCl or TT-FT-DCl.37 Based on DFT calculations, this
peak is assigned to the anionic ITIC formed through intermo-
lecular CT. CT also results in the formation of cationic ITIC,
causing a blue shi (Table S2†). However, the oscillator strength
of the cationic state is much smaller than that of the anionic
state, suggesting the possible absence in the TA spectra.
Detection of cationic ITIC is difficult even by ns-TREPR
(Fig. S8†), as most of the charge carriers recombine within the
time resolution of TREPR. However, CT does not always occur in
all NFAs since it was absent on TT-T-DCl and TT-FT-DCl.37 The
power conversion efficiency of PBDB-T:TT-T-DCl and PBDB-
T:TT-FT-DCl are 3.41% and 7.13%, respectively, whereas that
of PBDB-T:ITIC is 11.3%.38 More efficient NFAs tend to induce
CT in neat NFA lms, since it can prevent geminate
recombination.

In the case of the PBDB-T:ITIC blend lm (Fig. 4c), the two
red-shied positive peaks were also observed at around 2205
and 2175 cm−1 with a negative peak at 2221 cm−1. This result
suggests that both S1 and anionic ITIC states are formed within
the ITIC domain. However, it is evident that the peak of S1 state
diminishes rapidly within 30 ps, while the peak of anionic ITIC
persist for approximately 1 ns. These results also support that
the CD more effectively proceeds at the donor–acceptor inter-
face. It is noted that the peak width of the negative absorption at
∼2224 cm−1 is much wider than the peak width of the ground
state CN vibration measured by FT-IR. This result indicates that
the ITIC molecules, which induce charge separation, are in
more inhomogeneous states.

The comparison of the decay curves of S1, anionic ITIC, and
free electrons measured at 2205, 2175, and 1800 cm−1 provides
more detailed insights into intermolecular CT and CD
dynamics. In the case of the neat ITIC lm (Fig. 5a), S1 and
anionic ITIC spontaneously appear aer photoirradiation,
indicating that intermolecular CT proceeds within the time-
resolution of 90 fs. These signal intensities decrease within
hundreds of picoseconds, with lifetimes following the order of
free electrons > anionic ITIC > S1. This is reasonable since
charge recombination becomes slower as the separation
distance between electrons and holes increases. On the
contrary, in the case of the PBDB-T:ITIC blend lm (Fig. 5b),
both S1 and anionic ITIC spontaneously appear aer photo-
irradiation as is the case of neat ITIC. However, S1 decays much
faster than that in the neat ITIC. The decay of anionic ITIC and
free electrons occurs at a similar rate, especially aer 500 ps,
and is slow compared to the neat ITIC. These results suggest
that free electrons and anionic ITIC are in equilibrium in these
time regions.
Mechanism of charge transfer and charge dissociation in neat
ITIC lm

We have observed that the intermolecular CT and CD to form
free electrons and holes can proceed even in the neat ITIC lm
without a donor–acceptor interface. The most plausible mech-
anism for this process lies in the inherent inhomogeneity of the
prepared ITIC lm. The energy levels of the excitonic states in
NFAs can strongly depend on the stacking nature of their p-
Chem. Sci., 2024, 15, 12686–12694 | 12691
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Fig. 5 Time profiles of excited S1 state, anionic ITIC, and free electrons
measured at 2205, 2175, and 1800 cm−1 in neat ITIC (a) and PBDB-
T:ITIC blend films (b), respectively. The peak heights at 2205 and
2175 cm−1 were calculated after subtracting the broad absorptions by
photocarriers to extract the change of CN vibrations.

Fig. 6 Calculated absorption spectra of different types of ITIC dimers
(J, V1, V2, and V20-type) as well as a monomer.
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conjugation systems.11 Moreover, the dynamics of S1 states
within NFA lms can be profoundly inuenced by molecular
interactions within dimers formed in the lm.12,48 To delve
further into the impact of p–p stacking interactions, theoretical
calculations were conducted for both the monomer and four
representative dimers of ITIC, namely J1, V1, V2, and V20, as
depicted in Fig. S10 and S11.† In principle, ITIC crystals are
formed via J-type conjugation49,50 but V-type p–p interaction is
also present at defects such as stacking faults as demonstrated
in Fig. S12.† Therefore, these dimers serve as a fundamental
model for examining the effects of stacking structures.

