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ABSTRACT

Singlet exciton fission is a spin-allowed process in organic semiconductors by which one absorbed photon generates two triplet excitons.
Theory predicts that singlet fission is mediated by intermolecular charge-transfer states in solid-state materials with appropriate singlet-
triplet energy spacing, but direct evidence for the involvement of such states in the process has not been provided yet. Here, we report
on the observation of subpicosecond singlet fission in mixed films of pentacene and perfluoropentacene. By combining transient spec-
troscopy measurements to nonadiabatic quantum-dynamics simulations, we show that direct excitation in the charge-transfer absorption
band of the mixed films leads to the formation of triplet excitons, unambiguously proving that they act as intermediate states in the fission
process.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5130400

Singlet exciton fission (SF) is a spin-allowed process in efficiency of photovoltaic (PV) cells. This phenomenon could

organic semiconductors by which one singlet exciton (S;) splits allow devices to surpass the Shockley-Queisser limit and raise

to form two triplet excitons (T;)." First reported in the 1960s,””’ the maximum theoretical photovoltaic power conversion effi-

it has recently been scrutinized for its potential to enhance the ciency from 33.7% to 44.4%." Singlet fission has been observed in
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working devices,” " but detailed mechanistic aspects are still being
debated.

There are two overarching mechanisms for singlet fission: (i)
a two-electron process involving a direct coupling between the
1($,Sy) state and a multiexciton '(T;T;) state and (ii) a combi-
nation of two one-electron transfer events involving intermediate
charge-transfer (CT) states. These may either be transiently pop-
ulated or act as virtual states in a superexchangelike mechanism.
However, the interplay between the various states during SF has been
demonstrated to be more complex.””'” While there is much debate
surrounding the theory of CT-mediated singlet fission, experimen-
tal proofs providing direct evidence for the role of CT states are
scarce. Walker et al. found that an excited TIPS-pentacene molecule
interacts with a ground state TIPS-pentacene molecule to form a
transient bound excimer intermediate during singlet fission in solu-
tion."* Busby et al. were able to design molecules and polymers
with covalently bound, strongly coupled donor and acceptor units
that exhibit intramolecular singlet fission mediated by CT states."”
Controlling the CT state energy in terrylene diimide dimers has
been shown to either inhibit or promote singlet fission in solu-
tion, and that study was the first time a CT intermediate state was
directly observed in a solution exhibiting singlet fission.”” How-
ever, the observation of real CT intermediates during ultrafast fis-
sion in the solid state has proved challenging, which makes it dif-
ficult to draw definitive conclusions on their role in the fission
process.

Here, we address this question by turning our attention to
coevaporated blends of pentacene (PEN) and perfluoropentacene
(PEP). PFP:PEN films have previously been found to display an
(additional with respect to pure PEN and PFP films) intermolecular
charge-transfer band peaking at ~1.6 eV on the optical absorption
spectrum, i.e., below the onset of absorption of PEN and PFP.”"*
We combine transient absorption (TA) spectroscopy to excited-state
quantum-dynamics simulations in order to probe the growth and
decay of the singlet and triplet state populations in these systems.
Our results support a sequential process, whereby the formation of
CT states generated either by direct excitation or transiently popu-
lated from PEN/PEP singlet excitons is followed by their conversion
into triplets.

The samples were prepared on 1 mm-thick fused silica sub-
strates using molecular beam deposition in an ultrahigh vacuum
chamber (base pressure 2 x 107'% mbar) at a substrate temperature
of 300 K, a growth rate of 0.2 nm/min, and a final film thickness
of 100 nm. A water-cooled quartz-crystal microbalance, which was
calibrated via X-ray reflectivity measurements, was used to monitor
the growth. For the mixed films, the rates of the single components
were set prior to the deposition; in total, we prepared four samples
with different mixing ratios of PFP and PEN (3:1, 1:1, 1:2, and 1:3).
Previous structural characterization has shown that the 1:1 blend is
intimately mixed, but not a perfect cocrystal. Increasing the ratio of
one component leads to the formation of domains of pure materials
as well as intimately mixed regions. More details of sample charac-
terization and a discussion of the optical properties of the films are
reported in Ref. 21.

