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Abstract: Reducing the single-triplet energy gap (�EST) for organic photovoltaic (OPV) molecules has been proposed to
be able to reduce the nonradiative recombination by tuning the low-lying triplet state (T1) and/or the excited state (S1), thus
reducing the energy loss (Eloss) and increasing the open-circuit voltage in their devices. However, how to design the non-
fullerene acceptor (NFA) with small �EST and high performance is challenging. Aiming to address this issue, YDF, YTF,
and YTF-H were synthesized. Among them, a device based on YDF with partially spatially separated highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) exhibits a much higher power conversion
efficiency (PCE) of 20.04%, which is one of the most efficient efficiencies for binary systems. For YTF and YTF-H, their
completely spatially separated HOMO and LUMO indeed lead to a much reduced �EST caused by the low-lying S1 state,
together with excellent charge mobility and light absorption, required for higher performance OPV. But their low S1 state
causes several non-radiative recombinations due to strong S1-S0 coupling (PCE < 1.5%). These results indicate that future
designs to have high performance molecules with small �EST should avoid the sharp decrease in S1, and the ideal scenario
would be to elevate the T1 state, thereby mitigating the energy gap law.

Introduction

Organic photovoltaics (OPVs), as promising candidates for
renewable energy technologies, have progressed rapidly to
achieve the power conversion efficiency (PCE) of over
20%[1–9] via delicate molecular design and device engineering
based on non-fullerene acceptors (NFAs). However, the
performance of OPVs is still less than the perovskite solar
cells (PSCs), which have shown a PCE above 26%.[10,11]

The main limiting factor for OPV performance is the
larger energy loss (Eloss) between the material band gap
(Eg) and device open-circuit voltage (VOC, Eloss = Eg–

eVOC).[12] For optimized PSCs, the Eloss can be as low as
0.34 eV, while for state-of-the-art OPVs, the Eloss typically
is in the range between 0.5 and 0.6 eV.[13,14] From a
molecular perspective, OPV materials exhibit larger defects,
stronger lattice vibrations, and more other energetic disor-
der compared to perovskites and Si-based solar materials,
which contribute to intrinsic strong electron-phonon cou-
pling between the states of S1/CT with S0 state.[15] These
inherent properties caused a larger non-radiative voltage
loss (�Vnr) in OPVs, ranging from 0.2 to 0.4 eV.[13] The
�Vnr is intrinsically linked to the external electrolumines-
cence quantum efficiency (EQEEL) of the device based on
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Figure 1. a) State diagram representing the various photophysical processes in an OPV. b) Ideal photophysical process. Reducing the �EST by
elevating the T1 state. c) Calculated frontier molecular orbital energy levels and distributions of the investigated fragments and molecules. d)–f)
Molecular structures of YDF, YTF, and YTF-H.

Equation (1),[16]

� Vnr = −kBT
e

ln (EQEEL) (1)

while EQEEL is related to both the radiative (kr) and non-
radiative recombination rate constants (knr, Equation 2).

EQEEL ∝ kr

kr + knr
(2)

In most OPVs that use NFAs, the majority of charge
recombination under open-circuit conditions proceeds via the
formation of non-radiative NFA triplet excitons.[17] There-
fore, decreasing the knr by reducing the coupling of S1/T1 with
S0 and the defects could increase the EQEEL and then reduce
the �Vnr.[18] In OPVs, the large �EST, around 0.6–1.0 eV for
either donor or acceptor materials, makes T1 excitons hard to
be thermally re-dissociated into free charges and has to decay

non-radiatively, resulting in the large �Vnr
[18] (as shown in

Figure 1a). Furthermore, smaller �EST could also recycle the
T1 exciton to the S1 exciton through the reversed intersystem
crossing (RISC, Figure 1b).

