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Singlet exciton fission is the spin-conserving transformation of one
spin-singlet exciton into two spin-triplet excitons. This exciton
multiplication mechanism offers an attractive route to solar cells
that circumvent the single-junction Shockley-Queisser limit. Most
theoretical descriptions of singlet fission invoke an intermediate
state of a pair of spin-triplet excitons coupled into an overall spin-
singlet configuration, but such a state has never been optically
observed. In solution, we show that the dynamics of fission are
diffusion limited and enable the isolation of an intermediate spe-
cies. In concentrated solutions of bis(triisopropylsilylethynyl)[TIPS]—
tetracene we find rapid (<100 ps) formation of excimers and a
slower (~10 ns) break up of the excimer to two triplet exciton-bearing
free molecules. These excimers are spectroscopically distinct from
singlet and triplet excitons, yet possess both singlet and triplet
characteristics, enabling identification as a triplet pair state. We find
that this triplet pair state is significantly stabilized relative to free
triplet excitons, and that it plays a critical role in the efficient endo-
thermic singlet fission process.
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he fission of photogenerated spin-singlet excitons into pairs

of spin-triplet excitons is an effective way to generate triplet
excitons in organic materials (1, 2). Because the triplets produced
are coupled into an overall singlet state, spin is conserved and
triplet formation can proceed on sub-100-fs timescales (1, 3-5) with
yields of up to 200% (1, 6, 7). Current interest in singlet fission is
driven by its potential to improve the efficiency of solar cells by
circumventing the Shockley—Queisser limit for single-junction de-
vices (8-10). Incorporating singlet fission material within a low-
band-gap solar cell should make it possible to capture the energy
normally lost to thermalization following the absorption of high-
energy photons (11, 12). An external quantum efficiency of 129%
(13) and an internal quantum efficiency of >180% (14) have been
reported using pentacene as the singlet fission material and ful-
lerene (Cgp) as electron acceptor. Despite such significant ad-
vances, many questions remain about the underlying mechanism of
triplet formation, such as the role of intermediate electronic states
and the ability of systems to undergo endothermic fission.

The basis of most kinetic descriptions of singlet fission is the
triplet pair state '(TT), which is entangled into an overall singlet
and is an essential intermediate for the formation of two free
triplet excitons (1, 15). Whether this intermediate state is present
only transiently, as expected in exothermic systems such as
pentacene, or whether it can be sufficiently long lived to also play
a central role in the fission process in slower systems is unclear.
Transient absorption measurements of the canonical systems pen-
tacene and tetracene in the solid state allow clear identification of
only the singlet and triplet states (3, 6, 16, 17), meaning the char-
acter of any intermediate has not been observed directly. Other
factors affect fission in the solid state that can complicate analysis,
such as exciton diffusion, delocalization of excitations, and the
heterogeneity of materials.

Singlet fission in solution offers an alternative approach to in-
vestigate the intermolecular interactions that mediate fission. The
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conformational freedom of molecules and diffusional timescales
enable access to fission in systems where the essential photo-
physics, such as the progression of excited states and relative zero-
point energies, are not expected to differ largely from the solid
state. Some of the authors have recently demonstrated that
quantitative singlet exciton fission can be achieved in bis(tri-
isopropylsilylethynyl)[ TIPS]—pentacene when a molecule with a
singlet exciton collides with a molecule in its ground state through
diffusion, with triplet yields reaching 200% at high concentrations
(18). Although the triplet yields are comparable to the solid state,
fission proceeds orders of magnitude more slowly in solution, of-
fering a clearer picture of the evolution of the states involved.
These results pointed to excimer formation as the driving force
enabling singlet fission, but this state was too short lived for a clear
identification.

