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In optimized rubrene-based nanoparticle blends
for photon upconversion, singlet energy
collection outcompetes triplet-pair separation,
not singlet fissionfi
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The conversion of near-infrared photons to visible light through triplet—triplet annihilation upconversion
offers an enticing strategy for significantly boosting the efficiency of conventional solar cell technology.
Rubrene is widely employed as the acceptor molecule for realising such upconversion, yet in the solid
state, the reverse process of singlet fission is believed to hinder efficient upconversion. Consequently,
rubrene is sometimes doped at low concentration (0.5 mol%) with the singlet energy collector tetraphe-
nyldibenzoperiflanthene (DBP) which harvests singlet energy via Forster transfer. Although singlet fission
is a multi-step process involving various intermediate triplet-pair states, the interplay between it, triplet
recombination and singlet energy collection has not been studied in detail to date. Here we use both
transient absorption and time-resolved fluorescence spectroscopy to investigate the dynamics of both
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singlet and triplet species in rubrene-based nanoparticle films. Strikingly, we find that energy transfer
from rubrene to DBP does not outcompete the formation of triplet-pairs through singlet fission, despite
DOI: 10.1039/d1tc02955;j the fact that DBP doping increases the photoluminescence quantum yield of the nanoparticle films from

3% to 61%. We rationalise this surprising result in the context of the well-known effects of triplet fusion
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Introduction

Triplet-triplet annihilation upconversion (TTA-UC) provides an
attractive mechanism for converting near-infrared photons into
visible photons.'™ Triplet excitons created on donor species
following photon absorption are transferred to acceptor mole-
cules via Dexter transfer.* The subsequent annihilation of two
sensitised triplets yields one singlet state which fluoresces,
giving upconverted emission. TTA-UC has received a great deal
of interest in recent years due to its potential to significantly
enhance the power conversion efficiency of photovoltaics
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and triplet-quenching defects on the photoluminescence yield of crystalline rubrene.

cells.”® In addition, TTA-UC also has a variety of biomedical
applications'®'" including optogenetics'®> and targeted drug
delivery.™

In order to maximise the photon energy gain (anti-Stokes
shift) during TTA-UC, it is desirable for the singlet energy level
of the annihilator molecule to be as close as possible to twice
the triplet energy. Rubrene fulfils this criterion,'* which partly
explains its widespread use as the acceptor molecule for near-
infrared-to-visible TTA-UC."*"*7>" For example, a TTA-UC effi-
ciency of 8% (out of a maximum 50%) has been reported for
rubrene-mediated TTA-UC in solution.*? However, photovoltaic
and biomedical applications demand solid state TTA-UC mate-
rial systems. In this case, the beneficial energy level alignment
between S; and twice T; can become a hindrance to efficient
upconversion. This is because the singlet states populated by
TTA can undergo the reverse process of singlet fission,>**
whereby they split into pairs of triplet excitons, rather than
emitting their energy radiatively.'®>>">®

As a result, several strategies have recently been reported to
mitigate the effects of singlet fission in solid rubrene-based
TTA-UC systems. The addition of bulky side groups to increase
intermolecular distances has been shown to improve the PLQY
of rubrene several-fold,>****° though the benefit to TTA-UC is

This journal is © The Royal Society of Chemistry 2022
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severely tempered by reduced triplet diffusivity.>® More com-
monly, rubrene is doped with the singlet energy collector
tetraphenyldibenzoperiflanthene (DBP), which can harvest
singlet energy from rubrene by Forster resonance energy trans-
fer (FRET).'®?%7® The effectiveness of this strategy appears to
vary significantly with the type of sample studied. For example
Wu et al. reported a 19-fold increase in the upconversion
quantum yield upon doping with DBP,'® whilst Wieghold
et al. reported that it had little effect.?