� EST = S1 − T1 ≈ 2J (3)

J =
∫∫

φHOMO (r1) φLUMO (r2)
1

|r1 − r2|
φHOMO(r2)φLUMO (r1) dr1dr2 (4)

From quantum mechanics, the �EST is approximately
twice the value of the exchange integral (J, Equations 3
and 4) between the spatial wavefunctions of the highest
occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO).[19] Therefore, �EST will
be reduced by decreasing the overlap of HOMO and LUMO
(∫ φHOMOφLUMOdr) and increasing the spatial distance |r1-r2|.
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This can likely be achieved through two paths: (1) spatially
separating the HOMO and LUMO (increasing |r1-r2|), such
as that in 4CzPN, etc.;[20] (2) having an overall orthogonal dis-
tribution of HOMO and LUMO orbitals (∫φHOMOφLUMOdr)
as such as in many B,N polycyclic aromatic hydrocarbons[21]

or the extreme case of that between the electron orbitals of
Px/Py/Pz in a carbon atom. Indeed, these approaches have
been widely used in constructing the highly efficient thermally
activated delayed fluorescence (TADF) emitters and achieved
<0.2 eV of �EST.[22]

However, conventional TADF materials with small �EST

are unfavorable for OPVs, as they could not achieve strong
light absorption and effective charge transport due to their
twisted Donor–Acceptor (D-A) geometries and less π -
overlapped packing mode.[23] Thus, designing OPV molecules
with reduced �EST while maintaining the necessary prop-
erties of strong light absorption and high charge mobility
presents a significant challenge.

Herein, aiming to address this issue, a frontier molecular
orbital engineering (FMOE) strategy to reduce �EST by spa-
tially separating HOMO and LUMO in the most typical best
performance A-D-A structure acceptors (such as Y6[24] and
CH-series[25]) was proposed and explored. Through screening
the representative fragments based on theoretical calculation,
we found that the tetrathiafulvalene (TTF) unit exhibits a
much higher HOMO than the Y-plane; thus, the integration of
the TTF unit with the Y6 backbone could render the HOMO
localized on the TTF unit, while the LUMO still mainly
keeps spatially on the Y-backbone. Therefore, the HOMO
and LUMO could be spatially separated, and correspondingly
decreased �EST can be achieved on these typical NFAs. With
this, three novel NFAs based on the TTF unit, YDF, YTF, and
YTF-H, were designed and synthesized. As expected, YDF,
YTF, and YTF-H still maintain excellent light absorption
capacity and charge transport mobility. Among them, indeed
as expected, molecules YTF and YTF-H have achieved
spatially HOMO and LUMO separated largely, resulting in a
much smaller �EST of 0.12 and 0.06 eV, respectively, together
with highly kept strong absorption and high mobility (see
below). However, the much reducing of �EST was manifested
by a significantly low-lying S1 state, which results in almost
completely quenched fluorescence with marked enhancement
of non-radiative recombination and thus poor PCE of <1.5%.
But for the control acceptor YDF, its HOMO and LUMO
only exhibit partial separation, still similar to that in the
case of Y6 and CH-series molecules, with �EST at the
comparable value of 0.66 eV but a much higher binary PCE
of 20.04%.

With these results, we conclude that reducing the �EST

with spatially separated HOMO and LUMO by decreasing
S1 is not a good approach and the ideal scenario might be
to elevate the T1 state (Figure 1b), thereby mitigating the
non-radiative processes caused by the energy gap law. The
likely best strategy to achieve such a goal for acceptors should
have at least the following rules simultaneously: (1) high-
lying T1 state, (2) HOMO and LUMO separated spatially
or distributed orthogonally, and (3) strong absorption and
charge mobility.

Results and Discussion

Synthesis of Acceptors with Separated HOMO–LUMO

To construct NFAs with small �EST, we employed an FMOE
strategy to achieve the HOMO and LUMO wave function
separation. Through screening the representative fragments
based on theoretical calculation (Figures S1 and S2), we found
that only the TTF-based unit (−5.00 eV) exhibits a much
higher HOMO than the Y6-plane (−5.57 eV). Therefore, the
combination of TTF derivatives with the Y6-plane could fulfill
the aim of regulating the HOMO and LUMO distribution and
thus decreasing �EST. The calculated HOMO results for the
derivatives DTF (dithiafulvalene, −6.35 eV), TTF (−5.00 eV),
and TTF-SCH3 (−5.11 eV) were shown in Figure 1c. Note, the
HOMO of DTF is much lower, which could not satisfy the
requirement of HOMO and LUMO separation. Therefore,
according to our previous strategy,[12] three NFAs based
on the derivatives DTF, TTF-SCH3, and TTF YDF, YTF,
and YTF-H were synthesized through NH-NH2 condensation
(Figure 1d–f). As expected, the HOMO of YTF and YTF-
H are localized at the central donor core, and that of YDF
is delocalized on the conjugated Y-plane (Figure 1c). All
these three NFAs exhibit a similar LUMO distribution on the
Y-plane. The overlap integral between HOMO and LUMO
(OH/L) for YTF and YTF-H is as low as 0.14 a.u. (Figures 2e
and S4), respectively, while for YDF it is 0.68 a.u. Therefore,
the spatially separated HOMO and LUMO lead to the �EST