To resolve the role of such intermediates in solution-based sin-
glet fission, we draw on the well-established study of pentacene
and tetracene in the solid state. Whereas singlet fission in pen-
tacene is exothermic by ~100 meV (1), in tetracene it is found to
be endothermic by ~180 meV (1, 19-21). Accordingly, triplet for-
mation is significantly faster in pentacene films (~80 fs) (5) than
in tetracene (~90 ps) (22), although curiously in the latter ma-
terial the process remains highly efficient and fully independent of
temperature (22, 23). In this study, we look at solutions of TIPS—
tetracene, a tetracene derivative also capable of singlet fission (24).
Analogous to tetracene films, TIPS—tetracene is determined to
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be an endothermic singlet fission system; however, here the com-
bination of the energetics, dynamics in solution, and sharply re-
solved spectral features allow the intermediate state to be isolated.

The absorption and emission energies in solutions of TIPS-
tetracene give a singlet exciton energy of 2.3 eV (Fig. 1). No phos-
phorescence could be detected in solution, but in films of dilute
TIPS—tetracene in a polystyrene matrix we detect weak phosphores-
cence centered at ~1.25 eV at room temperature (Fig. 1B, Inset). This
is consistent with what has been measured for tetracene (1.35 V),
using the same method (25). The endothermicity of fission in TIPS
tetracene is thus on the order of 100-300 meV, comparable to
that observed in tetracene films, and films of TIPS-tetracene at
room temperature display a similarly slow (tens of picoseconds)
rate of fission as tetracene with no distinct intermediate species
(SI Appendix, Fig. S5).

In solution, however, using transient absorption (TA) and
time-resolved photoluminescence (PL) spectroscopy, we directly
monitor the conversion of photogenerated singlet excitons into an
excimer in <100 ps. The excimer subsequently dissociates into
free triplets over tens of nanoseconds, with a final triplet yield of
120%. We observe that the excimer carries absorption signatures
of both a singlet and triplet character state as soon as it is
formed. The rapid formation of this intermediate with spin-
triplet absorption signature and emissive singlet character in-
dicates that it is a bound state of two spin-triplet excitons. We
consider that one triplet is localized on each molecule and
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Fig. 1. The absorption and emission spectra of TIPS—tetracene show excimer
formation in concentrated solutions. (A) The excited state energy diagram
and chemical structure of TIPS-tetracene. The triplet energy was obtained
from the phosphorescence observed in a film of dilute TIPS-tetracene and
polystyrene (B, Inset). (B) UV-Vis absorption (light gray) of 0.3 mg/mL TIPS-
tetracene in CHCls. UV-Vis spectra were recorded for solutions from 0.03 to
300 mg/mL and no change was observed in the absorption peak positions (S/
Appendix, Fig. S3). The normalized steady-state photoluminescence spectra
of 300 mg/mL (dark green) and 3 mg/mL (dark gray) show that excimeric
emission, centered at 1.75 eV, in the concentrated solution is absent in the
dilute solution. The phosphorescence observed in a film in the Inset (25).
Interference at 1.2 eV, from the excitation source, has been removed for
clarity. (C) The normalized time-resolved photoluminescence decay of the
dilute solution at the excitonic (2.13 eV) region and the excitonic and exci-
mer (1.77 eV) regions for the concentrated solution. In the dilute case (gray)
the time constant of the excitonic decay is 11.6 ns and this is shortened to
140 ps in 300 mg/mL, shown in the Inset. The <600 ps decay at 2.13 eV was
measured using PL up-conversion with a time resolution of 200 fs. The
excimeric emission of 300 mg/mL decays with two time constants; < 300 ps
and 8.7 ns.
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that they are coupled into an overall spin-zero state, such that
these results constitute a direct optical observation of a '(TT)
state. In this solution system, the nonendothermic formation of
this stabilized, multiexciton excimer intermediate reduces radi-
ative decay from the singlet and enables thermal dissociation
into two free triplet excitons, with an overall energy higher than
that of the original singlet exciton, in high yield.