Previous studies of rubrene-DBP TTA-UC systems include in
some form the assertion that FRET from rubrene to DBP
outcompetes singlet fission."®**® This simple statement
appears to overlook the complexity of singlet fission and triplet
fusion that occurs in solid rubrene, dynamics that have been
extensively studied in vapour-grown orthorhombic single
crystals®*™*® and to a lesser degree in more complex thin
films‘25,30,46751

Furthermore, transient absorption spectroscopy of rubrene
single crystals has shown that S; — *(TT) occurs extremely
rapidly, with reported time constants varying from 25 fs***° to 2
ps.>*** FRET from rubrene to DBP is therefore very unlikely to
outcompete this first singlet fission step for the majority of
excitons. In ESIL} Section S11, we estimate the rubrene-DBP
FRET rate to be 1.5 ps for nearest neighbours based on previous
calculations of the Forster radius.>> We also demonstrate that,
since the DBP concentration is low (1 in 200),>*” the majority
of photo-excited rubrene singlets will undergo singlet fission
well before diffusing far enough to encounter a DBP molecule.
If energy transfer from rubrene to DBP is not competitive with
singlet fission, what role does DBP play that enables it
to increase the PLQY of solid rubrene by such a large
factor?'820>3

In order to answer this question, we probe the excited-state
dynamics of some of the most highly emissive solid-state
rubrene samples developed to date,?”** both with and without
the DBP dopant. This new material system consists of solid
rubrene nanoparticles prepared by reprecipitation and dis-
persed in an oxygen-blocking poly(vinyl alcohol) (PVA)
matrix.””** The nanoparticles are smooth and spherical with
an average diameter of 220 nm and give no peaks in X-ray
diffraction measurements,*® indicating a lack of any long-range
molecular ordering. These rubrene nanoparticle films have
proven to be an effective and versatile platform for realising
in-air TTA-UC in solid rubrene, reaching an upconversion quan-
tum efficiency of more than 2% when doped with an optimum 0.5
mol% DBP.>’ Perhaps most strikingly, the reported PLQY value of
84% for the rubrene-DBP nanoparticles®” is several times greater
than the 15% measured for equivalently doped polycrystalline
films.>®

In rubrene-DBP systems, the details of exciton dynamics is
yet to be discussed in terms of the triplet-pair intermediates
and the concurrent nature of singlet fission and triplet fusion
in rubrene. Here we use the high-performing rubrene NP films
as a model system, combined with transient absorption and
time-resolved photoluminescence spectroscopy, to explore and
understand the true role of the DBP dopant. We also compare
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our results against a polycrystalline film reference. We begin by
characterising the singlet fission and triplet fusion dynamics of
pure rubrene NPs, allowing us to next identify which processes
are affected by the addition of DBP. We find that FRET from
rubrene to DBP does not outcompete the formation of triplet-
pairs via singlet fission, but instead partially outcompetes
triplet-pair separation. We further highlight the crucial effects
of energy cycling through triplet fusion in the high PLQY of
DBP-doped rubrene.

Singlet fission and triplet fusion in rubrene: a brief review

Before presenting our results, it is useful to briefly review the
extensive existing literature on singlet fission and triplet fusion
in rubrene crystals and films. We begin with the best
studied material system: vapour-grown orthorhombic single
crystals.*'*?

In orthorhombic rubrene crystals, the electronic coupling
between S; and *(TT) vanishes by symmetry.** As a result, some
form of symmetry breaking is responsible for the first fission
step, S; — '(TT), though the mechanism is debated.*>?°°> As
stated above, reported time constants for this first step range
from 25 fs**3° to 2 ps.>*?*

Next, '(TT) separates into (T- - -T) over tens of picoseconds,
a process thought to occur by thermally-activated triplet
hopping.>*>° The overall singlet fission process is therefore
commonly written as®>°*

33-36

S; —» Y(TT) - (T--T) - Ty + Ty, (1)

where (T- - -T) denotes spatially separated triplet-pair states that
retain their spin interactions®® before eventually decohering
into independent triplet excitons.

