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Singlet fission (SF) and its inverse, triplet—triplet annihilation (TTA), are promising strategies
for enhancing photovoltaic efficiencies. However, detailed descriptions of the processes
of SF/TTA are not fully understood, even in the most well-studied systems. Reports of
the photophysics of crystalline rubrene, for example, are often inconsistent. Here we
attempt to resolve these inconsistencies using time-resolved photoluminescence and
transient absorption spectroscopy of ‘pristine’ rubrene orthorhombic single crystals. We
find the reported time-resolved photoluminescence behaviour that hinted at triplet-pair
emission is found only at specific sites on the crystals and likely arises from surface
defects. Using transient absorption spectroscopy of the same crystals, we also observe
no evidence of instantaneous generation of triplet-pair population with ~100 fs
excitation, independent of excitation wavelength (532 nm, 495 nm) or excitation angle.
Our results suggest that SF occurs incoherently on a relatively slow (picosecond)
timescale in rubrene single crystals, as expected from the original theoretical
calculations. We conclude that the sub-100 fs formation of triplet pairs in crystalline
rubrene films is likely to be due to static disorder.

1. Introduction

Photon up- and down-conversion are two promising strategies for pushing
photovoltaic efficiencies beyond the Shockley-Queisser limit," but achieving
efficient spectral conversion remains challenging. In molecular materials, singlet
fission (SF), and its reverse, triplet-triplet annihilation (TTA), offer potential
solutions.? In SF, a high-energy singlet (spin-0) exciton (S;) converts to a pair of
low-energy triplet (spin-1) excitons (T; + T;).>* In TTA, the process is reversed.
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SF and TTA are generally accepted to proceed via intermediate triplet-pair
states ((TT), (T---T))>® but the details of their formation and evolution are not
yet fully described,”® even in archetypal SF/TTA materials such as crystalline
pentacene and rubrene.”*”

1.1 Literature review: is singlet fission in single rubrene crystals fast (sub-
picosecond) or slow?

Rubrene, whose structure is shown in Fig. 1a, is an example of a well-studied and
archetypal SF/TTA material'>*’ for which the SF process is still debated.” In
orthorhombic single crystals, for example, the peculiar symmetry of the C,;, -
stacking, shown in Fig. 1b, means that electronic coupling between S;, charge-
transfer (CT) and triplet-pair states should vanish. In this case, SF can only
occur through coupling to symmetry-breaking vibrations and is predicted to
proceed relatively slowly (incoherently) on picosecond timescales,'®?® presumably
generating weakly-exchange-coupled or mixed-spin triplet-pair states (T---T).*7?°
Recent spectroscopic studies on single rubrene crystals, however, are contradic-
tory and many do not obviously support this theoretical hypothesis.

For example, while some transient absorption'>?** and transient grating pump-
probe experiments* of rubrene crystals appear to support the calculations,
showing triplet-pair population increasing approximately exponentially following
photo-excitation (~2 ps time-constant), other studies instead report near-

10-16,18-24,27

instantaneous (instrument-limited, i.e. <25 fs) formation of triplet-pair signa-
tures in rubrene single crystals.”**»*” The latter signatures are not predicted by
the calculations'™?® and current explanations for this surprising observation
differ. The details of the proposed mechanisms and the discrepancies between
them are nicely described in a recent review article.*® Broadly, it is suggested that
at points on the potential energy surface, mixing between the diabatic S; and
triplet-pair states is allowed, due to vibronic coupling, and potentially via charge-
transfer (CT) states. Depending on the strength of the coupling, this may enable
direct, ‘coherent’ excitation of both S; and triplet-pair states,” supported by
recent calculations.®" In this case, pure-spin exchange-coupled triplet-pair states,
(TT), should be formed and we might therefore expect to observe '(TT) emission.

o
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Fig. 1 Crystal structure of rubrene. (a) Molecular structure of rubrene, indicating the
molecular coordinate system. (b) Orthorhombic crystal structure of rubrene obtained
from ref. 30. Molecules coloured red are displaced along the c-axis.
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1.2 Literature review: hunting for '(TT) emission: time-resolved
photoluminescence of rubrene single crystals

'(TT) emission has been observed in similar materials,”** where it was shown to
occur via vibronic Herzberg-Teller mixing (intensity borrowing) between the
triplet-pair state and the nearby bright S; state.’»** According to the Herzberg-
Teller model, the first-order TT dipole moment is given by:***

oH
<¢S ‘//TT>
190,
sprr = Y005, (00| A2 (aslufrn ). (1)