Results and Discussion

Formation of Excimers. In Fig. 1B we present the absorption spec-
trum of TIPS—tetracene in 0.3 mg/mL solution and the normalized
steady-state photoluminescence spectra of both 3 mg/mL (dilute)
and 300 mg/mL (concentrated) solutions in chloroform. We mea-
sured the UV-Vis absorption of solutions over several orders of
magnitude in concentration and although the highest optical den-
sities caused saturation of the detector, we observed no change in
the absorption edge, line shape, or any other signs of ground-state
aggregation (SI Appendix, Fig. S3). In an additional measurement,
we used diffusion-ordered nuclear magnetic spectroscopy to de-
termine the diffusion constant of the TIPS—tetracene molecules in
the same solutions. Although the highest concentrations result in a
clear increase in viscosity, this effect is of comparable magnitude for
the CHCl; molecules and TIPS-tetracene (SI Appendix, Fig. S1).
These measurements provide strong evidence that over the entire
concentration range the solutions contain only free, unaggregated
TIPS-tetracene molecules in the ground state. In this situation,
TIPS-tetracene follows the same molecular motion picture estab-
lished for the solution-mediated fission in TIPS—pentacene (18). We
note, however, that the principal finding in the present paper (of the
formation of a triplet pair intermediate state, discussed below) can
be obtained also in the presence of some molecular preorganiza-
tion. The concentration-dependent photoluminescence spectra
reveal excimer character in the excited state: we observe a
broad, low-energy emissive band at high concentrations, similar
to the excimer identified in TIPS—pentacene solutions.

Time-resolved photoluminescence decay of the dilute and
concentrated solutions is shown in Fig. 1C. In the dilute regime,
the decay of the photoluminescence is monoexponential across
the emissive bandwidth and has a time constant of 11.6 ns. The
emission at the 0-1 emissive peak in the concentrated solution is
also monoexponential, but is heavily quenched to 140 ps (Fig. 1C,
Inset). In accordance with this quenching, the photoluminescence
quantum yield drops from 75% in the dilute solution to 2% in the
concentrated. The singlet is not quenched into a completely dark
state, but forms a new weakly emissive species with a featureless, red-
shifted emission spectrum. Seen only in concentrated solutions, this
species decays with a lifetime of 8.7 ns and is assigned to an excimer.
From these photoluminescence results of the concentrated solution
we can confirm the presence of two distinct emissive species that
possess significantly different radiative lifetimes.

To gain a better understanding of the long-time decay kinetics,
we recorded the time- and spectrally resolved photoluminescence
of the concentrated solution with an intensified CCD camera (Fig.
2 A and B). In this more sensitive measurement we detect a weak
long-lived component to the singlet emission decay with the same
time constant as the excimeric emission (8.7 ns; Fig. 2C). This
observation indicates that the singlet can be repopulated by a state
that is close in energy and that also gives rise to weak excimeric
emission, as depicted in Fig. 2D. These decay kinetics also enable
us to determine the photoluminescence quantum efficiency
(PLQE) of the individual components. Using spectral deconvo-
lution methods (described below and in the SI Appendix) we can
separate the PL into contributions from the prompt singlet, exci-
mer, and delayed singlet species. The delayed singlet corresponds
to singlet emission after 6 ns, when we observe the onset of
delayed emission kinetics (Fig. 2C). Integration of the PL associ-
ated with each component gives us their contribution to the PLOQE
of the solution. The photogenerated singlet emission exhibits a
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Fig. 2. The time-resolved photoluminescence of the concentrated sample
indicates the singlet and excimer states are close in energy. (A) The time-
resolved and spectrally resolved photoluminescence of 300 mg/mL TIPS-
tetracene measured with an intensified CCD camera. (B) Time slices at three
time points in measurement A: At 0.5 ns we observe strong singlet emission.
At 10 and 25 ns this has decayed to show weak excimeric and singlet
emission. (C) The normalized kinetics of the excimeric and singlet decay. The
kinetics are normalized at 6 ns, by which time the photogenerated singlet
population has fully decayed and only trace singlet emission is detected. The
decay of the excimeric emission and trace singlet emission are well matched,
indicating they are populated by the same excited state species. (D) Sche-
matic showing the relationship of the singlet and excimer states. Solid ar-
rows represent absorption of light and population transfer between the two
states and dashed lines indicate weak radiative decay.

yield of 1.3%, and the reformed singlet and excimer emission have
efficiencies of 0.3% and 0.4%, respectively. Given the low likeli-
hood of a singlet exciton emitting before forming an excimer, we
determine that 98% of the reformed singlets return to the excimer
manifold, meaning singlet reformation and emission are both
minor decay pathways from the excimer state. The most important
insight we take from this measurement is that the singlet and
excimer states are close in energy.