Ultrafast (30 fs-resolution) transient absorption measurements
were performed in a configuration that resembles the one previ-
ously reported”’ but uses an amplifier incorporating that produced
14.5 W at 1030 nm at a repetition rate of 38 kHz (PHAROS, Light
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Conversion). This was coupled to a noncollinear optical paramet-
ric amplifier (NOPA) [37° cut B-barium borate (BBO), type I, 5°
external angle] that generated broadband (25 nm) excitation pulses
allowing a time resolution of 30 fs through chirped mirror com-
pression. The pump photon energies ranged from 1.9 eV to 2.3 eV
with a fluence of 3.5 x 10" photons/pulse cm?. The transmission
through the samples was probed using broadband pulses (540 nm
-1000 nm) from the focusing part of the 1030 nm fundamental
onto a 3 mm YAG crystal. We split the probe beam to provide a
reference signal from the samples that was not influenced by the
excitation pulses. This reference reduces the effects of the fluctu-
ating laser. The pump and probe are overlapped on the sample
at an 8.7° angle, and a chopper wheel running at 500 Hz blocks
the pump so that we can probe transmission with and without
the excitation pulse. The probe and reference are then directed
into a monochromator and detected using an InGaAs photodi-
ode array camera (Sensors Unlimited/BF Goodrich). We measured
the differential transmission (AT/T) as a function of probe photon
energy and temporal delay between the pump and the probe. The
delay is controlled by a computer-operated piezoelectric translation
stage.

The crystal structure and ground-state absorption of various
PFP:PEN crystals are displayed in Figs. 1(a) and 1(b), respectively.
In Fig. 1(b), e is the imaginary part of the in-plane component of
the dielectric function measured with differential reflectance spec-
troscopy (DRS). PFP:PEN 1:3 shows the strongest absorption in the
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FIG. 1. Crystal structure and ground-state absorbance spectra of coevaporated
PFP:PEN films. (a) Unit cell and molecular packing in the PFP:PEN 1:1 crystal. (b)
The ground-state absorbance spectra of various blends of PFP:PEN, where ¢ is
the imaginary part of the in-plane component of the dielectric function measured
with differential reflectance spectroscopy (DRS).
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region of the CT state around 1.6 eV, and the CT state absorption is
less than 10% of the maximum absorption of the materials.

We perform ultrafast (30 fs resolution) TA measurements to
track the spectral evolution of pure PEN, pure PFP, and the PFP:PEN
thin films (Fig. 2). We use a broadband probe that extends from
650 nm to 925 nm. Figure 2(a) displays the TA spectra of a pure PEN
film that resembles the spectra previously reported,”””"” where a
sub-100 fs time constant was observed for the fission process. The
pure PEN spectra exhibit a positive ground-state bleach (GSB) sig-
nal centered at 685 nm that corresponds to the pump excitation
depopulating the ground state. The 685 nm peak is related to the
So — S transition. This overlaps with a positive stimulated emission
(SE) signal at 720 nm that can be seen at the earliest times. A negative
signal from 720 nm to 925 nm is the broad photoinduced absorption
(PIA) of triplets. This PIA signal relates to the T; — T, transition in
linear acenes.”

The spectra of the pure PFP film [Fig. 2(b)] appears similar
to the spectra of the pure PEN film with the former being slightly
redshifted. The PFP film exhibits a positive GSB signal centered at
700 nm that we attribute to the Sp — S; transition by analogy to the
PEN spectra in Fig. 2(a). A positive SE feature occurs in the PFP
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film at 735 nm. We assign the negative PIA feature around 740 nm
that extends to 925 nm to a T} — T transition, again, by analogy to
the similar feature in PEN. Because this system resembles PEN, and
triplets are forming within 200 fs, i.e., too quickly for intersystem
crossing, we conclude that singlet fission is occurring in the pure PFP
film, in agreement with the previous work reporting subpicosecond
fission rate in this system.”