of YTF and YTF-H sharply decreasing to 0.12 and 0.07 eV,
respectively, while the �EST of YDF still remains at 0.66 eV.
On the other hand, the overlap integral between HOMO–1
and LUMO (OH-1/L) for YTF and YTF-H is 0.67 and 0.66
a.u., respectively, which is almost the same as the OH/L for
YDF. In order to understand the origin of this, the HOMO–1,
HOMO, and LUMO energy levels of these three NFAs were
systematically investigated by cyclic voltammetry (CV), UV–
vis absorption spectra, and theoretical calculations as shown
below.

Photophysical Properties and Photovoltaic Performance

To understand the electronic levels and the photo-physical
properties of the materials, CV measurements were per-
formed (Figures 2a and S6). It is noted that YTF and YTF-H
exhibit distinct peaks within the range of −2000–2000 mV.
The introduction of the strong electron-donating central core
(TTF and TTF-SCH3) notably elevated the HOMO level of
YTF (−5.20 eV) and YTF-H (−5.16 eV) compared to that
of YDF (−5.65 eV), and the additional peaks of HOMO–1
for YTF (−5.54 eV) and YTF-H (−5.55 eV) were observed.
As summarized in Table 1, the energy difference between
HOMO and LUMO (�EHOMO∼LUMO) of YTF (1.42 eV)
and YTF-H (1.40 eV) was clearly lower than that of YDF
(1.82 eV). It is surprising to find that the energy differ-
ence between HOMO–1 and LUMO (�EHOMO−1∼LUMO) of
YTF (1.80 eV) and YTF-H (1.79 eV) is similar to the
�EHOMO∼LUMO of YDF. Further, the absorption spectra

Angew. Chem. Int. Ed. 2025, 64, e202506357 (3 of 10) © 2025 Wiley-VCH GmbH
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Figure 2. a) Energy level diagram of the donors and acceptors. b) Normalized absorption spectra of acceptors in diluted solutions of chloroform and
neat films. c) the theoretically calculated UV–vis absorption spectra of YDF, YTF, and YTF-H. d) and e) TD-DFT calculated molecular orbitals and
energy diagrams at the B3LYP/6–31G. OH/L represents the overlap integral between HOMO and LUMO, and f represents the oscillator strength. f)
J–V characteristics of the best-performing cells of binary PM6/acceptors. g) External quantum efficiency (EQE) spectra.

Table 1: Optical properties and electronic energy levels of YDF, YTF, and YTF-H.

Comp.
LUMO
(eV)

HOMO–1
(eV)

HOMO
(eV)

�EHOMO∼LUMO
(eV)

�EHOMO−1∼LUMO
(eV)

λSol
MAX

(nm)
λFilm

MAX
(nm)

EOpt
g

(eV)b)

YDF −3.81 � −5.64 1.82 � 741 812 1.39
YTF −3.74 −5.54 −5.20 1.42 1.80 754 818 1.35
YTF-H −3.76 −5.55 −5.16 1.40 1.79 754 820 1.37

of YDF, YTF, and YTF-H in chloroform and neat films
(Figure 2b) are measured. The main absorption peaks (741
for YDF, 754 for YTF and 754 nm for YTF-H in Table 1),
molar extinction coefficients (2.51 × 105 M−1 cm−1 for YDF,
1.92 × 105 M−1 cm−1 for YTF and 2.27 × 105 M−1 cm−1 for
YTF-H), and optical bandgap (Eopt

g ) of YDF, YTF, and YTF-
H are found to be very similar. Therefore, the separation

of HOMO and LUMO of YTF and YTF-H does not
diminish their light absorption capabilities. To elucidate the
underlying mechanisms, a comprehensive theoretical analysis
was systematically conducted.

