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ABSTRACT

Understanding the excited-state dynamics of nonfullerene electron acceptors is essential for further
improvement of organic solar cells as they are responsible for near-IR light absorption. Herein, we
investigated the singlet and triplet excited-state dynamics in Y6, a novel nonfullerene acceptor,
using transient absorption spectroscopy. We found that, even at low excitation fluences, pristine
Y6 films show biphasic singlet exciton decay kinetics with decay constants of ~220 ps and ~1200
ps. The majority of the Y6 singlet excitons decayed with the faster (~220 ps) component, whereas
a clear photoluminescence with the slower (~1200 ps) component was observed, which is the
origin of the large discrepancies in the previously reported exciton lifetimes of Y6 in the solid state.
At high excitation fluences, on the other hand, Y6 singlet excitons are more likely to decay via
singlet—singlet exciton annihilation due to fast exciton diffusion in crystalline domains, after which

we observed ultrafast triplet formation, assigned to singlet fission from higher excited singlet states.
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Introduction

The power conversion efficiencies (PCEs) of organic solar cells (OSCs) now exceed 18%,!
largely owing to the development of novel nonfullerene acceptors (NFAs).*!2 OSCs consisting of
a low-bandgap NFA and a wide-bandgap donor polymer exhibit strong and complementary
absorption in the visible to near-IR region, resulting in efficient photocurrent generation
comparable to their inorganic counterparts. This is in sharp contrast to conventional fullerene-
based OSCs, wherein mainly donor polymers are responsible for photon absorption due to the
small absorption cross-section of fullerenes in the visible to near-IR regions, thereby singlet
excitons are predominantly generated in the donor polymers. Therefore, significant efforts have
been made to understand excited-state properties of donor polymers over the past three decades.
In contrast, NFAs are responsible for near-IR light absorption for recent NFA-based OSCs. Hence,
currently, it has become increasingly important to understand the excited-state dynamics of NFAs.
However, compared to donor polymers, relatively little is known about the excited-state dynamics

of NFAs.

State-of-the-art OSCs often use Y6 (the chemical structure, steady-state absorption, and
photoluminescence (PL) spectra of Y6 are found in Figure S1) and its derivatives as NFAs. These
NFAs are strongly crystalline and exhibit deep highest occupied molecular orbital (HOMO) energy
levels, large absorption cross-sections in the near-IR region, and optical bandgaps suitable for solar
cell applications. Therefore, a lot of studies on Y6-based OSCs have been conducted.!3!” In
contrast, the excited-state properties of Y6 are still not fully understood. For example, the singlet
exciton diffusion length Lp, which is defined as Lp = (D7)*>, where D is the exciton diffusion
constant and 7is the exciton lifetime, is an important parameter that affects the PCE. Nevertheless,

the reported 7 values for Y6 thin films cover a significant range, from ~50 ps to ~1.8 ns.2-2°



Therefore, further research is necessary to understand the origins of such large discrepancies as
well as reliable excited-state properties. Alongside singlet excited-state properties, those of triplet
excited states are also important. In OSCs, bimolecular charge recombination leads to the
formation of both singlet and triplet charge transfer (CT) states with a ratio of 1:3. The triplet CT
state subsequently decays to a lower-lying triplet excited state on either donor or acceptor material,
which then re-dissociates into the CT state or otherwise is quenched by charges or other triplets.
As the CT—triplet transition rate depends on the energy difference between these states, the triplet

excited state energy of Y6 is important for the charge recombination/re-generation dynamics in

0SCs.2627

Herein, we study the singlet and triplet excited-state dynamics of Y6 in the solid state using
transient absorption (TA) spectroscopy. We found that pristine Y6 films show biphasic singlet
exciton decay kinetics with decay constants of ~220 ps and ~1200 ps, which is the origin of the
large discrepancies in the previously reported exciton lifetimes of Y6 in the solid state. Y6 shows
a relatively large exciton diffusion constant and a small energy difference between the lowest
excited singlet and triplet states (S1 and T; states). Ultrafast triplet exciton formation was observed
at high excitation fluences, which is attributable to singlet fission from higher excited singlet states

(Sh states) generated through singlet—singlet exciton annihilation (SSA).