The simulated photophysical properties, including absorp-
tion spectra, peak energies, oscillator strengths, and dipole
moment changes, were calculated and are compared, as
depicted in Table 1. It is evident from Fig. 6 that the monomer
Table 1 Calculated results of the absorption energy Eabs and the correspo
on excitation Dm for the monomer, J, V1, V2 and V20-type ITIC dimers

Monomer J-type V1-type

Eabs/eV
(nm) f Dm/D

Eabs/eV
(nm) f Dm/D

Eabs/eV
(nm)

S1 1.83 (677) 2.84 0.00 1.73 (717) 4.71 0.00 1.75 (708)
S2 2.19 (566) 0.00 0.00 1.86 (667) 0.00 0.00 1.86 (667)
S3 2.54 (488) 0.20 0.00 1.92 (646) 0.00 0.02 1.92 (646)
S4 2.56 (484) 0.00 0.00 1.98 (626) 1.08 0.02 1.98 (626)

12692 | Chem. Sci., 2024, 15, 12686–12694
displays a singular absorption peak at 677 nm in the steady-
state absorption spectrum, whereas the dimers exhibit several
peaks corresponding to the excitations from S0 to S1, S2, S3, S4,
and so forth. Particularly noteworthy is the observation that low-
symmetric dimers (V1, V2, and V20) exhibit changes in dipole
moments upon photoexcitation, whereas no changes occur in
the higher symmetric J-type dimer (Table 1). It is well known
that symmetry breaking can enhance the charge separation in
organic medium,51–55 hence these results suggest that photoex-
citation of these low-symmetric dimers induces the sponta-
neous intermolecular CT, and Fig. S11† clearly shows that
electrons and holes are separated in each molecule. Impor-
tantly, the dipole moment tends to increase with higher exci-
tations beyond the S1 state. For instance, the transition from S0
to S4 yields changes of 18.14 D, 10.45 D, and 4.54 D for V1, V2,
and V20 dimers, respectively. In contrast, the changes are 1.50 D,
3.15 D, and 3.26 D from S0 to S1. These results indicate that
absorption of higher-energy photons leads to more efficient
intermolecular CT under specic p–p interaction. Actually, the
excitation of V-type dimers to S3 or S4 gives absorption at
∼640 nm, whereas the excitation to S1 of J-type dimers gives
absorption at 740 nm. Hence, photoexcitation at 640 nm will
create more free electrons than at 740 nm. This prediction
supports our experimental results that the appearance of free
electron signal in the mid-IR region is associated with the
ground state bleach signal at 640 nm, rather than at 740 nm
(Fig. 3a).

The proposed mechanism for the intermolecular CT and CD
proceeding in the neat ITIC lm is illustrated in Scheme 1b. The
nding wavelength, oscillator strength f and the dipole moment change

V2-type V20-type

f Dm/D
Eabs/eV
(nm) f Dm/D

Eabs/eV
(nm) f Dm/D

3.22 1.50 1.77 (700) 1.64 3.15 1.76 (704) 0.69 3.26
1.20 0.84 1.80 (689) 1.39 11.80 1.83 (677) 0.50 13.46
0.33 17.12 1.86 (667) 0.47 5.96 1.85 (670) 0.05 20.29
0.89 18.14 1.92 (646) 1.52 10.45 1.88 (659) 3.71 4.54

© 2024 The Author(s). Published by the Royal Society of Chemistry
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intermolecular CT from the S1 state and CD are triggered by the
larger dipole moment change on the excited state aer the
exciton reaches to the lower symmetric V-type molecular
stacking of ITIC. The dissociated holes move to the donor layer,
whereas the free electrons remain in the acceptor layer, even-
tually generate a photocurrent. Direct photoexcitation at the
stacking faults with higher energy can more effectively induce
intermolecular CT, followed by CD, to form free carriers and
holes.

The extent of this CT is governed by the stacking arrange-
ment of p–p conjugation, which could be affected by the side-
chain structure as well as the bulkiness around NFAs. Typi-
cally, these factors do not directly affect the optical and elec-
tronic properties of NFAs. However, this work suggests that the
design of peripheral substituents around the core structure of
NFAs can modulate stacking faults to increase the dipole
moment that pursues the CT and CD in the neat ITIC layer. This
new route can minimize the energy offset without the aid of the
energy offset of the donor/acceptor heterojunction, and can
reduce the energy loss at the junction. This insight will be
instrumental in designing new NFA molecules to elevate the
PCEs.

Conclusion

In this study, we have uncovered that intermolecular CT and CD
occur within the neat ITIC lm even in the absence of a donor
layer, although they are believed to proceed at the donor/
acceptor interface with the aid of the interfacial energy offset.
Femtosecond time-resolved visible to MIR absorption
measurements revealed that the intermolecular CT immediately
proceeds within 0.1 ps aer the photoirradiation, and they are
further dissociated into free carriers with a time constant of 56
ps. Theoretical calculations support these experimental results
that the stacking faults such as V-type molecular stacking cause
a large dipole moment change on the excited state to induce
such intermolecular charge separation, whereas J-type stacking
does not facilitate such processes. These results demonstrate
that a previously unknown pathway will be opened through the
distortion of the stacking structures in NFAs. Our study
underscores the critical role of controlling the stacking struc-
ture of NFAs through molecular design, particularly in tailoring
side-chain structures and bulkiness around NFAs. This
newfound understanding will be pivotal in guiding the design
of novel NFAmolecules aimed tominimize voltage loss in OPVs.