The theoretical absorption spectra of YDF, YTF, and
YTF-H were calculated based on the time-dependent density
functional theory (TD-DFT) and shown in Figure 2c, which

Angew. Chem. Int. Ed. 2025, 64, e202506357 (4 of 10) © 2025 Wiley-VCH GmbH
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Table 2: Photovoltaic performance parameters of OPVs based on PM6: YDF, PM6: YTF, and PM6: YTF-H and measured under the illumination of AM
1.5G (100 mW cm−2). a)

Active layer VOC (V) JSC (mA cm−2) Jcal
SC

b) (mA cm−2) FF (%) PCE (%)

PM6: YTF 0.773 1.12 1.06 43.17 0.37
PBDB-T: YTF 0.634 1.77 � 38.38 0.43
PCE-10: YTF 0.615 1.55 � 38.58 0.37
PBDTTT-C-T: YTF 0.678 5.33 � 36.99 1.33
PM6: YTF-H 0.745 1.75 2.07 50.83 0.66
PM6: YDF 0.901(0.898 ± 0.002) 27.70(27.75 ± 0.14) 26.72 80.40(80.10 ± 0.36) 20.04(19.96 ± 0.05)

a) The values in parentheses are average parameters obtained from the top 10 best devices. b) The Jcal
SC is determined from integration of the EQEs to

the AM1.5G spectrum.

are consistent with the experimentally measured results. The
maximum absorption peak of YDF (S0→S1 transition at
674.30 nm, Table S1) involves the main contribution from
HOMO→LUMO transition (oscillator strength f = 1.99),
which is characterized as the localized excitation (LE). In
contrast, the S0→S1 absorption for YTF and YTF-H shows
a relatively weak oscillator strength (816.93 nm, f = 0.04),
which is characterized as the charge transfer (CT) from the
electron-deficient core (TTF unit) to the Y-plane. This is
consistent with the design principle of achieving HOMO
and LUMO separation of YTF and YTF-H as discussed
above. More importantly, YTF exhibit a very strong S0→S3

transition (679.69 nm, f = 1.78), which mainly involves the
HOMO–1→LUMO with clear LE character (Figure 2e).
This large difference between the oscillator strength of
HOMO→LUMO and HOMO–1→LUMO transitions of
YTF and YTF-H makes the S0→S1 absorption is optically
dark while the S0→S3 absorption optically bright.[26] There-
fore, the absorption range and intensity of YTF and YTF-H
are not sacrificed even when the HOMO and LUMO are
separated. This is also consistent with the energy levels of CV
measurements as discussed above (Table 1).

Furthermore, our molecular design principle enables YTF
and YTF-H to achieve both high hole and electron mobilities
with the order of 10−4 cm2 V−1 s−1, similar to YDF and
other NFAs (Figure S12). In contrast to traditional TADF
materials,[27] YTF and YTF-H do not sacrifice the absorption
intensity and charge transport property upon HOMO–
LUMO separation and have not been reported/explored
before.

The grazing-incidence wide-angle X-ray scattering
(GIWAXS) is then performed to investigate the packing
information of YDF, YTF, and YTF-H. It is found that YDF,
YTF, and YTF-H based films possess the preferential face-on
orientations supported by strong (010) π–π stacking peaks
in the out-of-plane direction. Besides, in the neat films, all
acceptors exhibit basically consistent stacking distances and
coherence lengths (CLs) in the (100) and (010) directions
(Table S3 and Figures S9 and S10). Therefore, there is
negligible difference between the molecular packing of YDF,
YTF, and YTF-H. The similar CCL trend is also observed in
their blend films, implying YDF, YTF, and YTF-H gained an
ordered and similar packing when blended with PM6. The
atomic force microscopy-based infrared spectroscopy (AFM-
IR) was also measured and shown in Figure S11; all blended
films exhibit a similar and smooth surface morphology.

Through single-crystal X-ray diffraction (SC-XRD) analysis,
YDF and YTF [28] exhibit similar stacking modes, and both
form effective three-dimensional interpenetrating networks
(Figures S21–S28) with the corresponding molecular packing
density (MPD) of 64.8% and 63.0%, respectively.