Figure 2(c) displays the TA spectra of the PFP:PEN 1:3 film.
The positive feature at 680 nm is the GSB and resembles the GSB of
the pure PEN film rather than the 700 nm-peaked GSB of the pure
PFP film, and we attribute this feature at 680 nm to an So — S; tran-
sition in PFP:PEN 1:3. There is a small positive shoulder at 710 nm
that we attribute to the SE of the singlet excitons based on a simi-
lar feature in the spectra of both PFP and PEN. However, there is
another positive peak at 795 nm that is not present in the spectra of
either the pristine PEN or PFP. Thus, we attribute this feature to the
bleaching of the intermolecular CT state between PEN and PFP in
the PFP:PEN 1:3 blend, based on the absorption spectra shown in
Fig. 1. This feature is superimposed on a broad PIA feature extend-
ing from 720 nm to 925 nm, which we assign to a T{ — T transition
based on comparison to the PEN and PFP spectra. Therefore, we
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FIG. 2. Transient absorption spectra of
pure and mixed films of pentacene (PEN)
and perfluoropentacene (PFP) grown on
SiO,. Transient spectra of (a) pure PEN,
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conclude that singlet fission is also occurring in the PFP:PEN 1:3 film
and that an intermolecular CT state is being populated during this
process.

We see similar TA spectra from the PFP:PEN 1:2 film
[Fig. 2(d)]. There is a positive GSB peak at 680 nm and a posi-
tive SE feature at 710 nm. We attribute a T; — T, transition to
the broad PIA from 720 nm to 925 nm. While there is no posi-
tive feature at 795 nm, there is a dampening of the negative signal
there, which suggests that there is an overlapping positive signal
from the bleach of an intermolecular CT state. We suspect that the
ratio of the CT state signal to the PIA signal in the PFP:PEN 1:2
film is smaller than the ratio of the two signals in the PFP:PEN
1:3 film. However, given the fast rise of the triplet signal and
the presence of similar spectral features as in the pure materi-
als and blends, the PFP:PEN 1:2 film also seems to exhibit singlet
fission.

The TA spectra from the PFP:PEN 1:1 film [Fig. 2(e)] resem-
ble those of the PFP:PEN 1:2 film and, especially, those of the
PFP:PEN 1:3 film. A positive GSB peak occurs at 680 nm, a posi-
tive SE signal is observed at 710 nm, and there is a positive signal at
790 nm that we attribute to the bleaching of an intermolecular CT
state. As in the PFP:PEN 1:3 blend, this positive CT feature over-
laps with a broad negative PIA feature that extends from 720 nm to
925 nm, which we also attribute to a T; — T transition. The spec-
tra of PFP:PEN 1:1 resembles those of PFP:PEN 1:3 to the extent
that we conclude that the PFP:PEN 1:1 film also undergoes singlet
fission.

PFP:PEN 3:1, the only mixed film containing more PFP than
PEN discussed in this study, has its TA spectra displayed in Fig. 2(f).
There is a positive GSB feature centered at 700 nm, which resembles
the GSB of pristine PFP rather than the GSB of pristine PEN. Like
the other films, we attribute this peak to a So — S; transition. A pos-
itive SE signal is present at 730 nm, and there is a broad PIA signal
from 730 nm to 925 nm that we characterize as a T; — T, transi-
tion. As in the PFP:PEN 1:2 film, this negative PIA feature is damp-
ened around 800 nm (and even positive at early times). Therefore,
the bleach of an intermolecular CT state probably coincides with
the triplet PIA and, consequently, singlet fission occurring in this
film.

Thus, the ultrafast TA experiments suggest that singlet fission is
occurring in both the pristine and mixed films of PFP and PEN. Fur-
thermore, we directly observe the bleaching of the CT state in the TA
spectra of each of the blends. The CT state feature is most prominent
in the PFP:PEN 1:3 blend, with the feature in the PFP:PEN 1:1 being
the next most prominent. The CT state features in the PFP:PEN
3:1 and PFP:PEN 1:2 appear weaker and are obscured by the triplet
PIA. Overall, the bleach of the CT states corresponds to the steady-
state absorption measurements in Fig. 1 as well as previous time-
dependent density functional theory (TD-DFT) calculations.”” As
we shift attention now to the role of the CT state in singlet fission,
we focus on the PFP:PEN 1:3 film because it exhibits the strongest
CT signal. We believe that this strong CT feature helps illustrate the
role of the CT state in singlet fission.