Observations of quantum beats in the delayed
fluorescence®® confirm the existence of (T---T): a spatially
separated triplet-pair state that retains its spin-0 singlet
character.®*®®  !(T-..T) subsequently undergoes spin
evolution,*® resulting in the formation of mixed-spin triplet-
pair states (T- - -T)', whose presence is confirmed by the obser-
vation of changes in PL with applied magnetic field.®” The final
products of singlet fission in rubrene single crystals are inde-
pendent triplet excitons, which are formed with near-unity
quantum yield.*®**° These triplets possess a long excited state
lifetime of 100 ps,*® enabling them to diffuse across distances
of several microns.*>*"

Geminate and non-geminate fusion of triplet-pairs and triplets
respectively results in pronounced delayed PL.******* Geminate
fusion of separated triplet-pairs gives rise to distinct power-law
dynamics in the delayed PL, with exponents that depend on the
dimensionality and anisotropy of the triplet diffusion.**** Overall,
triplet fusion in rubrene crystals is extremely efficient and can
contribute more than 90% of the total photoluminescence quan-
tum yield (PLQY)." The long diffusion length of the triplet
excitons, coupled with dominant contribution of triplet fusion
to the total PL, means that the PLQY of rubrene single crystals is
extremely sensitive to triplet-quenching defects.*’

Rubrene single crystals are impractical for technological
applications. Instead, rubrene-based TTA-UC systems are often
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based on thin film morphologies.'®***® Similar to single
crystals, singlet fission dynamics and delayed PL arising from
triplet fusion have been reported in rubrene thin films, though
the time constants measured vary widely and there is a clear
dependence on sample morphology.>>?%*¢>! In particular,
truly amorphous thin films show no evidence of singlet fission:
the photoluminescence decays exponentially with a time constant
of 15.2 ns,"® matching the radiative lifetime of singlet excitons in
solution.®® Even thin films that give no peaks in X-ray diffraction
experiments exhibit singlet fission dynamics,*®*” suggesting that
favourable molecular packing on a local scale can give rise to site-
specific singlet fission.*”

Results and discussion

We prepared rubrene and rubrene-DBP nanoparticles (NPs)
using the reprecipitation method, dispersed them in a PVA
matrix and cast them onto glass substrates as described in the
Experimental section and ref. 27 and 53. Nanoparticle films
prepared in this way have been characterised previously: the
nanoparticles are spherical with an average diameter of 220 nm
and there are no sharp peaks apparent in X-ray diffraction
patterns indicating a lack of any long-range crystalline
order.””*®* We might therefore expect the NPs to behave differ-
ently to rubrene crystals.

We measured the absolute PLQY of our pure rubrene NP
films to be 2.9-3.6%, and rising to 61% when doped with an
optimum®’ 0.5 mol% DBP (Fig. 1B). 61% is lower than pre-
viously reported values®” and we found that the absolute PLQY
values exhibited a small degree of sample-to-sample variation
and dropped slightly over more than one year of sample storage
in inert atmosphere. For example, we measured a PLQY of 46%
for DBP-doped rubrene NPs 18 months after fabrication. The
reason for the sample-to-sample variation is unclear, but may
be due to the different states of the compounds and nano-
particles or the batch and purity of rubrene. These small
variations are discussed in ESI, Section S3, but we highlight
that the photophysical behaviour did not change significantly
with storage time (ESL# Fig. S4 and S5).

The dramatic rise in PLQY upon doping with DBP is
reflected in the steady-state PL spectra (Fig. 1C). As described
previously,'®?°® for the DBP-doped NPs, almost all of the
emission comes from DBP, with only a small residual contribu-
tion from rubrene. The absolute PLQY of our rubrene NP films
is towards the higher end of values typically reported for
polycrystalline rubrene films,>*>° for which the relatively low
quantum yield has been attributed to the rapid formation of
triplets through efficient singlet fission.***°
that saw a similar enhancement in PL yield upon doping with
DBP attributed it to FRET outcompeting singlet fission.'®2¢728
As discussed in ESL, Section S11, this seems unlikely given that
singlet fission is expected to be considerably faster than FRET
in rubrene-DBP systems at optimal DBP concentrations.** %>