Although YDF, YTF, and YTF-H can effectively absorb
within a similar range and exhibit comparable packing in
neat and blended films, their device performance differs by
dozens of times (Table 2). Extremely inferior photovoltaic
response has been observed for YTF and YTF-H based
devices regardless of the usage of different polymer donors.
The very similar molecular packing and morphology (as
described above) results indicate that the significant perfor-
mance difference among these molecules in OPV should
come from other reasons. Considering the issue of energy
level matching, PBDTTT-C-T with a high HOMO energy
level as the donor was also employed, which increased the
Jsc to 5.33 mA cm−2, but the device efficiency was still
poor (1.33%). Therefore, energy level matching is neither
the main factor for the low performance of YTF and YTF-
H. In contrast, the optimized YDF-based device offers a
remarkable PCE of 20.04%, with a high EQE of ∼85% from
550 to 750 nm (Figure 2g, JSC = 27.70 mA cm−2) for the
PM6:YDF based binary device. Thus, such significant OPV
performance for PM6:YTF, PM6:YTF-H, and PM6:YDF
warrants a systematic investigation.

Non-radiative Recombination Mechanism: The Influence of Dark
state

We firstly measured the emission spectra of YDF, YTF,
and YTF-H in dilute chloroform solution (Figure 3c), which
have similar shapes to other NFAs having emission in
the short-wavelength infrared region.[29] The fluorescence
peaks are almost the same for YDF, YTF, and YTF-H
(∼1.61 eV, 770 nm). The PLQY and transient absorption
(TA) spectroscopy (Figure 4g) were carried out to investigate
emission efficiency and exciton lifetime (τ ) in three acceptors.
As shown in Table S2, PLQY gradually decreased from
22.34% (YDF) to 0.84% (YTF) and 1.63% (YTF-H). Based
on the equation of PLQY = kr

kr+knr
= τkr, the kr and knr

are 2.83 × 108 and 1 × 109, 5.25 × 108, and 6.19 × 1010,
and 8.80 × 108 and 5.46 × 1010 s−1 for YDF, YTF, and
YTF-H, respectively. This implies the radiative rate is indeed
increasing by spatially separating the HOMO–LUMO, but
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Figure 3. a) Illustration of excited-state dynamics in YTF: (1) photoexcitation of singlet states: optically bright transition characterized as local exciton
S0→S3, f = 1.78; (2) IC: S3→S1; (3) fluorescence emission: S3→S0, f = 1.79; (4) non-radiative transitions of S3→S0 and S1→S0; (5) intersystem
crossing. b) configurations of YTF at optimized S0, S1, and S3 geometries. c) PL spectra and PLQY of the acceptors as extremely dilute solutions,
excited at 600 nm. d) and e) the reduced photoluminescence spectra of solution fitted by multiple Gaussian peaks with equal width and spacing for
acceptors. f)–h) dependence of FCWD on microscopic photophysical parameters.

Angew. Chem. Int. Ed. 2025, 64, e202506357 (6 of 10) © 2025 Wiley-VCH GmbH
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Figure 4. a), d) TA profiles of YDF and YTF neat film with pump at 750 nm. In YDF, the GSB band of YDF: 820 nm; The S1 signals of YDF at 910 nm;
the i-EX bond of YDF: 1550 nm. In YTF, the GSB band of YTF: 820 nm; the S3 signals of YTF: 910 nm; the S1 signals of YTF: 950 ∼ 1250 nm; the i-EX
bond of YTF: 1600 nm. b), e) TA spectra from the two samples at different time delays. c), f) The TA dynamics of ESA signals probed at 910 and
950 nm of YDF and YTF. g) The exciton lifetime of acceptors in dilute chloroform solution. h), i) Singlet−singlet exciton annihilation in neat YDF film
and YTF film.

the non-radiative rate increases even more and dominates the
process.

In order to understand the influence of electron-phonon
coupling between the ground and excited states of this
non-radiative process, wavefunction overlap between the
vibrational levels of the excited and ground states for non-
radiative recombination (Franck–Condon-weighted density;
FCWD) is calculated by analyzing the fluorescence spectra,
which could reflect the corresponding vibrational parame-
ters (details in Computational methods of Supplementary).
Consistent with the theoretically simulated absorption spectra
discussed before, the similar fluorescence peaks indicate
that the emission for YTF and YTF-H is contributed from
the bright LE transition with strong oscillator strengths
(Table S5). By investigating their similar reduced emission
spectra (Figures 3b,c, and S14), oscillator strength, and
FCWD, it could be concluded that YDF, YTF, and YTF-

H might present similar non-radiative channels accompanied
by the fluorescence emission. However, the similar FCWD
deduced from the reduced PL spectra could not be responsi-
ble for the large differences of PLQYs. It is thus possible that
there is another important non-radiative process, which might
be the dark S1→S0 transition (Figure 3a).