[

Here Q, are symmetry-breaking vibrational modes, |y;) are electronic wave-
functions, |x;,) are vibrational wavefunctions (v is a vibrational quantum
number), H is the Hamiltonian governing Coulomb repulsion between electrons
and nuclei and Es;, Err are the energies of the S1 and triplet-pair, respectively.
From eqn (1), we see that the brightest *(TT) emission should be observed for: (i)
small S,~"(TT) energy gaps and (ii) large vibronic coupling between S; and *(TT)
through appropriate vibrational modes that break the symmetry forbidding *(TT)
from emitting at the equilibrium geometry Q,.

In crystalline rubrene, both of these criteria appear to be met: S; and the triplet
pairs (*(TT) or (T:--T)) are almost isoenergetic*>**® and, as mentioned above,
there is recent experimental evidence of significant vibronic coupling between S,
and the triplet pair in rubrene single crystals.**

Experimental hints of possible '(TT) emission can be found in studies of the
photoluminescence (PL) and absorption spectroscopy of rubrene single crystals in
the literature.®** Ref. 10, for example, shows that the rubrene single-crystal PL
spectrum at around 565 nm and around 607 nm exhibits different dynamic
behaviour, suggesting that the PL may originate from more than one electronic
state. In that study, only the redder part of the emission spectrum was quenched
by an exciton splitter deposited at the surface of a rubrene crystal, while time-
resolved PL spectroscopy measurements showed that the yellow-green part of
the spectrum was short-lived, with a lifetime of approximately 15 ns compared
with the delayed (~1 ps) red emission.”® As a result of these observations, the
authors of ref. 10 proposed a triplet exciton origin for the redder part of the
spectrum.

Excellent work by Irkhin and co-workers offers further hints.' They show that
the strong So—S; transition dipole moment is polarised along the M-axis of the
rubrene molecule and hence the c-axis of the rubrene crystal;'* see Fig. 1 for axes.
The S-S, absorption (emission) spectrum of rubrene single crystals is therefore c-
polarized, consisting of a vibronic progression, with the 0-0 transition at 2.32 eV
(2.22 eV).” Interestingly, rubrene crystals also possess pronounced ab-polarised
absorption and emission. These ab-polarized absorption (emission) spectra
appear as vibronic progressions with the same vibrational and 0-0 energy as the c-
polarised spectra, yet with the 0-0 transition suppressed, giving the first apparent
peak at 2.49 eV (2.04 eV)."> Suppressed 0-0 transitions such as this indicate
Herzerg-Teller-type emission.

These results are suggestive. One interpretation of the spectral components
might be that the S, state is responsible for the c-polarised absorption/emission and
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the ~isoenergetic triplet-pair state, which borrows intensity from S; through
Herzberg-Teller coupling, gives rise to the ab-polarised absorption/emission. This
interpretation is consistent with the exciton quenching/time-resolved PL results
from ref. 10, but it cannot explain the polarization dependence of the PL spectra.*?
We would expect the '(TT) dipole moment to retain the polarisation of the state
from which it borrows intensity, in this case the M- and hence c-polarised S;.

An alternative explanation is that the ab-polarised absorption/emission arises
from Herzberg-Teller coupling between S; and a higher-lying singlet state that
has its dipole moment along the L-axis, as originally suggested.”” A similar
mechanism has been proposed to be active in other polyacenes*** and the effect
would be especially pronounced in rubrene due to its unique crystal structure.
However, this explanation cannot account for the different quenching and
dynamical behaviour of the two components.*’

1.3 Structure of this paper

In order to test the hypothesis that an emissive (TT) state is the source of ab-
polarised absorption and emission in rubrene crystals, here we begin by attempting
to reproduce the results of ref. 10, in which the emission at around 565 nm was
initially found to decay much faster than that at 607 nm. We find that whilst we can
indeed observe this effect, it occurs only at specific sites on the crystal surface and is
therefore likely a result of morphological or surface inhomogeneities. We thus find
no evidence of '(TT) emission in orthorhombic single crystals.