To investigate the role of the DBP dopant in our rubrene
NPs, we begin by characterising the singlet fission and triplet
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Fig. 1 Molecular structures of rubrene (A) and DBP (B). (C) Absorption
spectra of rubrene dissolved in anhydrous toluene (10™* M) and as a
nanoparticle (NP) film. The emission spectrum for the pure rubrene NP
film (orange) is affected by self-absorption due to its high optical density.
When 0.5 mol% DBP is added, almost all of the PL comes from the DBP
(red). (D) The S; and triplet-pair energy levels in rubrene are almost
isoenergetic, allowing for concurrent singlet fission and triplet fusion via
various triplet-pair intermediates. The S; state of DBP lies approximately
200 meV lower.

fusion processes in pure rubrene NPs. This gives us rate
constants for all of the steps in the singlet fission process
(eqn (1)), thereby allowing us to understand which processes
are affected by the presence of DBP.

Photophysics of pure rubrene nanoparticle films

Fig. 2A-C(i) shows ultrafast transient absorption (TA) spectro-
scopy of a rubrene nanoparticle film, which we compare against
data taken for a dilute solution (ii) and a spin-coated 50 nm
thick polycrystalline film (iii) under the same experimental
conditions. Transient absorption data has been measured
previously for rubrene in solution,**' films***>*! and
crystals®*° and we include them here simply as references.
In the rubrene NP film (Fig. 2A-C(i)) we find signatures of
singlet fission.>* An extraction of the two components using Multi-
variate Curve Resolution Alternating Least Squares (MCR-ALS)"*"*

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (A) False-colour maps of the transient absorption of rubrene as PVA-dispersed NPs (i), dilute (1 x 10~* M) toluene solution (ii) and polycrystalline
film (iii). The excitation intensity was 41 pJ cm~2 and the pump pulses were centred at 532 nm with a FWHM of 16 nm. Data in the spectral region of the
pump have been removed. (B) Transient absorption spectra of singlets (orange) and triplets (blue) in rubrene, extracted via MCR-ALS in (i) and (iii). The
singlet and triplet excited state absorption spectra in the NPs are very similar to those of rubrene in solution.®® (C) Dynamics of singlets and triplets in

rubrene, normalised to the initial singlet population.

(full details in ESLi Section S6) results in spectra (Fig. 2B(i)) that
closely match the excited state absorption (ESA) spectra of singlet
and triplet excitons in solution.>>*>”?> From the extracted dynamics
(Fig. 2C(1)), we see that the singlet exciton lifetime is dramatically
reduced from the 16 ns value measured in solution (Fig. 2C(ii)). In
the NP film, the singlet population initially decays exponentially
with a time constant of 5 ps to half of its initial value, accompanied
by a corresponding exponential rise in the triplet population, also
with a time constant of 5 ps (ESL ¥ Fig. S1). These dynamics indicate
(in the absence of rapid nonradiative decay to the ground state) that
a roughly 50:50 equilibrium between S; and triplet-pair states is
established within the first 10 ps. In addition, similar to rubrene
single crystals,*® we find an isosbestic point between the singlet

This journal is © The Royal Society of Chemistry 2022

and triplet ESA spectra (ESL# Fig. S3), indicating a single singlet to
triplet transformation.®® Taken together, these data suggest that the
first step of singlet fission, S; <> (TT) occurs in the nanoparticles
with a time constant of 10 ps, and that the triplet yield is high, as it
is in single crystals.*>*’

Given the similarity between the singlet fission dynamics of
our rubrene NP films and rubrene single crystals,>>*® it is
surprising that the singlet and triplet ESA spectra of the NPs
so closely resemble those of rubrene in solution, and that the
triplet ESA is four times weaker in the NPs than the polycrystal-
line film, relative to the initial singlet ESA. Since the spectra are
similar, we estimated the triplet yield in our rubrene NP films
from the ESA cross-sections previously measured in solution.”