Experimental Methods

Film preparation. Films for all spectroscopic measurements were prepared on quartz substrates,
which were successively cleaned by sonication in toluene, acetone, and ethanol for 15 min each.
Y6 was dissolved in chloroform (CF) and left to stir at room temperature overnight. Thin films

were spin-coated onto the cleaned substrates in a N»-filled glovebox and then thermally annealed



at 110 °C for 5 min. For TA and time-resolved PL (TRPL) measurements, the samples were

encapsulated in the glovebox.

Measurements

Steady-state absorption and PL spectra. UV—visible absorption spectra were acquired using a
UV-visible spectrometer (Hitachi, U-4100). The PL spectra were measured using a fluorescence
spectrophotometer (Horiba Jobin Yvon, NanolLog) equipped with a photomultiplier tube
(Hamamatsu, R928P) and a liquid-N»-cooled InGaAs near-IR array detector (Horiba Jobin Yvon,
Symphony II). The excitation wavelength was set to 790 nm. The PL decay kinetics were measured
by the time-correlated single-photon-counting (TCSPC) method (Horiba Jobin Yvon, FluoroCube).
PL quantum yield (PLQY) was measured using an absolute QY measurement system (Bunko-

keiki, BEL-300) with an integrating sphere.

TA measurements. Femtosecond TA data were collected using a pump and probe femtosecond
TA spectroscopy system, which consisted of a TA spectrometer (Ultrafast Systems, Helios) and a
regenerative amplified Ti:sapphire laser (Spectra-Physics, Hurricane). Basically, the fundamental
pulse with a wavelength of 800 nm was used for the excitation source, and when necessary, pump
pulses of shorter wavelengths, generated with an ultrafast optical parametric amplifier (Spectra-
Physics, TOPAS, for 700 and 530 nm) and a second harmonic generator (Spectra-Physics, TP-F,
for 400 nm), were used. The TA data were collected over a time range from —5 ps to 3 ns.
Microsecond TA data were collected using a sensitive microsecond TA system. A Nd:YAG laser
(Elforlight, SPOT-10-200-532) operating at a wavelength of 532 nm was used as the excitation

source. White light from a tungsten lamp with a stabilized power source was used as the probe



light. Two monochromators and appropriate optical cut-off filters were placed before and after the
sample to increase the signal-to-noise ratio (SNR). Further details of our TA setup have been

presented elsewhere.?8

Density functional theory (DFT) calculations. DFT calculations were carried out for the isolated
Y6 molecule, where alkyl side chains were shortened to reduce the computational effort, using the
Gaussian 16 rev. A package.?’ The Y6 molecule was optimized using the B3LYP functional and
6-311G(d,p) basis set in the ground state, whereas time-dependent (TD)-DFT with B3LYP/6-
31+G(d) within the Tamm-Dancoff approximation was performed for the T state optimization.*
The energy level of the T, state E11 was calculated as the average of the two vertical excitation

energies at the optimized T and ground-state geometries.

Results and Discussion

Assignment of TA spectra. Figure 1a shows the TA spectra of a pristine Y6 film (70 nm thick).
A photoinduced absorption (PIA) band at ~930 nm and a broad tail above 1200 nm appeared
immediately after photoexcitation at 800 nm. These bands are assigned to Y6 singlet excitons in
the solid state because its spectral shape is similar to the Y6 singlet PIA in a CF solution except
the red-shift of the spectrum (Figure S2).>! In addition, a sharp negative signal was observed at
~850 nm, which is attributable to the ground-state bleaching (GSB) of Y6. Singlet excitons
decayed with time. On the nanosecond time scale, the singlet PIA completely disappeared, instead
a weak long-lived PIA was observed at 1400 nm. The long-lived PIA was also observed for Y6 in
the CF solution, wherein we attribute it to triplet excitons generated through intersystem crossing

(ISC) (see Figures S2 and S3). In contrast, the long-lived PIA was not clearly observed for the



pristine Y6 film, most likely due to the lower SNR achieved by keeping the excitation fluence as
low as possible to reduce the contribution of SSA. Therefore, we sensitized Y6 using
Pt(IT)octacthylporphyrin (PtOEP), a well-known triplet sensitizer.>? Figure 1b shows the TA
spectrum of a Y6/PtOEP blend film (7:1 w/w) monitored 1 ns after photoexcitation at 530 nm,
which reveals a large PIA band at ~1400 nm similar to that of the Y6 triplet excitons observed in

the CF solution. This band was still observed on the microsecond time scale (Figure S4). Thus,
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Figure 1. (a) TA spectra of a pristine Y6 film (70 nm thick). The excitation wavelength was
set to 800 nm with a fluence of 3.8 pJ cm™2. (b) TA spectra of a Y6/PtOEP blend (7:1 w/w) film
and a pristine Y6 film as a reference monitored at 1000 ps after photoexcitation. The excitation
wavelength was set to 530 nm, which is the peak wavelength of PtOEP absorption, with a

fluence of 5.0 uJ cm™2.