This result is interesting in the context of the transient absorption specroscopy
studies mentioned above. If '(TT) is non-emissive, the matrix element that couples
S; with the triplet-pair state through vibrational modes in eqn (1) would be expected
to be small. However, as described above, recent ultrafast experiments® have sug-
gested that the vibronic coupling between S; and the triplet-pair state is strong
enough to enable ultrafast singlet fission (which is ordinarily forbidden due to the
unique symmetry of the rubrene crystal’®). Here we investigate this apparent
discrepancy by studying the transient absorption spectroscopy of the same rubrene
single crystals that were used for the photoluminescence study. We find no evidence
in these crystals of ultrafast (sub-100 fs) singlet fission and triplet-pair formation.

2. Results

Fig. 2 shows microscope images of the two vapour-grown rubrene crystals (see
Methods section, ESIt) used in this work. Crystal 1 (Fig. 2a) is a 0.7 um thick
platelet, 120 pm wide and several mm long, with few visible imperfections. Crystal
2 (Fig. 2b) is much larger, thicker, less uniform and more damaged. Optical
experiments were confined to the region indicated by the red box in Fig. 2b. This
region is approximately 2 pm thick.

The absorption spectra of crystals 1 and 2 are shown in Fig. 3a and b,
respectively, for incidence angles of 0° and 30°. The 0° spectra are consistent with
the ab-polarised absorption of orthorhombic rubrene single crystals.”” The
increased absorption and appearance of a peak at 532 nm upon rotation of the
crystal to 30° incidence reflect the contribution of the c-polarised component.
This demonstrates that the M-axes of the rubrene molecules, and hence the c-axis
of the crystals, is normal to the substrate plane. Crystals 1 and 2 therefore have
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Fig. 2 Rubrene single crystals. (a and b) Microscope images of crystals 1 and 2, respec-
tively, grown by physical vapour transport. All spectroscopic measurements of crystal 2
were conducted within the region indicated by the red box.
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Fig. 3 Absorption spectra of rubrene single crystals. (a and b) Absorption spectra of
crystals 1 and 2, respectively, at both 0° and 30° degree incidence angles. The spectra of
the excitation pulses are also shown in cyan.

their largest dimensions in the ab-plane, as expected for vapour-grown rubrene
crystals.” Excitation at 532 nm therefore selectively excites the c-polarised tran-
sition, whilst excitation at around 500 nm excites both the ¢- and ab-polarised
transitions, with the ratio of absorptions dependent on the incidence angle.

2.1 Site-dependent anomalous photoluminescence behaviour in single
crystals

Fig. 4a and b show time-gated photoluminescence spectra, normalised at 607 nm,
from crystals 1 and 2 following pulsed excitation at 500 nm. The pump was
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Fig. 4 Ordinary photoluminescence behaviour of rubrene crystals. (a and b) Time-gated
PL spectra, normalised at 607 nm, for crystal 1 (a) and crystal 2 (b). (c and d) The depen-
dence of the PL intensity at 607 nm on the rotation angle of a linear polariser placed before
the detector. The excitation density was approximately 50 pJ cm™ for all time-resolved
photoluminescence (TRPL) measurements reported in this paper.

introduced at an incidence angle of 45° and therefore excites both the ¢- and ab-
polarised absorption components. The pump spectra are shown in Fig. 3. PL (in
all polarisations) was collected at normal incidence to the ab crystal plane (see
Methods section, ESIT).

Fig. 4c and d show the dependence of the PL intensity (integrated from 0-2 ps)
on the rotation angle of a linear polariser placed before the detector. In both
cases, the intensity exhibits the expected cos®(f) pattern associated with dipole
emission. The pattern is slightly less pronounced in crystal 1 (Fig. 4c), perhaps
due to some PL ‘leakage’ from the edges of the crystal being picked up by the
collection lens.

We observe slight changes with time to the shape of the PL tail beyond 620 nm
in Fig. 4a and b, which suggests small contributions from lower-lying excited
states.*” Similar low-energy bands of varying intensity are commonly observed in
the PL tail of rubrene single crystals.'>'>'®?1:2%%274¢ The origins of such bands are
debated; suggestions include oxygen-related mid-gap states** or amorphous
regions within the crystal.*> We note that the PL spectra from our crystals strongly
resemble the spectra from ‘pristine’ rubrene single crystals in ref. 12 (see
Fig. S37).

Crucially, we do not find any significant differences in temporal behaviour
between 565 nm and 607 nm and therefore between the ¢- and ab-polarised
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emission components, suggesting that at the positions measured, both compo-
nents arise from the same excitonic species.