Figure 3 shows the dynamics of three populations in the spec-
tra of PFP:PEN 1:3 from Fig 2(e). They are kinetic cuts of the
spectra representing the stimulated emission of the singlet exciton
population on top of the ground state bleach (700-710 nm), the
bleach of the CT state (780-810 nm), and the PIA of the triplet
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Singlet Fission in PFP:PEN 1:3
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FIG. 3. Dynamics of singlet exciton fission (SF) in a film of PFP:PEN 1:3. Kinetic
cuts taken from the spectra in Fig. 2(c). The singlet curve is the stimulated emission
of the singlet exciton cut from 700 nm to 710 nm. The charge transfer state is cut
from 780 nm to 810 nm, and the triplet curve is the photoinduced absorption cut
from 900 nm to 925 nm. A decay of the singlet population coincides with the rise of
a CT state population. Then, as the CT state population decays, a triplet population
forms at a similar rate (500 fs). This sequence indicates a CT-mediated SF process
where the intermolecular CT state between PFP and PEN mediates SF in mixed
films of PFP:PEN.

population (900-940 nm). We first see that there is a sharp drop
in the stimulated emission at early times, corresponding to a loss
of singlet excitons. This is concomitant with a rise in the CT state
population. We then observe the CT state population decay with
a time constant of 500 fs, while the triplet population grows with
a similar time constant of 600 fs. This sequence of events sug-
gests that the CT state acts as an intermediary in singlet fission
in PFP:PEN 1:3, and because the CT state is similar in the other
blends, it is likely to play a similar role in all of the PFP:PEN
blends.

We performed another femtosecond-TA measurement (on a
1 kHz Ti:sapphire laser system, 800 nm fundamental, 100 fs time res-
olution) on the same PFP:PEN 1:3 film referenced in Fig. 2(c) with
the broadband pump tuned to 800 nm in order to directly excite the
CT state. The pump fluence was set to 9.5 mJ/cm? per pulse (at a rep-
etition rate of 1 kHz). Such a high fluence was needed to obtain the
AT/T signal because, as shown in Fig. 1(b), the film absorbs very lit-
tle light at 800 nm. The signal measured scaled linearly suggesting
very low two-photon absorption contributions in these measure-
ments. Figure 4 depicts the TA spectrum of the PFP:PEN 1:3 film
averaged over the range of 600-800 fs. This spectrum agrees with the
spectra when exciting the same PFP:PEN 1:3 film at 650 nm above
the bandgap. Here, the positive GSB feature at 670 nm resembles
the GSB of the pure PEN film more than the 700 nm GSB peak
of the pure PFP film. Again, we attribute this feature at 670 nm
to an So — S; transition in PFP:PEN 1:3. There is a similar posi-
tive peak at 785 nm that is not present in either of the spectra of
pristine PEN or PFP. Therefore, we conclude this feature to be the
bleaching of the intermolecular CT state between PEN and PFP in
the PFP:PEN 1:3 blend. As before, the CT feature overlaps with
a broad PIA feature extending from 720 to 925 nm, which corre-
sponds to singlet and triplet excitons based on comparison to the
spectra in Figs. 2(a)-2(c). Therefore, we conclude that singlet fission
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FIG. 4. Transient absorption spectrum of a PFP:PEN 1:3 film when the charge
transfer state is directly excited at 800 nm averaged over the range of 600-800 fs.
This spectrum resembles the spectra when exciting the same PFP:PEN 1:3 film at
650 nm above the bandgap. In particular, directly exciting the CT state results in
an observable bleaching of the CT state around 780-800 nm.

is also occurring in the PFP:PEN 1:3 film excited via the CT states
at 800 nm. This directly provides experimental evidence that the CT
state feeds the fission process. We note that the very small signal
observed (107°) is at the limits of what can be measured using our
1 kHz TA system and impedes a detailed analysis of early time
dynamics, which is also contaminated by the presence of a strong
coherent artefact.