this band is assigned to the T1—T, absorption of Y6 in the solid state. To briefly summarize the
wavelengths we will be focusing on, Y6 shows the GSB signal at ~850 nm, singlet exciton

absorption at ~930 nm and >1200 nm, and triplet exciton absorption at ~1400 nm.

Singlet exciton lifetime. In TA measurements, the bimolecular exciton deactivation process due
to SSA generates an additional decay channel that leads to faster exciton decay.**-* Hence, SSA
must be avoided when the intrinsic singlet exciton decay kinetics is observed. Because it is difficult
to avoid SSA in the thin Y6 film, which, as discussed later, is a sign of fast exciton diffusion, we
performed TA measurements for a 240 nm thick film (the TA spectra of the thick Y6 film are
presented in Figure S5) with weak excitation fluences. The excitation wavelength was set to 400
nm, where the absorption cross-section of Y6 is approximately six times smaller than that at the
peak wavelength, to keep the exciton density low. Figure 2a shows the excitation-fluence
dependence of the exciton decay kinetics monitored at 930 nm. The decay kinetics are independent
of the excitation fluence, at least below 3.0 pJ cm™2; however, decay was slightly faster at 6.4 pJ
cm 2 owing to SSA. We simultaneously fitted the two fluences (3.0 uJ cm 2 and 2.2 uJ cm?) with
a shared time constant. The exciton decay was well fitted by an exponential function with a lifetime
of ~220 ps. Note that the decay kinetics of the broad PIA tail above 1200 nm at early times were
also well reproduced by the same exponential function, indicating that mainly singlet excitons are

responsible for this region at early times.
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Figure 2. (a) Time evolution of TA signals monitored at 930 nm at various excitation fluences.
The excitation wavelength was set to 400 nm. A 240 nm thick pristine Y6 film was used to
avoid SSA. The black line represents the decay kinetics of the TA signals averaged over the
1200-1400 nm region. The red lines represent the best fitted exponential curves. (b) Time
evolution of TA signals at later times. TA signals were averaged over wide spectral regions as
indicated to improve the SNR. The GSB signals were reversed in sign. Time evolution for the
1200-1400 nm region is not shown because the SNR on the nanosecond time scale is too low

to be discussed in detail.

Interestingly, the singlet exciton lifetime measured by TA spectroscopy is significantly shorter
than the PL decay lifetime obtained by the TCSPC method (~1.2 ns, Figure S6). As mentioned

above, this large discrepancy has also been reported previously: exciton lifetimes of a few



hundreds of picoseconds were obtained by TA measurements, whereas lifetimes of >1 ns were
obtained by TRPL measurements.?!">> Close inspection of the TA spectra (Figures la and S5)
reveals that the TA signal in the 900-950 nm region turned into negative at later times, which is
attributable to the stimulated emission (SE) of Y6 because its spectral position coincides with the
PL spectrum (Figure S1). This indicates that SE with a longer time constant can also be observed
in the TA spectra. Importantly, however, this means that SE was observed despite that the singlet

exciton absorption had already disappeared at later times.

At later times, as shown in Figure 2b, singlet excitons (red line) decayed considerably faster than
the GSB (black line), indicating that the majority of transient species presented at later times are
triplet excitons. Triplet excitons, then, decayed on the nanosecond time scale (Figures 2b and S5),
suggesting the presence of triplet-triplet exciton annihilation (TTA) because decay on nanosecond
time scale is too fast to be assigned to intrinsic deactivation of triplet excitons generated in organic
molecules without heavy metals (Figure S4). Therefore, we speculate that the PL on the
nanosecond time scale may be induced by the S; state repopulated through TTA. Another possible
explanation for the slow PL may be the presence of highly ordered regions with a suppressed
nonradiative decay rate in Y6 films. This is because (TR)PL measurements are dominated by
emissive states, whereas TA measurements can directly probe the exciton density. This speculation
originates from the fact that the peak positions of the GSB red-shift with time, suggesting the
presence of highly ordered regions, where excitons are expected to decay more slowly with higher
PL quantum yields owing to the suppressed nonradiative decay. This results in a change in the
ratio of the TA amplitudes between the singlet PIA and SE. Further studies are required to reveal

the origin of the slow PL. Nevertheless, what is important here is that the majority of the singlet
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excitons decay with a time constant of 220 ps. Therefore, we chose 220 ps as the exciton lifetime

of Y6 in the solid state for later discussion.

