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We report the simultaneous observation of geminate and nongeminate triplet-triplet annihilation in a
solution-processable small molecule TIPS-tetracene undergoing singlet exciton fission. Using optically
detected magnetic resonance, we identify recombination of triplet pairs directly following singlet fission, as
well as recombination of triplet excitons undergoing bimolecular triplet-triplet annihilation. We show that
the two processes give rise to distinct magnetic resonance spectra, and estimate the interaction between
geminate triplet excitons to be 60 neV.
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Singlet exciton fission [1,2] is a promising route to
enhance both organic and inorganic solar cells [3–5], giving
the potential to achieve power-conversion efficiencies well
above the conventional Shockley-Queisser limit of around
33% [6,7]. Through singlet fission, a spin-zero singlet
exciton created by absorption of a photon is transformed
into two spin-one triplet excitons, which can be harvested in
a solar cell to generate two electron-hole pairs from a single
photon, which allows more efficient harnessing of high-
energy photons from the solar spectrum. Since the fission
process is spin conserving, it can be extremely fast and
efficient [8–10], generating high yields of triplet pairs. These
pairs are initially entangled due to formation from a spinless
singlet exciton, and serve as a unique signature of the fission
process [11,12]. To minimize energy losses in this carrier
multiplication process, a singlet fission material would
ideally have degenerate singlet and triplet-pair states.
However, with this energy level configuration, the inverse
process of singlet fission, triplet-triplet annihilation,
becomes a possible recombination pathway, reducing the
overall triplet yield. In solar cells, efficiently generating
photocurrent from triplets formed through singlet fission
remains problematic. It is therefore of great importance to
study the processes of triplet recombination that compete
with photocurrent generation [13], both at early and later
times following fission, as well as to expand the class of
materials known to undergo this process efficiently.
A material satisfying the energetic requirements for

efficient singlet fission is tetracene, in which the singlet
and triplet-pair states are nearly degenerate, permitting
photoluminescence to be used as the experimental observ-
able [14–19]. However, since tetracene is difficult to process
from solution, it has limited practical application. TIPS-
tetracene [bis(triisopropylsilylethynyl)tetracene, Fig. 1(c)]
is a solution-processable tetracene derivative [20], and a

candidate for singlet fission. However, it has different
molecular packing compared to tetracene [21], which is
an important factor in determining singlet fission rates
[22,23] and triplet-triplet interactions [24]. Understanding
the generation and recombination of triplet excitons in new
systems such as this is therefore an important aspect of
advancing the field of singlet fission photovoltaics.
Here we exploit optically detected magnetic resonance to

probe the presence and properties of triplet excitons in spin-
coated TIPS-tetracene films. By measuring the changes in
photoluminescence under spin resonance, we identify the
unique spin signatures of the fission process. We find
evidence for an interaction within the triplet pair formed
immediately after fission, and simultaneously observe the
annihilation of triplets directly after fission, as well as from
bimolecular encounters.
Optically detected magnetic resonance (ODMR) [25,26]

is a powerful technique to unambiguously identify triplet
excitons since the spin dipole-dipole interaction between the
electron and hole gives rise to characteristic broad magnetic
resonance spectra [27,28]. This interaction allows triplets to
be distinguished from other species inODMR; this contrasts
with all-optical techniques where the presence of triplet
states can only be inferred indirectly. The interaction is
governed by the zero-field splitting Hamiltonian ĤZFS ¼
DðŜ2Z − Ŝ2=3Þ þ EðŜ2X − Ŝ2YÞ, where Ŝ ¼ ðŜX; ŜY; ŜZÞ is
the triplet spin operator, and D and E reflect the magnitude
of this dipole-dipole interaction between the electron and
hole. Frankevich et al. have demonstrated ODMR as an
elegant tool to detect the spin-correlated, geminate, triplet
pairs formed through the fission process in crystalline
tetracene [29], and a theoretical treatment has been advanced
by others, highlighting the role of molecular packing
[16–18]. ODMR has also been applied to the more common
scenario of nongeminate triplet-triplet annihilation in which
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two triplets recombine after a bimolecular encounter
[30–33]. Since microwave pumping drives triplet-pairs
out of the singlet configuration in the geminate case, but
increases the number of singlets from recombination of
nongeminate triplets, these two processes lead to resonant
changes in photoluminescence with opposite sign, and so
ODMR provides a sensitive way to distinguish them.
The experimental setup is outlined in Fig. 1(a). Films