However, by scanning around the surface of crystal 2, we were able to find a spot
that reproduced the behaviour observed in ref. 10, which we denote crystal 2*. The
time-gated spectra from this spot (Fig. 5a) show a striking dependence on detection
wavelength. A short-lived component that peaks at ~565 nm (and is hence c-
polarised only'?) dominates during the first few nanoseconds, before giving way to
a constant spectrum resembling the ab-polarised emission (plus the expected c-
polarised ‘leakage’ due to experimental conditions'?). These different dynamics are
clearly evident when comparing the PL decay profiles in Fig. 5b. Beyond 50 ns, the
PL dynamics of crystals 2 and 2* are identical. Initially however, the band at 565 nm
appears as an extra component with a lifetime of a few nanoseconds.

To investigate the origins of the two emission components evident in crystal
2%, we measured the detection polarisation anisotropy of the PL intensity, shown
in Fig. 6a and b. The long-lived, mainly ab-polarised component of crystal 2* (red,
Fig. 6a and b) shows the same expected cos*(f) dipole dependence as crystals 1
and 2 (Fig. 4c and d). In contrast, the short-lived, c-polarised component of crystal
2* (green, Fig. 6a and b) is almost completely isotropic.

If '(TT) and Sy, respectively, are the sources of the ab- and c-polarised emission
components, we would not expect significant differences in their anisotropy, nor
would we expect the c-polarised part to be observable only at specific sites on the
crystal. Instead, the measurements in Fig. 4-6 indicate that the short-lived, c-like
component arises from a sub-population of singlet excitons found only at certain
points on the crystal due to morphological inhomogeneity.

This conclusion is in agreement with results in ref. 12, where they found that
micrometer-sized defects on the crystal surface within the excitation/detection
region resulted in a large enhancement in the PL shoulder at 565 nm. This was
attributed to the scattering of c-polarised PL into the detector. Such scattering
would explain why we measure this emission to be isotropic. Indeed, an exami-
nation of the surface of crystal 2 (Fig. 2b) reveals that several rough, micrometer-
sized microcrystals are present on the surface. An example of such a surface
microcrystal is shown in Fig. 6c, and it is clear from the PL image in Fig. 6d that

=25 m
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% 20+ — 4ns e 10 1%
w — 20ns S 10" 4
3 — 50ns ] 0
o 1.5 2 10 7%
£ 250ns g -
5., 1000ns | 5 10 1
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Fig. 5 Anomalous photoluminescence behaviour of rubrene crystals. (a) Time-gated PL
spectra, normalised at 607 nm, for crystal 2*, a different spot on the surface of crystal 2 that
exhibited similar PL behaviour to that reported in ref. 10. (b) Time-dependence of the PL
intensity from crystals 1, 2 and 2* at various detection wavelengths, normalised at 100 ns.
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Fig. 6 Origins of anomalous photoluminescence behaviour of rubrene crystals. (a) Nor-
malised PL spectra from crystal 2*, gated from 5-10 ns (green) and 0.7-2 ps (red). (b) The
dependence of PL intensity (at 565 nm, green and 607 nm, red) on detection polariser
angle for the two spectra shown in (a). (c) Microscope image of a microcrystal defect on
the surface of crystal 2. Such a defect is a candidate source of the emission from crystal 2*.
(d) Image of the photoluminescence from the defect shown in (c). The defect is much
brighter than the bulk crystal.

these microcrystals can be significantly brighter than the bulk crystal. It therefore
seems likely that such microcrystals or defects, rather than singlet and triplet
origins, are the cause of the curious results in ref. 10.

We have demonstrated that there is no clear evidence of photoluminescence
from the '(TT) state in rubrene single crystals, despite the small S;-triplet-pair
energy gap, suggesting that either '(TT) behaves identically to the signature
attributed to S;, which seems unlikely given the strong similarity to the S; spec-
trum in solution,” or the triplet pair is not emissive. Instead, our photo-
luminescence experiments show that previously observed differences in the
behaviour of ¢-polarised and ab-polarised emission components are found only at
particular sites on rubrene crystals. We have shown that these sites are likely to
correspond to microcrystal surface defects.

This result introduces something of a conundrum. If *(TT) is non-emissive in
rubrene crystals, the matrix element that couples S; with the triplet pair through
vibrational modes in eqn (1) must be small. However, recent ultrafast experi-
ments® have suggested that the vibronic coupling between S; and the triplet pair
is strong, such that it enables ultrafast singlet fission (which is ordinarily
forbidden due to the unique symmetry of the rubrene crystal'®). We investigate
this apparent discrepancy by studying the transient absorption spectroscopy of
pristine rubrene crystals.