Singlet exciton diffusion. The diffusion properties of Y6 singlet excitons can be determined by
analyzing the excitation-fluence-dependent kinetics of exciton decay.>*-* The rate equation for

singlet excitons, including SSA, is given by

dng(t)
de

= —kng(©) — ¥ (Ons(2) (1)

where ny(f), k, and p(¢) are the singlet exciton density at time ¢ after photoexcitation, the rate
constant for monomolecular deactivation given by the inverse of the exciton lifetime (~220 ps for
Y6 in the solid state), and the SSA rate coefficient, respectively (details are found in the Supporting

Information). Equation 1 can be analytically solved as

ne(t) = MoeXPkD) @)
> 1+206(0)
G(t) = 8nDR [1 (1 = e~kt) 4 — erf(\/H)] 3)
B k V2Dk

where no is the initial exciton density, and “erf” denotes the error function. Herein, we used a three-

1,333 and the effective reaction radius R is assumed

dimensionally (3D) isotropic diffusion mode
to be 1 nm as a typical value for small molecules to provide a straightforward comparison with

previous studies.
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Singlet excitons decay faster with increasing excitation fluence in the 70 nm thick Y6 film due
to SSA. The red and blue lines in Figure 3 are best fits obtained using Equations 2 and 3 with and
without the second term (the error function term) in Equation 3, respectively. Both fitting curves
reproduce the experimentally observed exciton decay kinetics well, which is a sign of a relatively
fast diffusion because the error function term is negligible when ¢ >> R?/(2zD). From the fitting
with the error function term (red line), D is evaluated to be 2.1x1072 ¢cm? s~!. This value is
approximately one order of magnitude larger than those of typical conjugated polymers* but
similar to those of recent novel NFAs?'-¢, wherein the authors claimed that the diffusion
coefficients of NFA excitons are larger than that of donor polymers owing to their rigid planar
molecular structures. Lp was calculated to be ~21 nm; this relatively long diffusion length is a key

factor that determines efficient charge generation in Y6-based OSCs.
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Figure 3. Singlet exciton decay kinetics for the 70 nm thick Y6 film monitored at 970 nm. The
excitation wavelength was 800 nm with a fluence of 1.4 pJ cm™2. The red and blue lines
represent the best fits obtained using the 3D diffusion model with and without the error function

term, respectively.
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Triplet excited state energy of Y6. To determine ETi, we acquired the PL spectra of a mixed

solution of Y6 and rubrene after selectively exciting the lower-bandgap Y6. Figure 4a shows the

Y

l—12.7wW cm?
2 10 — 6.4 W cm?
o U —32Wcem?
RS}
3
2
é 0.5
£
-
o
0.0~ " T - T . T .
520 540 560 580 600
Wavelength (nm)
b 9
[ 2N J
@ J =) <
4 )
s 4302¢00, -
4 9
% A, 9
+g29 i
P hole W99
" B ¢ 9
J J
°
o o
)
A2 @ 9 p
41 B .
o .42 D 90
PR L e )
o QA , S, .p‘ b9
o 9 i i 2
,‘0“ particle ,J’.J
£l 9
c T1\
A
GS
1.35] 1.16
eV eV Ey=
1.26 eV
A\ 4

Figure 4. (a) UC emission spectra of a Y 6/rubrene mixture in a CF solution (1.5 uM/300 uM)
excited at 635 nm. (b) NTO pairs for Y6 in the optimized T geometry obtained through TD-
DFT calculations with B3LYP/6-31+G(d) within the Tamm-Dancoff approximation. (c)