were prepared by spin coating from a chloroform solution
onto glass substrates, and contained a mixture of crystalline
and amorphous regions [21]. The films were placed on a
microwave stripline operated between frequencies
f ¼ 6–18 GHz, providing the ac magnetic field B1, and
mounted inside an optically accessible cryostat magnet,
providing the static magnetic field B, at an operating
temperature of 1.4 K. Excitation was provided by a
532 nm laser with intensity I ¼ 110 mW=cm2, and the
integrated photoluminescence (PL), which extends from
550–700 nm, was collected by a silicon photodetector, after
removing the laser line with a 550 nm long-pass filter.
Microwaves were square-wave modulated at frequency fM,
and the change in photoluminescence due to microwave
transitions (ΔPL) was recorded as the static magnetic field
was swept through resonance by monitoring the photo-
detector response at the microwave chopping frequency,
using lock-in detection.
Figure 1(b) shows the microwave-induced changes in

photoluminescence for the TIPS-tetracene films, normal-
ized by the steady-state photoluminescence, for a low
microwave chopping frequency (fM ¼ 17 Hz), where both
positive and negative features are seen. The characteristic
broad resonances identify that the features arise from triplet
excitons, and provide initial evidence for singlet fission in
this material. The presence of two separate features is also

clear at a higher microwave chopping frequency of 317 Hz
(experimental traces of Fig. 2), where the disparate patterns
appear on separate lock-in channels. Since the negative
inner features occur in phase, while the positive outer
features occur out of phase, this indicates that the inner
ODMR line shape corresponds to much faster kinetics than
the outer line shape [34]. This was also seen on sweeping
the microwave chopping frequency up to 50 kHz at the
magnetic fields corresponding to the two different features,
where we found a relatively slow roll-off with frequency for
the inner line shape, while the outer line shape exhibited a
much more rapid roll-off (see Supplemental Material [21]).
Using the chopping frequency f�M at which the magnitude
of the ODMR dropped to one half of its maximum value,
the characteristic time scale τ ¼ ffiffiffi

3
p

=ð2πf�MÞ was 25 μs for
the inner peaks, and 690 μs for the outer peaks [35].
Distinct recombination kinetics are also shown in the laser
intensity dependences of the two features (Fig. 3): the inner
line shape follows an approximately linear dependence of
ΔPL on laser intensity, while the outer line shape follows
an approximately quadratic dependence. (The steady-state
PL remained linear over this power range.) Based on the
observed kinetics, we can assign the negative inner features
(in-phase trace, Fig. 2) to a short-lived species undergoing
a monomolecular recombination process, and the positive
outer features (out-of-phase trace, Fig. 2) to a longer-lived
species undergoing bimolecular recombination. Since we
see no spin-one-half feature [36], we do not consider inter-
actions with charges, such as triplet-polaron interactions
[37,38], to be significant, and therefore assign the ODMR
to triplet-triplet recombination.
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FIG. 2 (color online). ODMR at 317 Hz microwave chopping
frequency where the two distinct line shapes are seen on the
in-phase and out-of-phase lock-in channels, along with simu-
lations for geminate and nongeminate triplet-triplet annihilation.
(Experimental data taken at f ¼ 7.28 GHz and microwave power
is 10 dB less than in Fig. 1). Details of the simulations can be
found in the main text. The insets show the orientations of the
triplet zero-field splitting tensor corresponding to the prominent
features of the line shapes.
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FIG. 1 (color online). (a) Experimental ODMR setup.
(b) In-phase ODMR of spin-coated TIPS-tetracene films at f ¼
7.28 GHz and fM ¼ 17 Hz. Both negative and positive ODMR
features are visible, indicated by the inner (red) and outer (green)
arrows, respectively. A small nonresonant offset has been
subtracted. (c) Chemical structure of TIPS-tetracene.
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In a material where singlet fission is operative, two
distinct triplet-triplet recombination pathways arise.
Geminate triplet pairs may recombine to the emissive
singlet state immediately following fission, or triplets
may diffuse through the film and undergo bimolecular
triplet-triplet annihilation. For a pair of identical, weakly
interacting triplets, the nine triplet-pair energy eigenstates
are not pure spin states, and at Zeeman energies much
greater than their zero-field splitting parameters (and away
from level degeneracies) consist of two singlet-quintet (SQ)
states with mixed singlet and quintet (S ¼ 2) character, four
pure quintet (Q) states and three pure triplet (T) states [39].
The latter form an isolated manifold due to symmetry
considerations, and so we can consider only the states with
singlet or quintet character [39]. Since singlet fission occurs
from a singlet exciton, geminate triplet pairs will be formed
in states with singlet character. If spin-lattice relaxation is
slow compared to the pair lifetime, microwave transitions
will act to transfer geminate pairs out of the singlet-
containing states, decreasing the total population of triplet
pairs that can recombine to the emissive singlet and
resulting in a decrease in photoluminescence [Fig. 4(a)].
In addition, since a geminate triplet pair is formed from a
single photon, this process should exhibit a monomolecular
intensity dependence, as observed in Fig. 3. We therefore
attribute the negative inner ODMR feature to a reduction in
the population of short-lived, singlet-character geminate
pairs. These pairs show a monomolecular decay and fast
dynamics that is capped by the pair lifetime, consistent with
the chopping frequency response.
Further evidence for this interpretation comes from the