Diffusional Singlet Exciton Fission. Because the bulk of the excita-
tions generated do not emit from either the singlet or emissive
excimer states, we turn to transient absorption spectroscopy to
track the evolution of these states. This pump-probe technique is
widely used to study the photophysics of organic materials and is
well suited to studies of singlet fission due to its ability to provide
detailed signatures of emissive and dark excited state species. In
brief, transient absorption measures the time evolution of the
absorption of a material following photoexcitation. A pump pulse
excites the sample, and a broad-band probe pulse then arrives at a
series of time delays. The transmission of the probe is measured
with and without the pump, and this differential signal is nor-
malized by the total transmission (A7/T’). The result is a 2D matrix
of transmission intensity as a function of time and probe energy, in
which the absorption of photoexcited states is negative and pho-
toemission stimulated by the probe is positive.

Fig. 34 shows the transient absorption spectra of dilute TIPS
tetracene in chloroform, recorded over a pump-probe range of 1 ps
to 3 ps. The positive feature above 2.1 eV matches the position of
the 0-1 photoluminescence peak and is therefore assigned to stim-
ulated emission from singlet excitons. The spectrum in the probe
range below 2.1 eV reflects the singlet excited state absorption. All
features in this system decay uniformly with a time constant of 11 ns,
in good agreement with the monoexponential photoluminescence
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decay discussed above for the same solution. No other excited state
signatures are present within the resolution of the experiment.
Taking into account the triplet absorption cross-section and the
noise level of the measurement, we set an upper limit of 6% as the
yield of triplet excitons through intersystem crossing in this solution.
We therefore conclude that in the dilute regime only singlet exci-
tons are present.

We observe similar signatures immediately following photoex-
citation of the concentrated solution (Fig. 3B). The stimulated
emission above 2.1 eV and shape of the photoinduced absorption
band in the first 300 ps (blue lines) indicate that the initial
photoexcited species is the same at both concentrations. The
subsequent spectral evolution shows pronounced differences;
however, as the initial singlet features evolve over several hundred
picoseconds to form a new absorption profile (solid red trace) that
was not observed in the dilute solution. This absorption profile
displays a broad absorption feature in the visible probe region and
sharper peaks in the near IR. We attribute this intermediate
transient absorption signal to the excimer formed from singlet
excitons. It decays on the same timescale as the excimeric emission
and is only present in concentrated solution. We observe that
an increase in viscosity by the addition of polystyrene slows the
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Fig. 3. Transient absorption spectra of dilute and concentrated solutions
show excimer and triplet species in the concentrated solution. (A) Transient
absorption spectra of 3 mg/mL TIPS-tetracene recorded at pump-probe time
delays of 1 ps-3 ps. The positive feature at 2.17 eV is assigned to stimulated
emission of singlet excitons and decays with the same time constant as the
negative photo-induced absorption feature centered at 1.9 eV (S/ Appendix,
Fig. S15). (B) Transient absorption spectra of 300 mg/mL TIPS-tetracene
recorded over a similar pump-probe delay range (1 ps-3 ps). In this measure-
ment we observe the quenching of the initial species (blue trace) to form an
intermediate by 400 ps (red trace), which decays to form triplet excitons (black
trace). The triplet exciton absorption spectrum was confirmed from a separate
sensitization experiment (S/ Appendix, Fig. S18). All spectra have been nor-
malized for fluence between the NIR and visible regions. Time slices from the
nanosecond measurement are magnified to show the triplet features.