Schematic defining Er1.
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PL spectra of a mixed solution of Y6 (1.5 uM) and rubrene (300 uM). We observed an emission
at ~560 nm, which is shorter than the excitation wavelength. As this emission band coincides with
rubrene fluorescence,’” we attribute it to the upconversion (UC) emission from rubrene. Upon
photoexcitation of Y6, triplet excitons are generated through ISC. Then, triplet energy transfer
from Y6 to rubrene occurs to form rubrene triplet excitons that diffuse randomly and undergo TTA
when they encounter one another, resulting in the generation of rubrene singlet excitons with
energy higher than the excitation source. The rubrene singlet excitons decay rapidly to the ground
state by emitting upconverted photons; i.e., UC emission. E1i of rubrene is 1.14 eV;*’ thus, Eti of
Y6 is higher than 1.14 eV. To confirm that this estimation is reliable, we carried out DFT
calculations for an isolated Y6 molecule. Figure 4b shows the natural transition orbital (NTO)3®
pairs of Y6 in the optimized T geometry obtained by TD-DFT calculations. £11 was calculated to
be 1.26 eV from the average of two vertical excitation energies at the optimized T; and ground
state (GS) geometries (Figure 4c). Note that, in a previous study, UC emission from rubrene was
also observed in a bilayer film consisting of rubrene and Y6,* which indicates that E11 of Y6 in
the solid state is also higher than that of rubrene. As the energy level of the S; state Es; in the solid
state was determined to be 1.39 eV (Figure S1), this means that the energy difference between the
S1 and T states of Y6 in the solid state is less than 0.3 eV, which is considerably smaller than
those of donor conjugated polymers (typically 0.5-0.7 eV). This small energy difference is
probably due to the A-D-A’-D-A molecular architecture of Y6, which reduces the overlap between
HOMO and the lowest unoccupied molecular orbital (LUMO), thereby lowering the exchange

integral.

Ultrafast triplet generation through singlet fission following SSA
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Figure 5 shows the TA spectra of the pristine Y6 film at a high excitation fluence. Interestingly,
triplet PIA is more pronounced compared to that at lower excitation fluences. As shown in Figure
Sc, the peak positions of the PIA bands at the longer wavelength region blue-shifts within the first
10 ps, indicating that singlet excitons are converted into triplet excitons in this fast time scale. Such
ultrafast triplet formation was not observed in either Y6 in the CF solution or the pristine Y6 film
at low excitation fluences. Therefore, the ultrafast triplet formation at high excitation fluences
cannot be rationalized by ISC. To investigate the mechanism of ultrafast triplet formation at high
excitation fluences, we examined the relationship between the TA signal and the excitation fluence.
Figures 6a and 6b show log—log plots of the TA signal amplitudes monitored at 850 and 1400 nm,
respectively; these plots are well fitted by the following power-law equation: AOD o ., where
Iex 1s the excitation fluence, and the slope m depends on the time duration after photoexcitation.
Here, we provide a brief summary of the trends in the m value (detailed discussion can be found
in the Supporting Information). For singlet excitons, the m value is unity when the SSA is
negligible, whereas it decreases with increasing contribution of the SSA to the decay of singlet
excitons, and finally approaches 0.5 when the SSA is the dominant decay channel. For triplet
excitons, on the other hand, the m value is 0.5 or lower when the S, state generated through SSA
merely decays to the S state and ISC is the only channel for triplet formation, whereas it is unity
when the S, state converts to triplet exciton before deactivation. As shown in Figure 6c, the slope
of the 850 nm signal (GSB) decreased to 0.5 on early times, indicating that SSA is the dominant
decay channel for Y6 singlet excitons at high excitation fluences. The slopes of the 850 nm signal
recovered to unity after 500 ps, at which time triplet excitons are dominant as singlet excitons had
completely decayed. Simultaneously, the slopes of the 1400 nm at later times are also unity. These

results indicate that triplet excitons are generated through the S, state via SSA at high excitation
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fluences. Figure 6d shows the decay kinetics of Y6 triplet excitons generated through SSA; these
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Figure 5. (a) TA spectra of the pristine Y6 film. The excitation wavelength was 800 nm with
a fluence of 31.1 puJ cm™2. (b) Enlarged TA spectra at 1000 ps. (¢) TA spectra at the longer
wavelength region obtained by using an appropriate long-pass filter to avoid detection of
second-order diffraction of shorter wavelengths. Color legends in figures (b) and (c) are the

same as those of (a).
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excitons decay quickly on nanosecond time scale, which is too fast to be assigned to the intrinsic