Data availability

The data supporting the ndings of this study are available
within the article and its ESI.† Additional data that support the
ndings of this study are available from the corresponding
author upon reasonable request.

Author contributions

A. Y. and H. I. conceived the concept and prepared the manu-
script with feedback from the other authors. K. K. performed
© 2024 The Author(s). Published by the Royal Society of Chemistry
the time-resolved measurements and analysis. T. Ur., M. H. and
H. S. performed the theoretical calculation. S. T., K. M. and Y. K.
performed the TREPR measurements and analysis. A. Y., K.
K., M. H., T. Um. and H. I. discussed the results. A. Y., K. K. and
H. I. wrote and revised the paper with contributions from the
other authors.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by a Grant-in-Aid for Transformative
Research Areas (A) (Dynamic Exciton: 20H05831, 20H05832,
20H05838, 20H05839), Scientic Research (A) (22H00344,
24H00485), and Challenging Research (24K21809) of MEXT, JST
CREST (JPMJCR23I6), the Yakumo Foundation for Environ-
mental Science, Izumi Science and Technology Foundation, and
the Nippon Sheet Glass Foundation for Materials Science and
Engineering.

References

1 H. Spanggaard and F. C. Krebs, Sol. Energy Mater. Sol. Cells,
2004, 83, 125–146.

2 O. Inganäs, Adv. Mater., 2018, 30, 1800388.
3 M. Mainville and M. Leclerc, ACS Energy Lett., 2020, 5, 1186–
1197.

4 H. Imahori, Y. Kobori and H. Kaji, Acc. Mater. Res., 2021, 2,
501–514.

5 M. R. Wasielewski, Acc. Chem. Res., 2009, 42, 1910–1921.
6 E. Sebastian and M. Hariharan, ACS Energy Lett., 2022, 7,
696–711.

7 J. S. Wu, S. W. Cheng, Y. J. Cheng and C. S. Hsu, Chem. Soc.
Rev., 2015, 44, 1113–1154.

8 G. Zhang, F. R. Lin, F. Qi, T. Heumüller, A. Distler,
H.-J. Egelhaaf, N. Li, P. C. Y. Chow, C. J. Brabec,
A. K. Y. Jen and H.-L. Yip, Chem. Rev., 2022, 122, 14180–
14274.

9 K. Jiang, J. Zhang, C. Zhong, F. R. Lin, F. Qi, Q. Li, Z. Peng,
W. Kaminsky, S.-H. Jang, J. Yu, X. Deng, H. Hu, D. Shen,
F. Gao, H. Ade, M. Xiao, C. Zhang and A. K.-Y. Jen, Nat.
Energy, 2022, 7, 1076–1086.

10 T. Saito, S. Natsuda, K. Imakita, Y. Tamai and H. Ohkita, Sol.
RRL, 2020, 4, 2000255.

11 S. Natsuda, T. Saito, R. Shirouchi, Y. Sakamoto, T. Takeyama,
Y. Tamai and H. Ohkita, Energy Environ. Sci., 2022, 15, 1545–
1555.

12 R. Wang, C. Zhang, Q. Li, Z. Zhang, X. Wang and M. Xiao, J.
Am. Chem. Soc., 2020, 142, 12751–12759.

13 G. Zhou, M. Zhang, J. Xu, Y. Yang, T. Hao, L. Zhu, L. Zhou,
H. Zhu, Y. Zou, G. Wei, Y. Zhang and F. Liu, Energy
Environ. Sci., 2022, 15, 3483–3493.

14 M. B. Price, P. A. Hume, A. Ilina, I. Wagner, R. R. Tamming,
K. E. Thorn, W. Jiao, A. Goldingay, P. J. Conaghan,
G. Lakhwani, N. J. L. K. Davis, Y. Wang, P. Xue, H. Lu,
Chem. Sci., 2024, 15, 12686–12694 | 12693

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc00917g


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 8
:2

1:
40

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
K. Chen, X. Zhan and J. M. Hodgkiss, Nat. Commun., 2022,
13, 2827.

15 Y. Wang, M. B. Price, R. S. Bobba, H. Lu, J. Xue, Y. Wang,
M. Li, A. Ilina, P. A. Hume, B. Jia, T. Li, Y. Zhang,
N. J. L. K. Davis, Z. Tang, W. Ma, Q. Qiao, J. M. Hodgkiss
and X. Zhan, Adv. Mater., 2022, 34, 2206717.
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