J. Mater. Chem. C, 2022, 10, 4684-4696 | 4687
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This procedure gives a yield of ~40% (out of a maximum of
200%), which would imply that only 1 in 5 singlet excitons
undergoes fission. This is inconsistent with the population
dynamics however: 50% of the initial S; population is lost
within the first 10 ps, with an exponential decay that matches
the rise of the triplet signal. The reasons for the similarities and
differences in ESA spectral shapes and cross sections between
solution, crystals and NPs therefore remain unclear.

View Article Online

Paper

Moving beyond the first 10 ps, the triplet signal in the
rubrene NP films continues to rise, accompanied by a reduction
in singlet population (Fig. 2C(i)). This could be a sign of the
next step in the singlet fission process: the formation of
spatially separated triplet-pairs from *(TT).>*®*®%®' There are
alternative explanations for two-stage singlet fission dynamics,
such as the co-existence of a direct parallel pathway S; —
'(T---T) or exciton migration to singlet fission sites.®® In ESL,
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(A) Wavelength-integrated TRPL dynamics of rubrene NP films comprising TCSPC (blue, 470 nm excitation, IRF in grey) and intensified gated CCD

(orange, 532 nm excitation) measurements. The power-law behaviour is characteristic of geminate fusion of X(TT) and (T---T).**** We find an excitation
density dependent enhancement to the delayed PL beyond 100 ns, that corresponds to the onset of bimolecular TTA determined by monitoring the
triplet transient absorption signal at 510 nm (B). (C) Magnetic field effect on fluorescence at two different time delays. Error bars reflect the difference
between sweeping up and down in magnetic field. (D) As the temperature is decreased, the contribution of non-geminate triplet fusion to the total PL
reduces. At 100 K, all the triplet fusion is geminate, evidenced by the power-law decay. This is accompanied by a large increase in the PLQY (E). We
calculated the interpolated PLQY values by normalising the integrated PL as a function of temperature to the measured absolute PLQY. Error bars reflect
the discrepancy between normalising to the PLQY measured at 77 K and room temperature.
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Section S2 we explain, with the help of further experimental
evidence, why these are less likely than the simple sequential
S; — (TT) — '(T---T) pathway that has been well established
for rubrene single crystals.**” We show below that this
sequential pathway quantitatively explains our experimental
data with physically reasonable rate constants. Finally, we find
a slight dependence of the singlet and triplet dynamics on
excitation pulse energy, demonstrating that a small amount of
singlet-singlet annihilation (SSA) is taking place. As shown in
Fig. S16 (ESL), SSA principally affects the dynamics within the
first 10 ps, though this is somewhat unclear in the normalised
dynamics of Fig. 2C(i).

Given that initial singlet fission (~10 ps) and triplet-pair
separation (~100 ps) are orders of magnitude faster than
radiative decay (16 ns), triplet fusion must contribute signifi-
cantly to the absolute PLQY of the rubrene nanoparticles, just
as it does for rubrene single crystals.*® We therefore turn to
time-resolved measurements on nanosecond-millisecond time-
scales in order to investigate the triplet fusion dynamics in the
rubrene NP films.

Fig. 3A shows the photoluminescence decay (wavelength-
integrated since the spectrum is time-independent) of the rubrene
NPs measured using a combination of time-correlated single
photon counting (TCSPC) and an electronically gated iCCD (see
Experimental section). Three regions are apparent. Following
photoexcitation, the PL decays exponentially with an apparent
time constant of 3 ns, though our TCSPC measurement does not
have sufficient time resolution to give an accurate value. This
subsequently gives way to a power law decay with an exponent of
—1.3. On timescales of several hundred nanoseconds we find the
onset of an enhancement to the delayed PL which grows with
increasing excitation density. This latter region matches the triplet
excited state dynamics shown in Fig. 3B, measured using tran-
sient absorption spectroscopy. Beyond 100 ns, the slow decrease
in triplet population is replaced by a more rapid decay, which gets
faster with increasing excitation density. This is characteristic of
non-geminate TTA,”* which here repopulates the S, state.