Y6 triplet exciton decay as it should be on the order of microsecond (Figure S3). Interestingly, the

decay dynamics of the Y6 triplet excitons generated through SSA are almost independent of the

excitation fluence. Such a fluence-independent fast triplet decay has been reported for some singlet

fission materials, wherein triplet pairs generated through singlet fission decay geminately before

they dissociate into two free triplets.**#! This is consistent with the observation of SE in the 900—

1100 nm region on the nanosecond time scale, as shown in Figures 5, which indicates that the

triplet pairs recombine to the S; state, followed by delayed fluorescence. Thus, we conclude that
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ultrafast formation of triplet excitons observed at high excitation fluences can be rationalized by
singlet fission from the S, states generated by SSA. As the S, state generated by SSA possesses
twice as much energy as the S; state, the S, state always satisfies the energetic requirement for
singlet fission; i.e., Es > 2E1.*? This process has been reported for anthracene for the first time,*
as well as for some conjugated polymers.**#! This result also implies that the slow PL decay
mentioned in the previous section may be a result of the geminate recombination of the triplet pairs
instead of free triplet excitons because the S, states can also be generated after the 400 nm

excitation without SSA. 4143

Conclusions

We have studied the singlet and triplet excited-state dynamics of Y6 in the solid state. We found
that singlet excitons in pristine Y6 films exhibit biphasic decay kinetics with decay constants of
~220 ps and ~1200 ps. The majority of the Y6 singlet excitons decayed with the faster (~220 ps)
component, whereas the Y6 films continued to exhibit PL on the nanosecond time scale despite
the absence of singlet PIA on the nanosecond time scale. Accordingly, we speculate that the slow
PL may be induced by the S; state repopulated through TTA of free triplet excitons or geminate
recombination of triplet pairs following singlet fission. We also speculate the possible presence of
highly ordered regions with a suppressed nonradiative decay rate in the pristine Y6 films. Y6
exhibits relatively fast singlet exciton diffusion with a diffusion constant of 2.1x1072 cm? s!,
which is crucial for efficient photocurrent generation in Y6-based OSCs. Fast singlet exciton
diffusion easily causes SSA at high excitation fluences. The S, states generated by SSA undergo

singlet fission to form triplet pairs in competition with vibrational relaxation to the S state.

Although SSA-mediated singlet fission does not improve the PCE of OSCs because it generates

18



two triplet excitons from two singlet excitons, the observation of singlet fission from the S, states
highlights the potential application of Y6 as a photon multiplier because the S, states can also be
generated by irradiation with UV—visible light. The small (<0.3 eV) energy difference between the
Si and T states of Y6 in the solid state is another important property. Because the energy level of
the T state is a critical factor governing the bimolecular charge recombination rate in OSCs, the

small S1—T1 energy difference is the key to further improve Y6-based OSCs.
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Steady-state absorption and PL spectra

Es for Y6 in a CF solution and the pristineY6 film were determined to be 1.64 and 1.39 eV, respectively,

from the intersection of the absorption and PL spectra. PLQY of the pristine Y6 film was evaluated to be 4.3%.
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Figure S1. (a) Chemical structure of Y6. (b) Absorption (gray) and PL (red) spectra of Y6 in a CF solution.

(c) Absorption (gray) and PL (red) spectra of the pristine Y6 film.
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Assignment of Y6 singlet excitons

Figure S2a shows the TA spectra of Y6 in a CF solution. A large PIA band at ~900 nm and a broad PIA tail
above 1200 nm appeared immediately after photoexcitation. The decay kinetics monitored at 900 nm were
independent of the excitation fluence (Figure S2b), indicating negligible bimolecular decay processes, such as
SSA. The main decay component is well reproduced with an exponential function, as shown by the blue line.
The decay time constant was ~1000 ps, which is in good agreement with the PL lifetime (Figure S6a),
indicating that this PIA can be assigned to Y6 singlet excitons. In addition, the time profile displays a relatively
fast decay component (~4.0 ps), which is attributable to the change in the absorption cross-section of Y6 singlet
excitons, probably owing to the structural change in the excited state. Such a fast TA signal decay has been
observed in other NFAs, such as ITIC.5"? The decay kinetics at 1400 nm are largely coincident with those at
900 nm; the former band can be well fitted by a sum of the same exponential function and a constant fraction.
This means that the broad tail above 1200 nm at early times can also be assigned to Y6 singlet excitons. The
constant fraction observed at later times can be assigned to Y6 triplet excitons formed through ISC, as shown