2.2 Transient absorption spectroscopy of pristine rubrene crystals
demonstrates no evidence of coherent '(TT) formation

For this study, we use the same rubrene crystals shown in Fig. 2. We judged our
crystals to be pristine, particularly crystal 1, by comparing their PL spectra against
those reported in ref. 12, an extremely careful and comprehensive analysis of the
absorption and emission properties of rubrene single crystals (see, for example,
Fig. S31). We note that the PL spectra reported by Miyata et al.>* and Bera et al.>* are
both dominated by the 650 nm band, indicative of defective rubrene crystals.*>*>*
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Furthermore, the PL spectrum (from platelet crystals very similar to ours) reported
by Breen et al.** is dominated by a band at 565 nm. We showed above, in accordance
with ref. 12, that such emission can arise from microcrystal defects on the crystal
surface and is associated with changes in PL dynamics. The lack of experimental
details surrounding the acquisition of the PL spectrum make interpretation diffi-
cult; however, we note that such defects can be clearly seen in the microscope image
presented by Breen et al.** In fact, of the transient absorption literature reviewed
above, only Ishibashi et al.*® report a PL spectrum consistent with pristine rubrene
crystals.” We will see below that potentially defective crystals may have a substan-
tial impact on the measured transient absorption data.

Fig. 7 reproduces the absorption spectra of crystals 1 and 2 from Fig. 3.
Alongside, we plot the spectra of two different pump pulses used in our transient
absorption experiments. The pulse centred at 495 nm selectively excites the 0-1
transition, which includes both ab- and c-polarised components.”” The pulse
centred at 532 nm selectively excites the vibrationless 0-0 transition, which is
exclusively c-polarised.™

According to the coherent mechanism proposed by Miyata et al.,** excitation
using either of these pump pulses should result in instrument-limited *(TT)
formation. In contrast, the incoherent pathway suggested by Breen et al.>* should
only be activated when the initial photo-excited state is a vibrationally dressed S;
state. In that case, instrument-limited triplet-pair formation should be observed
only when pumping at 495 nm. Comparing the dynamics of the triplet-pair pop-
ulation under these two excitation conditions should therefore enable us to
distinguish between these two mechanisms. To obtain further confirmation of our
conclusions above, that *(TT) is not responsible for the ab-polarised absorption
component, we also performed experiments at both 0° and 30° incidence.

2.3 No instantaneous triplet-pair formation in single crystals with ~100 fs
excitation

Fig. 8a and b show transient absorption spectra recorded in crystal 1 with 495 nm
excitation at 0° incidence, and 532 nm excitation at 30° incidence, respectively

0.8 4 a crystal 1 — 0° b crystal 2 — 0°
' --- 30° 2.0 i --- 30°

o ." “‘ 532nm | ,.' ‘|‘ 532nm
C 06 A 495nm | 2 154 H 495nm
[0 1 ] 1 [0 1 1
o Vo o [N
c () [} c 1 1
S 0.4+ ] 8 I\
o o
[72] [72]
Q Q
< 0.2 <
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400 450 500 550 600 650 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Fig. 7 Selective excitation of rubrene single crystals. (@ and b) Absorption spectra of
rubrene single crystals 1 and 2 at incidence angles of 0° and 30°, reproduced from Fig. 3.
The 495 nm and 532 nm pump spectra used in the transient absorption experiments
presented in this paper are shown. The two pump wavelengths target the 0-1 and 0-
0 vibronic transitions, respectively.
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Fig. 8 Transient absorption spectroscopy of rubrene crystals. (@ and b) Transient
absorption spectra measured on crystal 1 at different delay times for 495 nm excitation at
0° incidence (a) and 532 nm excitation at 30° incidence (b). (c and d) Corresponding
transient absorption dynamics at 435 nm (mostly S;), 660 nm (mixture of S; and triplet
pairs) and 510 nm (almost entirely triplet-pair population). The excitation intensity was 70
ud cm™2 for all experiments reported in this paper.