To our knowledge, generally the optically dark S1 state
does not contribute to the fluorescence emission but is largely
involved in the non-radiative process.[30] This situation makes
it difficult to experimentally determine the excitation energy
of the dark S1 state. In order to estimate the FCWD of the
S1→S0 non-radiative channel, we carried out a numerical
simulation on the basis of Equation (S3). The influences of
the aforementioned vibrational parameters and energy gaps
are investigated in the range of various possible values (as
shown in Figure 3f–h). It is obvious that the FCWD would
significantly increase as reducing the Eg. Considering the

Angew. Chem. Int. Ed. 2025, 64, e202506357 (7 of 10) © 2025 Wiley-VCH GmbH
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most likely range of Eg (∼1.20 eV, the �ES3-S1 is estimated
from the energy gap between CT and LE transition based on
the results of CV measurement) and vibrational parameters
(λlf ≈ 0.15 eV; S ≈ 0.5; hω̄v ≈ 0.13 eV), the FCWD of the dark
S1→S0 non-radiative transition for YTF and YTF-H could be
4.01 × 10−7 eV−1, which is almost five orders of magnitude
larger than that of S3→S0 (1.67 × 10−11 eV−1 for YTF and
1.84 × 10−12 eV−1 for YTF-H, Table S4). It is thus rationalized
that the lower-lying S1 state provided an important non-
radiative pathway interpreted in the energy gap law for YTF
and YTF-H.

Therefore, it can be reasonably predicted that YTF and
YTF-H possess an additional and dominant pathway con-
tributing to the strong overall non-radiative recombination,
potentially involving the S3→S1→S0 transition (Figure 3a).
This dominated non-radiative decay (S1→S0) significantly
hinders the intersystem crossing (ISC) from S1 to T1, making
the ISC nearly impossible to occur, even with a �EST as low
as ∼0.1 eV.

To validate the results fitted by the experimental fluo-
rescence spectra and the deduced optically dark state, we
further carried out comprehensive theoretical calculations
for YDF, YTF, and YTF-H. The geometries of both the
ground and excited states were optimized; the vibrational
parameters, energy gaps, and FCWD were all calculated
and shown in (Table S4). The geometries of S0, S1, and S3

present large differences around the C═C bonds in the TTF
segment (Figure 3b and Tables S6–S10). For the non-radiative
transition accompanied by the strong fluorescence emission
(S1→S0 for YDF and S3→S0 for YTF/YTF-H), both the
larger Eg and smaller electron-phonon coupling (especially
the λlf and S) lead to the reduced FCWD. For the specific
S1→S0 non-radiative channel of YTF/YTF-H, in addition to
the significant structural deformation (Figure 3b) contributing
to the large electron-phonon coupling (Figure S4), the evi-
dently reduced Eg dominates the FCWD, which is increased
several orders of magnitude. Therefore, it could be concluded
that the decreased energy of S1 for YTF/YTF-H results in the
prominent non-radiative recombination.

Excited State Dynamics

The dynamics of excitons and photocarriers in YDF, YTF,
and YTF-H were then probed by the <20 fs TA spectroscopy.
In dilute chloroform solution, YDF has a longer exciton
lifetime of 777 ps, comparable with most excellent NFAs,
but the exciton lifetime of YTF and YTF-H is one order
of magnitude lower at 16 and 18 ps (Figure 4g), which
should be caused by the serious non-radiation process as
discussed above. No transition signal between excited states
was observed in YTF and YTF-H, which may be attributed to
the overlap of the excited state absorption (ESA) bands of S1

and S3. Notably, the ground state bleaching (GSB) bands of
YTF and YTF-H shifted from 766 to 750 nm within 2 to 50 ps,
indicating that transitions between excited states (S3 and S1)
occurred within this timeframe (Figure S32).