Stern et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503471112/-/DCSupplemental/pnas.1503471112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503471112/-/DCSupplemental/pnas.1503471112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1503471112/-/DCSupplemental/pnas.1503471112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1503471112

L T

/

1\

=y

formation of this species, indicating that it is formed via diffusional
collisions (SI Appendix, Fig. S16). Analysis of the time constant of
excimer formation and concentration reveals that the process
follows second-order reaction kinetics (Fig. 4B and SI Appendix,
Fig. S11).

The excimer spectrum decays over nanoseconds to yield a third,
sharply peaked absorption profile (Fig. 3B, black trace). This final
spectral signature has a 1.2-ps lifetime and is assigned to triplet
excitons, which we confirmed using a separate triplet sensitiza-
tion experiment. Briefly, in a degassed solution of N-methyl-
fulleropyrrolidine and TIPS—tetracene we selectively excite the
fullerene, which rapidly undergoes intersystem crossing to gener-
ate a large population of triplets. These are transferred to TIPS—
tetracene through diffusional collisions (S Appendix, Figs. S18-S21),
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Fig. 4. The evolution of three spectral species in concentrated solution,
identified by the genetic algorithm. (A) The normalized excited state pop-
ulation from the genetic algorithm in concentrated TIPS-tetracene solution
from 100 fs (the peak of the instrument response) to 3 ps after excitation,
obtained from transient absorption measurements. The decay and rise of
the singlet (blue), excimer (red) populations, and the rise of the triplet
(black) were obtained from subpicosecond transient absorption, and the
decay of the excimer and the decay of the triplet population were measured
with nanosecond transient absorption. A guide to the eye is fitted to the
triplet kinetic to show the dynamics with more clarity. (B) The corresponding
singlet (blue) and excimer (red) kinetics for a range of concentrations (100-
300 mg/mL). (C) Spectra of the singlet (Top), excimer (Middle), and triplet
(Bottom) obtained from genetic algorithm analysis, alongside raw TA
spectra (gray) from independent reference measurements (dilute solution and
sensitization).
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resulting in a long-lived signature that closely matches the
features observed under direct excitation (Fig. 4C, Bottom) (26,
27). The remarkably sharp triplet absorption features we observe
for the triplet exciton have been observed in a small set of other
systems (18, 28), where the rigidity of the molecule gives narrow
absorption bandwidths, and are a distinct advantage of solution
studies of acenes compared with the solid state. In this case, the
sharp features allow us to distinguish the absorption signatures of
the three species, and in particular track the evolution of the
excimer to the triplet excitons. The sensitization measurement also
enabled a determination of the triplet absorption cross-section of
5,400 Lmol™! cm™ at 1.63 eV, based on the degree of quenching
of the triplet excitons on the sensitizer by TIPS—tetracene (27).
This value was used to obtain a triplet exciton yield of 120% =+
20% of the singlet exciton concentration. It is not surprising that
the triplet exciton yield in this system is lower than in TIPS-
pentacene solutions, considering the unfavorable energetics of
singlet fission in TIPS—tetracene. This distinction notwithstanding,
the high yield and observed concentration dependence of triplet
exciton formation, analogous to TIPS-pentacene (18), confirm
that the triplet excitons are produced in this system via diffusional
singlet exciton fission.

Isolation of a Triplet Character Intermediate. Following the iden-
tification of three separate species in concentrated TIPS—
tetracene solution, we determine the time evolution of each
using singular value decomposition and a spectral deconvolu-
tion code (29). This code, based on a genetic algorithm, gen-
erates spectra that best reproduce the original transient
absorption data and satisfy physical constraints such as spectral
shape and population dynamics. The normalized population
kinetics of singlet excitons, excimer, and triplet excitons in the
300 mg/mL solution are presented in Fig. 44. The singlet ex-
citon population is shown from 100 fs, the peak of the in-
strument response, and decays with a 70-ps lifetime, in
reasonable agreement with the fast PL decay observed with PL
up-conversion (Fig. 1C, Inset). We observe excimer formation
concomitant with the decay of the singlet exciton spectral fea-
tures. The excimer population then decays with a time constant
of 7.9 ns, consistent with the photoluminescence lifetime of
8.7 ns. The triplet exciton population rises with a 5-ns time
constant and reaches a maximum between 10 and 50 ns. Con-
sidering the short singlet lifetime and the extended lifetime of the
excimer, we propose that triplet excitons arise directly from the
excimer decay. We thus find that the excimer is in fact an in-
termediate in the endothermic formation of free triplet excitons. It
is interesting to note that when we run the same analysis on the
measurements of a TIPS—tetracene film at room temperature, we
observe no distinct intermediate state: triplets appear to form
directly from the initial state.