central dip in the inner ODMR feature, which deviates from

a conventional triplet powder pattern [27]. As proposed by
Frankevich [40], this behavior can result from the set of
triplets that are oriented such that the singlet-quintet states
become degenerate [which for a triplet with zero-field
splitting parameter E ≈ 0 will occur when the zero-field
splitting tensor makes an angle of cos−1ð1= ffiffiffi

3
p Þ ≈ 55° with

the magnetic field, illustrated in Fig. 2]. At this degeneracy
point, the zero-field splitting term vanishes, and even a
weak triplet-triplet interaction will act to mix the singlet-
quintet states to form pure singlet (S ¼ 0) and quintet
(S ¼ 2) states, the transition between which is forbidden by
the selection ruleΔS ¼ 0. There can therefore be no transfer
from or to the singlet manifold, and so the ODMR should
approach zero at the center of the pattern (which corresponds
to this degeneracy point).
We reproduced the geminate ODMR response, including

the central dip, using a stochastic Liouville equation
simulation for the triplet-pair density matrix ρ̂:

∂ρ̂
∂t ¼ −

i
ℏ
½Ĥ0 þ Ĥ1ðtÞ; ρ̂� þ Ĝ − γρ̂ − γSfP̂S; ρ̂g: ð1Þ

Here Ĥ0 is the static pair Hamiltonian consisting of the
zero-field splitting ðĤZFSÞ and Zeeman terms for the two
triplets, and we introduce an intertriplet interaction term
JŜ1 · Ŝ2 as an approximation to the interaction between the
triplets [12,41], where J is the interaction strength and Ŝ1,
Ŝ2 are the spin operators for the two triplets. Ĥ1ðtÞ is the
ac Hamiltonian describing the microwave field, and Ĝ is
the source term representing generation from the singlet.
γ is a spin-independent relaxation rate, and the final term
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FIG. 3 (color online). Laser intensity dependence of the
magnitude of the in-phase, and out-of-phase ODMR signals
indicated in Fig. 2, along with fits of the form ΔPL ∝ Iα, where I
is the laser intensity, giving approximately linear (α ¼ 1.02�
0.03) and quadratic (α ¼ 2.1� 0.1) dependences for the in- and
out-of-phase signals. (Data taken at f ¼ 6.4 GHz, fM ¼ 317 Hz,
and the same microwave power as in Fig. 1.) Inset: magnitude of
the half-field resonance under the same experimental conditions
showing a single resonant field.
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FIG. 4 (color online). Schematic of the geminate and non-
geminate triplet-triplet annihilation processes. (a) In the geminate
case, triplet pairs will be initially in one of the singlet-character
(SQ) states. Microwave pumping will transfer population to the
nonemissive quintet (Q) states, giving a negative ODMR, with
monomolecular kinetics. (b) In the nongeminate case, microwave
pumping will increase the population of emissive triplet pairs,
giving a positive ODMR. (c) Summary of the triplet interaction
lengths described in the main text.
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represents the spin-dependent annihilation back to the
emissive singlet state via the singlet projection operator
P̂S ¼ jSihSj, where jSi is the singlet state. (Quintet states as
a final annihilation product are assumed to lie too high in
energy [42,43]). The square and curly brackets denote the
commutator and anticommutator, respectively. The ODMR
is proportional to the microwave-induced change in singlet
projection of the pair:

ODMR ∝ ½TrðP̂Sρ̂
ðonÞÞ − TrðP̂Sρ̂

ðoffÞÞ�; ð2Þ

where ρ̂ðonÞ and ρ̂ðoffÞ are the pair density matrices with
microwaves on and off, respectively. The resulting simu-
lation is shown in Fig. 2. A good fit to the line shape is
obtained with triplet zero-field splitting parameters
D ¼ 5.8 μeV (corresponding to D=gμB ¼ 50 mT, where
g is the electron g factor, and μB is the Bohr magneton) and
E≲D=40. Since theseparametersmeasure thedipole-dipole
interaction between electron and hole, they give an estimate
for the characteristic size of the exciton [27]. We find
r ¼ 3.8 Å,which corresponds to an electron-hole separation
of around 1.5 benzene rings, and is comparable to the triplet
size estimated theoretically for pentacene [44]. The central
dip can only be reproduced by introducing a small intertriplet
interaction (J ≈D=100), providing evidence for a weak, but
finite, interaction of around 60 neV within the triplet
pair. Taking this interaction to be of dipole-dipole origin,
which we expect to dominate over direct exchange inter-
actions due to the localized nature of the triplet states, we can
make a tentative estimate of the interaction length between
the triplets as rTT ¼ rð4D=JÞ1=3, where the factor of 4 arises
since the interaction is between two spin-one particles, rather
than two spin-one-half particles. This gives rTT ≈ 2.8 nm,
which is comparable to the TIPS-tetracene unit cell param-
eters of ≈1.5 nm, determined by single crystal x-ray dif-
fraction, and consistent with a relatively localized triplet pair.
These results therefore identify singlet fission in spin-coated
TIPS-tetracene films, and indicate that it occurs with
negligible thermal activation, since our experiments were
performed at cryogenic temperatures.
The question then arises as to why the ODMR spectra

occur with different line shapes. If the only difference
between geminate and nongeminate triplet-triplet annihi-
lation were the distribution of populations amongst spin
sublevels, then we would expect overlapping resonances.
In this case we would be unable to resolve the positive
and negative features separately. However, we see distinct
features, with the maxima of the outer “wings” appearing at
double the separation of the inner maxima of the geminate
pair, and so the two recombination processes must be
distinguishable in another way.
Different zero-field splitting parameters arising from

distinct triplets or from averaging over different sets of
rotationally inequivalent molecules can be ruled out, since
this would give rise to separated half-field resonances.

For example, a doubling of D would lead to half-field
resonances separated by around 10 mT, which we do not
observe (see inset of Fig. 3), leading us to conclude that
the two line shapes must arise from triplets with the same
zero-field splitting parameters. This implies that the outer
“wings” must therefore occur for triplets with their
zero-field splitting tensors preferentially oriented along
the magnetic field, which we simulate in Fig. 2 by
including a preferential orientation of the triplets along
the magnetic field in a triplet electron spin resonance
powder pattern simulation [45]. The experimental line
shape is reproduced using the orientational distribution
function PðθÞ ¼ exp½λð3 cos2 θ − 1Þ=2�, where θ is the
angle between the zero-field splitting tensor Ẑ axis and
the magnetic field, using an order parameter of λ ¼ 4.
The possibility that this anisotropy arises from prefer-

ential molecular orientation within the film [46] can be
ruled out, since this would show a characteristic change of
the line shapes as the film is rotated in the magnetic field,
which we do not observe. The observed anisotropy is
consistent, however, with anisotropic spin relaxation of
thermalized triplets, due to a thermal modulation of the spin
dipole-dipole interaction [47,48]. This leads to much longer
spin-lattice relaxation times for triplets with their zero-field
splitting tensor oriented along the direction of the magnetic
field, than for those oriented perpendicular to the field
[47,48]. We therefore assign the positive outer ODMR
features to bimolecular encounters of thermalized triplets
following separation after singlet fission [Fig. 4(b)].
At low temperatures, thermalized triplets will preferentially
occupy the lowest Zeeman state j−i, and the bimolecular
encounter of these “cold” triplets has a low probability to
reform a singlet, due to spin selection rules [49].
Microwave pumping of these free triplets will act to
equalize the populations of the spin sublevels, increasing
the effective spin temperature. Encounters involving triplet
pairs with a total spin projection of zero therefore become
more probable for these “hot” triplets, resulting in an
increase in the annihilation rate to the emissive singlet,
and hence an increase in photoluminescence. Since triplets
oriented along the magnetic field experience a much slower
spin-lattice relaxation rate, they can be effectively pumped,
and so dominate the ODMR spectrum. Triplets oriented
away from the magnetic field experience a much faster
spin-lattice relaxation rate, and therefore give a much
weaker contribution to the ODMR spectrum, resulting in
the observed line shape. This interpretation is consistent
with the different kinetics between geminate and non-
geminate recombination, which allows the anisotropic
relaxation rates to be revealed in the slower bimolecular
process, but not in the fast geminate annihilation pathway.
In summary, using optically detected magnetic reso-

nance we have identified singlet fission in a solution-
processable small molecule, and have simultaneously
observed the signatures of geminate and nongeminate
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triplet-triplet annihilation. Within the geminate triplet pair,
we find evidence for a finite interaction of approximately
60 neV, and we estimate the intertriplet separation to be
around 3 nm. Our results highlight that when singlet and
triplet-pair states are approximately degenerate, triplet-
triplet annihilation can be an important recombination
pathway for fission-generated triplets.
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