(complete data sets for both crystals are shown in the ESI, Fig. S$9-S127}). The band
at 435 nm arises from the S; — S; excited-state absorption'**® whilst the band at
510 nm is characteristic of T; — T3.*>*°?>** In the probe region beyond 550 nm,
both singlet and triplet excited-state absorptions contribute.”**** Absorptions
from charge-separated states can also be present in the spectral region around
600-900 nm.'**® We discount them here because they are usually observed only
under ultraviolet excitation'***** and are generally short-lived,*® unlike the
persistent signal apparent at 660 nm in our measurements. We observe an iso-
sbestic point between the singlet and triplet-pair absorption features, indicating
that singlet fission is a one-to-one conversion between S; and a triplet pair.*

The transient absorption dynamics corresponding to Fig. 8a and b are plotted
in Fig. 8c and d for probe wavelengths of 435 nm (mostly singlets), 660 nm (a
mixture of singlets and triplet pairs) and 510 nm (almost entirely triplet pairs).
The dynamics are normalised to the maximum signal at 435 nm. In Fig. S14,1 we
demonstrate that the dynamics at 510 nm are almost entirely uncontaminated by
spectral overlap with nearby singlet bands and are thus a good measure of triplet-
pair population.

We find no clear evidence of instrument-limited triplet-pair formation in
Fig. 8c and d. The rise in the triplet-pair population at 510 nm starts after, and is
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less steep than, the rise of the photo-excited singlet population at 435 nm. This
cannot be an artefact of the chirp correction procedure (see Methods section,
ESIt) because it is also later, and less steep, than the rise of the signal at 660 nm.
This behaviour is the same regardless of excitation wavelength.

In order to compare our measured triplet-pair dynamics with previous
measurements, we attempted to extract time constants using multi-exponential
fitting. We found that whilst a bi-exponential function gave a good fit, the
extracted time constants varied significantly depending on the time window used
for the fit. Moving to a tri-exponential function (Fig. 11a, below) provided a much
more robust set of fitting parameters. However, as a result of the large number of
fitting parameters (six) and clear non-exponential behaviour, it does not make
sense to talk about time constants per se. Nevertheless, the fitting results are
instructive, particularly when we come to compare the triplet-pair dynamics to
those measured for a polycrystalline film below.

A tri-exponential fit to the triplet-pair dynamics of crystal 1 (532 nm excitation,
30° incidence), shown below in Fig. 11a, yielded time constants of 0.25(3) ps
(23(2)%), 1.8(4) ps (26(3)%) and 14(3) ps (51(2)%). These three values are similar
to those extracted by Breen et al.** and the latter two time constants agree well
with those reported by Ma et al.’® and Ishibashi et al.*® based on bi-exponential
fitting. Our sub-picosecond component is slower than that of ref. 22 by a factor
of 2-3. This might reflect differences in the instrument response time, though we
reiterate that our initial triplet-pair rise is slower than the rise time of the singlet
exciton signal.

For completeness, Fig. 9 compares the triplet-pair dynamics probed at 510 nm
for both crystals 1 and 2 under different excitation wavelengths and incidence
angles (full datasets are also shown in ESI Fig. S9-S12}). We find that the
dynamics are very similar across both crystals, incidence angles and excitation
wavelengths. It appears that the triplet-pair dynamics exhibit a very slightly more
pronounced sub-picosecond component when the excitation wavelength is
495 nm, resulting in a marginally larger population at 2 ps. At first glance, this
appears to support the conclusions of Breen et al.*?, that a vibrationally dressed
photo-excited singlet state (only possible with 495 nm excitation in our experi-
ment) is required to enable ultrafast triplet-pair formation. However, it is

1.4
a crystal 1 1b crystal 2 |
1.24 E ]
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E 081 1 £
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Fig.9 Consistent triplet-pair dynamics in rubrene crystals. (a and b) Triplet-pair dynamics,
probed at 510 nm for single crystals 1 and 2 respectively. No major differences were
observed between different crystals, excitation wavelengths or incidence angles.
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noticeable from Fig. 9 that the effect of excitation wavelength is more pronounced
in crystal 2 than crystal 1. Crystal 2 is significantly more defective (see Fig. 2),
suggesting that this may not be an intrinsic bulk effect.

2.4 Transient absorption spectroscopy of polycrystalline rubrene films shows
instrument-limited formation of triplet pairs

Since many of the rubrene crystals reported in the literature exhibit PL spectra
indicative of defects, and since we find that the effect of excitation wavelength on
sub-picosecond triplet-pair formation is more pronounced in a more defective
crystal, we repeated our measurements on a polycrystalline thin film. The
absorption spectrum is shown in Fig. 10a and the microscope image in Fig. 10b
reveals a polycrystalline texture on the micrometer length scale.