Within the ∼1 ps time scale, the S1 (Frenkel-type LE) state
at 950 nm in the neat YDF film first emerges and then declines,

with the ESA bands at 1550 nm uprising, (Figure 4a–c)
indicating fast conversion (<1 ps) of LE into an intermediate
state. The ESA bands may correspond to an intermolecular i-
EX state, where closely packed molecules help reduce exciton
binding energy and facilitate the formation of excited species
with CT characters.[31]

In YTF’s neat films, the ESA signal of the S1 dark state
was successfully captured. Simultaneously upon the optical
pumping, the primary excitation of YTF is observed with
ESA bands centered at 910 nm (S3 state) and 1600 nm (i-
EX state). At the same time, it can be clearly observed that
compared with YDF, the i-EX and LE states of YTF have a
significant decrease in the first 1 ps (Figure 4d). In addition,
a feature ESA centered at 950–1250 nm appears upon optical
pump and increases in the first 1 ps. As shown in Figure 4f,
a transition signal from 910 to 1150 nm was observed, with a
characteristic lifetime of approximately 0.06 ps, corresponding
to a rate of around 1014 s−1. This precisely matches the internal
conversion (IC) process discussed above: the IC of YTF from
S3 to S1 (dark state) after excitation.

In PM6:YDF film, after 10 ps, the ESA signals emerge at
∼770 nm, which should be assigned to the charge separation
(CS) state in the blend films, indicating the onset of the
exciton dissociation. Simultaneously, the YDF blend gives a
quick emergence of the bleach signal of PM6, indicating a
hole transfer from acceptor to donor in PM6:YDF around
18 ps. Such a phenomenon was also observed in other highly
performed OPVs.[32,33] In the YTF blend film, it is clearly
observed that S1 acts as a trap state, capturing the energy
of the S3 excited state (Figure S38). For excitons that fall
back to S1, severe non-radiative decay and the lack of driving
force (due to the mismatch with the HOMO of PM6) prevent
effective exciton dissociation. Consequently, a weak bleach
signal near 630 nm persists on a much longer time scale of
>2 ns, which represents a trace of hole transfer to PM6,
corresponding to a current parameter of merely ∼1.5 mA
cm−2. It is worth noting that even choosing the well-matched
PBDTTT-C-T as a donor, excitons still fall back to the dark
state and cannot be effectively dissociated, further supporting
that S1 is a trapped state (Figure S40).

The pump intensity dependent measurement further
quantitatively supports this non-radiative process well, and it
can be observed that compared with the strong pump intensity
dependence of YDF, YTF has almost no pump dependence
(Figure 4h,i). Different from the bimolecular recombination
process of YDF, YTF showed a monomolecular recombina-
tion process. This shows that in the YTF-based system, YTF
undergoes an extremely fast non-radiative process after being
excited, which causes the excitons to be unable to diffuse
effectively. In blends, this manifests as the inability of excitons
to diffuse to the interface for effective separation, resulting in
no charge generation.

Conclusion

In summary, a strategy for regulating the �EST for high
performance OPV molecules by spatially separated HOMO
and LUMO orbitals has been explored. By tuning the electron

Angew. Chem. Int. Ed. 2025, 64, e202506357 (8 of 10) © 2025 Wiley-VCH GmbH
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donating characteristics of the central donor core unit, we
achieved such a goal to regulate the spatial separation of
HOMO and LUMO for molecules of YDF, YTF, and YTF-
H. The optimized device based on YDF with partially HOMO
and LUMO separation offers a high efficiency of 20.04%.
But, for molecules of YTF and YTF-H, while they exhibit
almost completely spatial HOMO–LUMO separation and
much reduced �EST and also high electron mobility and
absorption capacity, the much reduced �EST of YTF and
YTF-H is mainly ascribed to the significantly decreased S1,
which results in a marked enhancement of non-radiative
processes caused by the energy-gap law and thus poor PCE
of <1.5%.

The comprehensive analysis from simulation, photody-
namic, spectroscopic, and crystallographic studies render us
to propose the simultaneously required rules for an ideal
OPV molecule: (1) A rigid and high aromatic conjugation
system for strong light absorption and reduced electron-
vibrational coupling; (2) Strong intermolecular interaction
in the molecular packing for high charge mobility, such
as currently used A-D-A molecules; (3) Small HOMO
and LUMO overall integral through either spatially sep-
arated HOMO and LUMO or orthogonal HOMO and
LUMO to reduce �EST. One optimized approach for
the #3 requirement as demonstrated in this work is to
raise the T1 and ideally partially orthogonal HOMO and
LUMO.
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