in Figure S3.
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Figure S2. (a) TA spectra of Y6 in a CF solution. The excitation wavelength was set to 700 nm with a fluence
of 72 uJ em 2. (b) Decay kinetics monitored at 900 nm (black) and 1400 nm (red). The gray line represents the
decay kinetics at 900 nm measured at a weak excitation fluence of 29 pJ cm 2 The 900 nm curve was well
fitted by an exponential function with a time constant of 1000 ps (blue line). The 1400 nm curve was well
fitted by a sum of the same exponential function and a constant fraction (yellow line). The constant fraction

corresponds to Y6 triplet excitons generated through ISC.
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Assignment of Y6 triplet excitons

Figure S3 shows the TA spectra of Y6 in a CF solution on microsecond time scale. A long-lived PIA band
was observed at 1300 nm, which is identical to that observed on nanosecond time scale, as shown in Figure
S2. This band decayed monoexponentially with a time constant of 31.5 ps in a N> atmosphere and decayed

significantly faster in an O, atmosphere (Figure S3b), indicating that the PIA band can be assigned to the Ti—

T, absorption of Y6.
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Figure S3. (a) TA spectra of Y6 in a CF solution. The excitation wavelength was set to 532 nm with a fluence

of 8.6 uJ cm 2. (b) Time evolution of TA signals monitored at 1300 nm under N, or ambient conditions.
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Triplet PIA on the microsecond time scale

In the solid state, triplet excitons decayed significantly faster than that in the CF solution (Figure S3). Thus,
the lifetime of Y6 triplets in the solid state cannot be determined due to the limitation of the time resolution of
our TA setup. Instead, a large negative signal was observed in the <1200 nm region. This negative signal is
attributable to the delayed fluorescence from Y6 following TTA, which is suggestive of fast diffusion of Y6

triplet excitons in the solid state.
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Figure S4. TA spectra of the Y6/PtOEP blend film averaged over 0—1 us (red) and 1-3 ps (blue). The excitation

wavelength was set to 532 nm with a fluence of 9.4 pJ cm 2.
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TA spectra of the 240 nm thick Y6 film

Figure S5 shows the TA spectra of the 240 nm thick Y6 film. The singlet exciton absorption was observed

immediately after photoexcitation, as in the case of the 70 nm thick Y6 film (Figure 1a). Note that the peak

ratio between the singlet PIA and GSB in the thick Y6 film is different from that of the thin Y6 film. A possible

explanation is that the SE is weaker in the thick Y6 film because of self-absorption of the emitted photons,

thereby mitigating the spectral overlap between positive PIA and negative SE in this spectral region. This

results in a relatively larger positive PIA in the thick Y6 film.
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Figure S5. TA spectra of the 240 nm thick Y6 film. The excitation wavelength was set to 400 nm with a fluence

of 3.0 uJ cm 2.
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PL decay

For Y6 films, we measured the PL decay kinetics using two different detectors. One had an instrumental
response function (IRF) of ~280 ps (fwhm) but could not measure the >800 nm region (Figure S6b), and the
other had an IRF of ~1.1 ns but could measure the >800 nm region (Figure S6¢). Regardless of the detector,

we obtained the same PL lifetime of 1.2 ns.
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Figure S6. (a) PL decay kinetics of Y6 in a CF solution (red circles) measured by the TCSPC method. The
gray circles show the IRF (fwhm ~280 ps). The excitation and detection wavelengths were 640 nm and 770
nm, respectively. The decay kinetics are well reproduced by a convolution of the IRF and an exponential
function with a time constant of 1.0 ns (red line). (b,c) PL decay kinetics of a pristine Y6 film (red circles)
measured by the TCSPC method. The gray circles show the IRF (fwhm (b): ~280 ps, (c): ~1.1 ns). The
excitation wavelengths were 640 and 676 nm, respectively. Detection wavelengths were 800 and 920 nm,
respectively. The decay kinetics are well reproduced by a convolution of the IRF and an exponential function

with a time constant of 1.2 ns (red lines).