Strikingly, when comparing the transient absorption dynamics of the film and
crystal in Fig. 10c, we find very clear evidence of instantaneous triplet-pair
formation in the polycrystalline sample. The initial rise of the triplet-pair signal
at 510 nm exactly follows the rise of the photo-excited singlet at 435 nm, likely
demonstrating *(TT) formation within the instrument response. We demonstrate
in Fig. S157 that this observation is not an artefact of spectral overlap. We note
that the instantaneous triplet-pair formation in the polycrystalline film occurs
even though the excitation wavelength is 532 nm. 532 nm is not sufficiently
energetic to populate vibrationally dressed S, states, thereby casting doubt on the
mechanism proposed by Breen et al.>* to explain femtosecond singlet fission in
rubrene.

We repeated the tri-exponential fitting for the triplet-pair dynamics on the
polycrystalline film. The fit is shown in Fig. 11a and we extracted time constants of
0.21(5) ps (59(12)%), 1(3) ps (16(23)%) and 6(6) ps (25(27)%). The large errors on
the latter two components illustrate the limitations of such fitting, but it is clear
that the sub-picosecond component is significantly greater, and slightly faster,
than in the bulk crystal. More instructively, in Fig. 11b, we show that for the first

0.3
a b 104¢ — crystal 435nm
"‘ — crystal 510nm
a 084 | \
© 0.2 ~ RNy
8 € 06 ol
5 c TN
2 100um g 04 = . .
8014 oo ] film 435nm
< 024 4 — film 510nm
0.0
00 T T T T T T T T T T
400 450 500 550 600 650 700 0 1 2 3 4 5
Wavelength (nm) Time (ps)

Fig. 10 Instantaneous triplet-pair formation in polycrystalline films. (a) Absorption spec-
trum of a polycrystalline rubrene film prepared by thermal evaporation and annealing. (b)
Microscope image of the film surface, revealing a micrometer-scale polycrystalline
texture. Many of the crystals appear to be oriented in the same direction. (c) Comparison
of transient absorption dynamics at probe wavelengths of 435 nm and 510 nm between
crystal 1 (30° incidence) and the polycrystalline film. The excitation wavelength (532 nm)
and intensity (70 uJ cm™2) were the same in both cases.
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Fig.11 Triplet-pair dynamics in crystals and films. (a) Tri-exponential fits to the triplet-pair
population dynamics of crystal 1 (532 nm excitation, 30° incidence) and a polycrystalline
film (also 532 nm excitation). (b) The triplet-pair dynamics of the polycrystalline film,
following the instrument-limited rise to 50% of the maximum population, closely match
those of the bulk single crystal when a constant offset is added to the latter.

few tens of picoseconds, the triplet-pair dynamics of the polycrystalline film can
be explained as an instrument-limited initial offset of around 50% of the
maximum population with subsequent dynamics that exactly match those of the
bulk crystal.

For completeness, we also measured the time-resolved photoluminescence
(TRPL) of our polycrystalline thin film under both 500 nm and 532 nm excitation
(Fig. 12a and b respectively).

The spectra are similar in both cases and slightly blue-shifted compared with
the single-crystal emission spectrum. Following 532 nm excitation (Fig. 12b), we
observe a small shoulder growing in on a timescale of several nanoseconds at
630 nm. This is similar to a spectral feature previously assigned to '(TT) in
rubrene thin films.*> However, we observe no such behaviour following excitation
at 500 nm (Fig. 12a). The slight changes in behaviour with excitation wavelength
may be due rather to a different region of the film falling within the excitation
spot across the two separate measurements. Furthermore, it is well known that
defects in rubrene films can emit at around 630 nm (ref. 12). Further careful
experiments are required before a concrete assignment of the polycrystalline thin-
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Fig.12 TRPL of polycrystalline rubrene. (a and b) Time-gated photoluminescence spectra
of a polycrystalline rubrene film following excitation at 500 nm (a) and 532 nm (b).
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film photoluminescence spectrum can be made; these are beyond the scope of the
current work.