The intermediate power law dynamics that we observe in the
NP films are characteristic of geminate fusion of associated and
separated triplet-pair states,”>**’* ie. (TT) and (T---T). A
random walk model for the triplet diffusion between fission
and geminate fusion events predicts an exponent of —1.5 in the
limits of 3D and 1D diffusion and —1 for 2D diffusion.**”* For
example, Wolf et al.*> have shown that a change in the power
law exponent from —1.18 to —1.66 measured in rubrene single
crystals is associated with a transition from 2D to 3D triplet
diffusion. Our exponent lies in between these values, suggest-
ing a mixture of 2D and 3D triplet diffusion occurs in the NP
films on timescales of tens of nanoseconds.

We can estimate a lower bound on the contribution that
triplet fusion makes to the total PL by integrating under the PL
decay in Fig. 3A. We find that the ‘prompt’ exponential part
contributes at most 66% of the total emitted light if no non-
geminate TTA takes place, and much less otherwise. The
exponential region itself must contain contributions from
Y(TT) fusion since the singlet fission rate is 10 ps, thus ours

This journal is © The Royal Society of Chemistry 2022
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is a conservative estimate. Triplet fusion following singlet
fission therefore makes a very substantial contribution to the
total PL emitted by the rubrene NP films, similar to rubrene
single crystals in which more than 90% of the PLQY comes
from triplet fusion.*®

To gain further insight into the nature of the triplet-pair
intermediates in the rubrene NP films, we measured the effects
of an applied magnetic field on the PL at two different time
delays. These results are presented in Fig. 3C. At a delay of
20 ns, we observe an enhancement of the PL for fields >70 mT.
This is characteristic of the formation of weakly exchange-
coupled triplet-pair states.*®”>’® These triplet-pair states are
not eigenstates of the total spin operator, thus spin is no longer
a good quantum number and they instead possess mixed spin
character. At zero applied field, three of the nine possible
triplet-pair states have a degree of singlet character.” This falls
to two at higher fields,”” thus reducing the probability that
singlet energy is lost and increasing the measured PL. At a delay
of 200 ns the magnetic field effect (MFE) is inverted, showing
that fusion of mixed spin triplet-pair states dominates on this
timescale. We note that the magnitude of the time-gated MFEs
depends sensitively on the gate time and width in a non-trivial
way, and it is the shapes and signs that are important here.

We further investigate the effects of triplet-pair dynamics on
the NP photoluminescence through measurements of the PL
decay as a function of temperature and excitation density, as
shown in Fig. 3D. The PL dynamics at 100 K are considerably
different to those at 200 K and room temperature. Firstly, we
find that the initial decay becomes noticeably exponential with
a time constant of 16 ns, matching the radiative rate of singlet
excitons in rubrene.*®®® A very similar feature is seen in the PL
decay of rubrene single crystals at room temperature,** where it
corresponds to emission from the small percentage of singlet
excitons that do not undergo fission.”* Secondly, we find no
dependence of the PL decay on excitation density, in stark
contrast to the behaviour at room temperature and 200 K.
Instead, the power law behaviour persists for many tens of
microseconds, demonstrating that all subsequent triplet fusion
is geminate at this temperature. Similar effects have been
observed in tetracene derivatives”” and anthradithiophene
films.”®

The reduction in non-geminate triplet fusion with tempera-
ture implies that the triplet diffusion length is reduced at low
temperature. This could be due to changes in the diffusion
constant or the lifetime. The triplet lifetime in rubrene films
shows little dependence on temperature.®® In contrast, the hole
mobility (mediated by a 1-electron Dexter transfer) in rubrene
single crystals reduces by a factor of 30 on cooling from room
temperature to 100 K.”® Since triplet transfer is a 2-electron
Dexter transfer process, we might expect the reduction in triplet
mobility to be even greater. In rubrene thin films, the triplet
hopping rate has been reported to decrease by approximately
one order of magnitude over the same temperature range.%°

These low-temperature dynamics, caused by reduced triplet
mobility, are accompanied by a striking 20-fold increase in the
PLQY, shown in Fig. 3E. At 77 K, 77% of absorbed photons are
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re-emitted as PL. Singlet fission is still occurring at these
temperatures since we observe significant delayed PL arising
from geminate triplet fusion. Subsequent triplet-pair separa-
tion, which is reported to be thermally activated in rubrene®®
may also be reduced at low temperature.