In addition to the evolution of the species over time, the distinct
spectra of the singlet, excimer, and triplet species were extracted
in each spectral region. We are able to achieve such effective
spectral and temporal resolution of these states due to the com-
bination of diffusion-limited dynamics, the narrow absorption
bands of triplet excitons in solution, and the endothermicity of free
triplet formation. As shown in Fig. 4C, the extracted spectra for
the singlet and triplet excitons closely match reference measure-
ments. The remaining spectrum, which cannot be formed as a
linear combination of the other two, is that of the excimer in-
termediate and reveals crucial information about the nature of
that state.

We observe five sharp absorption features in the triplet exci-
ton spectrum across the visible and NIR spectral regions (Fig. 3).
The same absorption bands are present in the excimer spectrum
and appear from 80 ps, when the process is still diffusion limited.
These absorption bands of the excimer are sharp at low energies
(1.28 and 1.46 eV) and appear on top of an underlying excited
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state absorption from 1.6 to 2.2 eV. Notably, we observe that the
triplet-like absorption bands of the excimer are shifted and broad-
ened in energy from those of free triplet excitons by 5-10 meV for
each band (Fig. 5). The five absorption bands simultaneously red
shift over the 1-5 ns timescale as the excimer population is replaced
by free triplet excitons. The presence of triplet exciton absorption
bands in the excimer indicates that it develops triplet character
upon its formation, on a timescale too fast to be explained by in-
tersystem crossing, which is clearly inefficient in the dilute solution.
We propose that the shift observed in the triplet pair state ab-
sorption reflects the subtle difference in the excited state manifolds
of this state and free triplet excitons on isolated molecules.

This result reveals a state that is electronically similar, yet not
identical, to free triplet excitons that can be formed in <100 ps
from singlet excitons. This state retains enough singlet character
to reform singlet excitons and can itself luminesce. These ob-
servations—dual singlet-triplet character, showing the absorption of
free molecular triplets at the same time as broader singlet-like
bands—allow identification as a bound triplet pair state '(TT). We
consider that the formation of this state already constitutes the
critical step of singlet exciton fission, although it is the subsequent
dissociation into free triplet excitons that determines the final
triplet yield. The subtle electronic structural differences that we
uncover between the triplet pair intermediate and free triplet
excitons could give insight into the nature of triplet pair states. In
particular, the nature of coupling between two triplet excitons,
which appears to give a substantial stabilization, as we explain
below, remains to be well understood.

Endothermic Singlet Fission via a Triplet Pair State. From these re-
sults we can put together the energetic picture of singlet fission in
this endothermic system. It follows from the photoluminescence
results above that the energy of the triplet pair excimer state is
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Fig. 5. The transient absorption spectra reveal the shift in absorption peak
energies between the excimer intermediate and free triplet excitons. (A) The
normalized excimer and triplet absorption spectra with the common absorp-
tion bands highlighted. (B) An energy level diagram of the higher-lying excited
states of the excimer and free triplet excitons, obtained from the transient
absorption bands in A. We observe that the triplet absorption is red-shifted by
5-10 meV for each band, relative to the excimer triplet pair state.
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equal to or slightly below that of the singlet exciton (2.3 eV).
From analysis of the radiative and nonradiative decay rates for
the singlet and excimer, and the concentration dependence, we
determine that excimers are formed upon the collision of singlet
excitons with a ground-state molecule. In addition, the equilib-
rium between the singlet and excimer manifolds strongly favors
excimer formation, and loss via singlet emission represents a
minor decay pathway for the excimer.