To complement these data, a computational study has been
performed in order to (i) resolve an all-atom crystal structure, (ii)
assess the nature and energetics of the relevant electronic exci-
tations, and (iii) model singlet fission dynamics in the mixed
PEN:PFP cocrystals. The existence of a PFP:PEN mixed crystal
structure with 1:1 stoichiometry has been deduced from XRD and
grazing incidence x-ray diffraction (GIXRD) measurements.”*
Although atomic coordinates could not be obtained from exper-
imental data, the GIXRD diffractogram is sufficient to determine
the unit cell parameters’”” from the peak positions and to con-
firm or exclude a given structure by the peak intensities. GIXRD
yields a P-1 triclinic unit cell for the PEN:PFP cocrystals (lat-
tice parameters a = 157 A, b = 74 A, ¢ = 7.2 A, « = 102.8°,
B = 68.6°, and y = 97.6°). The comparison between experimen-
tal intensities in GIXRD and calculated values for guess structures
from force-field calculations allowed us to conclude that the unit
cell comprises one PEN and one PFP cofacial molecule forming
an alternating (mixed) stack along the crystallographic b axis [see
Fig. 1(a)].” PEN and PFP molecules lie at (0, 0, 0) and (0, 0.5, 0)
positions, respectively, featuring an intermolecular distance
b/2 = 3.7 A that ensures a sizable overlap between their frontier
molecular orbitals.

Next, we theoretically characterized the excited-state energet-
ics of the PEN:PFP cocrystals by combining ab initio to charge
response (CR)*** modeling schemes. CR calculations provide an
accurate description of the electrostatic and induction interactions
in the solid state that can largely affect the energies of charge
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carriers and CT excitations in molecular crystals.”” The contribution
from intermolecular interactions to CT states energy is quantified by
the polarization energy A“" that we compute for electron-hole pair
excitations with charges strictly localized on molecular units. The
lowest-energy ion pair is, as expected, for the configuration with
the hole on PEN and the electron on the nearest-neighbor PFP in
the 1:1 structure. We have computed the polarization energy for
an isolated PEN:PFP dimer (AT = —1.85 eV) and for the same
dimer embedded in the crystal (AT = ~1.98 eV). The CT ener-
gies of the isolated and embedded complex hence differ by only
~0.1 eV. This result is specific to the alternating PEN:PFP molecular
packing and is due to the compensation of electrostatic embedding
and dielectric screening in the solid (see the supplementary material
for details). The PEN:PFP dimer extracted from the crystal struc-
ture appears, therefore, as a reasonable representative system for
modeling the early stage of SF in the cocrystals. This system will
hence be adopted in the following ab initio and quantum dynamics
calculations.

The excitation energies in the PEN:PFP dimer are calcu-
lated by the multireference second order perturbation theory ™’
with a complete active-space self-consistent field considering four
active orbitals [CASSCF(4,4)/MRMP2]. The calculations yield verti-
cal transition energies to S; and TT states, respectively, bracketing
from above and below the lowest CT state with the hole localized
on the PEN and the electron on PEP, as shown in Table I. The cal-
culated CT state is found to lie at an energy below the PEN and
PEP singlet excitons, in accordance with optical absorption measure-
ments. We thus expect singlet fission to be exergonic, irrespective
of whether the initial conditions prepare S; or CT excitations. It is
worth stressing that it is the lower triplet energy on PFP (0.65 eV),
as compared to the PEN T1 (0.81 eV), that plunges the TT pair
below the bound CT state. Note that the T'T state in PFP:PEN is sta-
bilized from the sum of the T1 energies on isolated PFP and PEN
molecules by ~0.03 eV. Such a TT stabilization, which is expected to
be an activation barrier to generate free triplets from the bound TT
pairs, originates from a small CT admixture in the TT wavefunction-
(~2%).