3. Discussion

Our transient absorption results demonstrate that instantaneous, or instrument-
limited, formation of triplet pairs following photo-excitation of crystalline
rubrene occurs in polycrystalline thin films but not in bulk single crystals.
Following this ultrafast rise for the film, the triplet-pair dynamics appear almost
identical to those of the bulk crystal. The lack of femtosecond singlet fission in
rubrene crystals is in line with expectations,® raising the question of what factors
enable it to occur in polycrystalline films.

One possibility is that the triplet-pair state and S; are mixed at certain sites
within the film morphology where the C,;, 7-stacking symmetry breaks down due
to static disorder, for example at grain boundaries or dislocations. At these sites,
'(TT) can be formed extremely rapidly, whilst elsewhere, triplet-pair formation
dynamics mimic those of the bulk crystal, as shown in Fig. 11b. It is perhaps
curious then that singlet fission is reported to be completely suppressed in truly
amorphous solid rubrene,* though this may simply be a result of weaker inter-
molecular couplings. Further experiments and calculations may be required to
discover which intermolecular alignments are preferential for ultrafast singlet
fission in rubrene.

These two proposed types of singlet fission, bulk and defect, are shown
schematically in Fig. 13a and b, respectively. In the bulk (a), low-energy librational

a weak vibronic coupling b strong vibronic coupling
slow, incoherent singlet fission fast, coherent singlet fission

s, \ é é / (1.7 s,

very weak !(TT) emission

so\@/ 3
A

Fig. 13 Possible singlet-fission pathways in crystalline rubrene. (a) In bulk crystals, low
energy modes provide weak vibronic coupling between S; and triplet pairs (here denoted
as (T---T) as in the absence of vibronic/electronic coupling, the triplet pairs are weakly
exchange-coupled and mixed-spin states). As a result, singlet fission is incoherent and
slow (picosecond timescale). (b) At sites where the symmetry is broken by static disorder,
S; and triplet pairs can become strongly mixed, allowing fast (femtosecond) coherent
formation of X(TT). We might expect the strength of any Herzberg—Teller emission from
YTT) to follow the strength of vibronic coupling (purple arrows).

(T.T)'

Y(TT) emission?
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modes provide weak vibronic coupling between S; and triplet-pair states,
enabling incoherent singlet fission to occur with a picosecond time constant. At
sites where the symmetry constraint is broken (b), the triplet pair and S; may
become substantially mixed. Photo-excitation at such sites results in a coherent
superposition of S; and '(TT).

The pathways proposed in Fig. 13 suggest that photoluminescence from (TT),
enabled by vibronic coupling, or Herzberg-Teller intensity borrowing, might be
present in polycrystalline thin films but, as we described above, not in single
crystals. We have observed no clear '(TT) emission in the polycrystalline films
(Fig. 12), but note that the emission spectra are shifted compared with both
solution and crystal spectra' and more work is required to understand these
spectra before fully ruling out *(TT) emission.

We take our results to suggest that in pristine orthorhombic single crystals,
only weakly bound triplet-pair states (T---T)" are formed. In samples with defect
sites, on the other hand, it is likely that exchange-coupled triplet states '(TT) are
formed instantaneously at the defects due to the lack of symmetry constraints.
The lack of direct spectroscopic evidence of '(TT) states in defective films or
crystals, however, remains to be resolved.

4. Conclusions

We have demonstrated that ultrafast instantaneous formation of triplet-pair
states in crystalline rubrene occurs in polycrystalline films but not in single
crystals, in contrast to recent reports. Our results are consistent with calculations
showing that singlet fission in rubrene crystals is an incoherent process, occur-
ring on the picosecond timescale, and driven by low-energy vibrational modes
that weakly couple S; to (T---T)".

We propose that the instantaneous triplet-pair formation that we readily
observe in polycrystalline films arises from static disorder. At certain sites within
the film morphology, molecules may be oriented in such a way as to break the
symmetry and allow S;, charge-transfer states and triplet pairs to mix. At such
sites, singlet fission can be a coherent process, producing '(TT). Such mixing
should result in site-dependent Herzberg-Teller emission from the *(TT) state in
polycrystalline rubrene, but we could not observe it.

Our results highlight the need for more detailed experiments to investigate the
dependence of singlet fission on inter-molecular geometry in rubrene and to
ensure that single-crystal studies are performed on pristine samples. Our results
also suggest a strategy to avoid losses in singlet-fission systems from strongly
exchanged coupled '(TT) that rapidly decay radiatively and non-radiatively,** by
designing systems in which singlet fission is symmetry-constrained, as in rubrene.
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