Our estimate of the endothermic barrier in this system is based
on a triplet energy of 1.25 eV, the middle of the broad phos-
phorescence peak observed in thin films. We consider that an
energy barrier of about 200 meV is consistent with activation
over a thermal barrier. If we consider a Boltzmann distribution
and the 5-ns time constant for free triplet formation, this system
would require an attempt frequency on the order of 10'1-10"* Hz
to overcome this energy barrier into independent triplet excitons.
We conjecture that the reason such a slow thermal dissociation
of the stabilized excimer intermediate into free triplets is able to
proceed with such high efficiency is because competing decay
channels are slower. Radiative decay via the singlet is substantially
reduced in the concentrated solution as a result of forming exci-
mers. The intrinsic radiative lifetime of 2 ps for the excimer is
consistent with the microsecond radiative lifetimes reported for
excimers of pyrene and anthracene (30, 31), and gives sufficient
time for competing nonradiative processes such as thermally ac-
tivated triplet formation. These nonradiative decay processes
shorten the excited state lifetime of the excimer to give the fluo-
rescence lifetime of 8 ns that we measure in transient absorption
and PL.

From the data available, it is difficult to ascertain the degree
to which the two-step mechanism of fission in solution relates to
the solid state. Although we observe no distinct intermediate in
films of TIPS—tetracene, it is possible, for instance, that the con-
formational constraints of the film prevent any significant stabili-
zation of the intermediate state that would measurably distort its
absorption spectrum relative to free triplets. Without a clear
identification of such effects, though, the mechanism of this en-
dothermic singlet fission will remain in question. We note, how-
ever, that it would be surprising for the same material to be
capable of singlet fission via two completely distinct mechanisms
and propose that a strongly stabilized TT intermediate still plays
an important role.

We can compare the results here with studies from films of
tetracene, where the first step of highly efficient endothermic
singlet fission is temperature independent (22, 23) and has been
proposed to involve barrier-free formation of an intermediate
state (32, 33) or tunnelling into a bound triplet pair (22). We find
that our model is in qualitative agreement with these other
studies; our endothermic system reveals rapid formation of a
bound intermediate with triplet character that goes on to produce
two free triplet excitons over a longer timescale. We speculate that
the stabilization we observe in the triplet pair excimer, relative to
free triplet excitons, may occur to a lesser degree in the solid state
as well and enable the fast formation of bound triplets.

These results provide an important and surprising insight into
the nature of the triplet pair state, which has long played a
central role in theories of singlet fission but never been directly
observed. The bound state can be significantly stabilized relative
to two free triplet excitons, here by 100-300 meV, indicating a
substantial interaction between the triplets. A similar effect is
observed in some polyene-type systems, in which the doubly ex-
cited 2A, state can be identified as a bound triplet pair (34). In
poly(3-dodecylthienylenevinylene), for instance, the 2A, state is
substantially lower in energy than the threshold for singlet exciton
fission, and indeed offers a rapid decay channel for triplet pairs
(35). Multiexciton states with A, symmetry have also been invoked
to explain fission in calculations of crystalline pentacene, although
in that system there is no evidence of any significant energetic
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stabilization in this state (36). It is possible that stabilized triplet
pair states akin to the one presented here play an important role
in fission across different molecular systems, especially nominally
endothermic materials such as tetracene, but more exploration of
this phenomenon is needed. In this TIPS—tetracene system, the
stabilization we observe and the accompanying effects of this
coupling on the transient absorption spectra should provide fer-
tile ground for advanced theoretical investigations of the in-
teractions between adjacent triplet excitons. Explorations of the
nature and electronic structure of this triplet pair intermediate via
multipulse techniques will enable a more complete understanding
of the mechanism of singlet fission and may establish the im-
portance of such stabilized states for mediating triplet formation
in endothermic systems.

Materials and Methods

TIPS-tetracene was synthesized according to the procedure in ref. 37.
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