S7



Details of SSA model

The rate equation for singlet excitons including SSA is given as

dng(t)
dt

= —kns(t) — fy(Ons*(t) (S1)

where ny(?), k, and y(¢) are the singlet exciton density at time ¢ after photoexcitation, the rate constant of
monomolecular deactivation given by the inverse of the exciton lifetime (~220 ps for Y6 in the solid state),
and the rate coefficient of SSA, respectively. Prefactor f depends on the exciton dynamics after SSA. The
prefactor is 1/2 when the S, state merely relaxes to the S; state (S; + S1 — Sy + So— Si1 + Sp + phonons). On
the other hand, f'is unity if no singlet exciton remains after SSA (e.g., the S, is converted into charged species
or triplet excitons before vibrational relaxation to the S; state, S; + S; — S, + So — charges or triplet excitons).

Here, we assumed /= 1/2. Equation S1 can be analytically solved as

_ ngexp(—kt)
ns(t) = 1o %G(t) (52)
G(t) = Jty(t)exp(—kt)dt (S3)
0

where no represents the initial exciton density. Because SSA is a diffusion-limited process, the rate coefficient
y(¢) strongly depends on the diffusion properties of the excitons. Diffusion-limited bimolecular reaction rates
are well known to depend significantly on the dimensionality of the system. The details are summarized in our
previous studies.*™> Herein, we used a three-dimensionally (3D) isotropic diffusion model, wherein y(¢) is

given by

vap(£) = 87DR (1 + ) (S4)

R
V2nDt

The effective reaction radius R is assumed to be 1 nm as a typical value for small molecules to provide a

straightforward comparison with previous studies. Substituting Equation S4 into S3 gives

G(t) = 8nDR [%(1 —e k) 4+ \/:%kerf(\/ﬁ)] (S5)

where “erf” denotes the error function.
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Details of excitation-fluence dependence

In the case of CW excitation, the steady-state condition is fulfilled. Although the steady-state approximation
is not valid for pulse excitation, it is worthwhile to show the solution of rate equations for singlet and triplet
excitons under steady-state conditions to understand the meaning of Figure 6.

Under steady-state conditions, a rate equation for singlet excitons is given as
aly — kng — fyng? =0 (S6)

where o and /e« are the absorption coefficient at an excitation wavelength and excitation fluence, respectively.
The meanings of the other symbols are the same as those described in the previous section.

We can assume k >> fyn; at a low excitation fluence. In this case, ns is given as

alay

k

ng =  lex (57)

At a high excitation fluence, on the other hand, we can assume & << fyns. In this case, ns is given as

aloy 05

fr = fex

ng = (58)

Therefore, a decrease in the m value for the 850 nm (GSB) signals to 0.5 at early times, as shown in Figure 6c,
indicates that SSA is the dominant decay channel for singlet excitons at high excitation fluences.

Similarly, a rate equation for triplet excitons under steady-state conditions is given as

kiscns + ®spyns® — krrnrr — kyny — frrayrrant® =0 (S9)

where kisc, @sr, krr, nrT, kT, 7T, and yprra are the rate constant of ISC, QY of singlet fission from the S, state,
the rate constant of geminate recombination for a triplet pair, the density of triplet pairs, the rate constant of
monomolecular decay of free triplet excitons, the density of free triplet excitons, and the rate coefficient of
TTA, respectively. The prefactor frta represents the fraction of triplet excitons decaying after a TTA event. The
first and second terms on the left-hand side of Equation S9 describe triplet generation through ISC from the S;
state and through singlet fission from the S, state, respectively. The third term represents geminate
recombination of triplet pairs, whereas the fourth and fifth terms describe the decay of free triplet excitons
through monomolecular and bimolecular (TTA) channels, respectively. If triplet generation through singlet

fission is negligible (®sr ~0) under a high excitation fluence, we will get
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n =kISC alexoc 0.5
ke [ fy

(S10)

where we assumed that monomolecular deactivation is the dominant decay channel for triplet excitons. Note
that we will get m < 0.5 if TTA contribute to the decay of triplet excitons.

On the other hand, when singlet fission is the main channel for triplet generation under a high excitation
fluence, we will get

a@SF

Npr = ——— oy X I
TT fkTT ex

ex (S11)

where for simplicity, we assumed that geminate recombination of triplet pairs is the dominant decay channel.
Therefore, the m value of 1 for both the 850 and 1400 nm signals at later times indicates that triplet excitons

at high excitation fluences are generated through singlet fission from the S, states.
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