The dynamics of SF in a PFP:PEN dimer is simulated by
using the multiconfiguration time-dependent Hartree (MCTDH)
method.” The model Hamiltonian used in the SF simulations (see
Table I) is parameterized based on diabatization of the MRMP2
excited states following a similar protocol as the one used to model

TABLE 1. Model Hamiltonian for quantum dynamics calculations of SF in PEN:PFP
cocrystals. The excitation energy and coupling (eV) between the states are eval-
uated using CASSCF(4,4)/MRMP2 calculations. The calculated S{-PEN energy is
somewhat underestimated and thus calibrated to reproduce the experimental absorp-
tion energy. The intramolecular reorganization energies (eV) of TT, S4-PFP, S4-PEN,
and CT are 0.42, 0.14, 0.14, and 0.16, respectively. These are evaluated via geom-
etry optimizations on the respective states using TD-DFT employing the B3LYP
functional.

TT  Si-PFP  S;-PEN  CT (PFP—:PEN+)

TT 143 0.002 —0.001 —0.03
S,-PFP 1.76 0.04 ~0.04
Si-PEN 1.96 0.03
CT (PFP—:PEN+) 1.57
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FIG. 5. (a) Sketch of the electronic states
involved in the SF process in PEN:PFP
cocrystals. [(a) and (b)] Population of TT
(black), CT (blue), S1 on PEN (red), and

b) 10, C) 10

S1 on PFP (green) during the quantum
dynamics calculations for the following
initial conditions: (b) equally populated
bright singlet excitons of PEN and PFP;
(c) direct excitation of the CT state.
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SF in acene single crystals.”” We consider the four lowest-energy
excitations sketched in Fig. 5(a), as obtained from multireference
calculations, and 18 intramolecular vibrational modes per molecule,
both for PEN and PFP, thus 36 modes in total. The resulting adia-
batic states have mixed character, namely, S; now includes a signif-
icant fraction of CT configurations (~6% according to our CASSCF
calculations). Two quantum dynamics simulations have been per-
formed, differing for the initial state and both showing SF in ultrafast
time scale. Upon initial excitation of the bright exciton (quantum
superposition of the singlet excitons of PEN and PFP molecules),
an ultrafast SF proceeds in PFP:PEN over a time scale of ~170 fs,
in reasonable agreement with the experimental results. Most inter-
estingly, the time-dependent populations reported in Fig. 5(b) show
that the S; exciton initially first decays to the intermediate CT state,
which then mediates TT formation. In other words, we observe a
transient population transfer to CT states after optical excitation into
S1. Moreover, in line with the spectroscopic data, direct excitation of
CT in PFP:PEN also results in an ultrafast SF, yet on a slightly shorter
time scale of ~100 fs [Fig. 5(c)].

For completeness, we also modeled SF for PFP:PFP and
PEN:PEN dimers extracted along the c-axis in the PFP:PEN cocrys-
tal. The intermediate CT states in the PFP:PFP and PEN:PEN dimers
are energetically higher than the S; states by ~1.1 eV, and the direct
S1-TT couplings are vanishingly small (see the supplementary mate-
rial). Hence, not surprisingly, SF is very slow, preventing a quanti-
tative estimate of a time scale from MCTDH simulations. Thus, SF
proceeds exclusively along the PFP:PEN dimer, i.e., along the b-axis,
in the cocrystal. Note that, in PFP:PEN 1:3 films, an ultrafast SF may
also occur in the pure PEN regions as observed in PEN single crys-
tals, yet the formation of transient CT states in these domains cannot
be unambiguously assessed experimentally.

In conclusion, we have studied the dynamics of mixed PFP:PEN
thin films fabricated via molecular beam deposition. The films show
charge-transfer states between PFP and PEN in the ground-state

Time (fs)

absorption. Ultrafast transient absorption measurements combined
to nonadiabatic excited-state dynamics simulations show that sin-
glet fission in these films proceeds via a sequential mechanism from
singlets to CT states to TT states. Furthermore, we show that fis-
sion occurs even when the CT states are directly excited from the
ground state. Our results represent, to the best of our knowledge,
the first direct observation of CT intermediates for singlet fission in
molecular solids.

See the supplementary material for additional transient spec-
troscopy data and modeling details.
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