The dramatic increase in PLQY accompanied by reduced
triplet diffusion as the temperature is decreased suggests
that substantial losses are associated with the formation of
separated triplets following singlet fission, such as triplet
quenching®! and trapping,®»®® but that these losses are mini-
mal at low temperature when triplet migration is inhibited.
These results for our rubrene NP films are similar to reported
single crystal measurements which show a reduction in the PL
yield as the defect density is increased, attributed to the long
diffusion lengths of triplet excitons and their dominant con-
tribution to the total PL.**> Confirming this idea, Fig. S10 (ESI¥)
shows how a faster decay of the total triplet population, and
hence increased triplet losses in our polycrystalline rubrene
films dramatically reduce their emitted PL compared to the NP
samples.

Putting our results together, we arrive at the description of
rubrene NP photophysics shown in Fig. 4A which, with the
addition of singlet-singlet annihilation, quantitatively reproduces
the picosecond singlet and triplet dynamics as shown in Fig. 4B.
The kinetic scheme is consistent with the picture built up through
measurements of crystalline rubrene®*3%384%4374548 which we
reviewed in the introduction. Here we focus on the rate constants
of the different steps, which will be important when we come to
consider the effect of the singlet energy collector DBP in the
following section.

Interconversion between S; and *(TT) occurs within 10 ps.
'(TT) subsequently separates into *(T- - -T) with a time constant
of approximately 140 ps. This triplet hopping rate is
consistent with the bimolecular triplet annihilation constant
of 5 x 107" cm® s measured for rubrene single crystals*’ (see
ESL} Section S4). The rate of fusion from *(T---T) to *(TT) is
roughly six times slower which is expected for triplet hopping
in three dimensions. Spin evolution on a timescale of
several nanoseconds results in triplet-pairs with mixed spin
character. Not included in the simulation is the complicated
diffusion-mediated triplet fusion that occurs on nanosecond
timescales.****

The addition of DBP does not suppress initial singlet fission

In the previous section we showed that the PLQY of the rubrene
NPs depends heavily on triplets, as it does for rubrene single
crystals.*® To investigate the effect of the DBP dopant on the
photophysics of rubrene, we compare transient absorption
measurements of DBP-doped NP films with those of pure
rubrene NPs, recorded under the same experimental
conditions.

Fig. 5A and B shows ultrafast transient absorption data for
rubrene NPs containing 0.5 mol% DBP. In addition to the
spectral features corresponding to the singlet and triplet
excited states of rubrene, we observe a new, negative feature
that grows in over several tens of picoseconds. This feature
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Fig. 4 (A) Schematic diagram summarising the photophysics of rubrene

nanoparticles. (B) The kinetic scheme in (A) provides a good description of
the singlet and triplet dynamics (residuals are shown in ESI,% Fig. S12). We
have neglected the >100 ns triplet fusion and included singlet-singlet

annihilation (k = 3 x 1078 cm® s7%) in the simulation.

closely matches the TA spectrum of DBP monomers in solution
(ESLi# Fig. S7) and we therefore assign it to the singlet state of
DBP, which includes both ground state bleach and stimulated
emission. We used the singlet spectra from solution measure-
ments as references in our global extraction of the singlet,
triplet and DBP dynamics using MCR-ALS (ESL,# Section S6).

The kinetics of the singlet and triplet states of rubrene
resulting from this procedure are shown in Fig. 5C. Strikingly,
we find that there is very little change to the excited state
dynamics of pure rubrene NPs (grey squares) upon the addition
of DBP, when measured under identical experimental condi-
tions. In particular, initial singlet fission, that is S; — '(TT),
still occurs with the same initial yield and rate. We see the same
lack of change for polycrystalline films containing the same
mole fraction of DBP (ESL# Fig. S11). On timescales of several
tens to hundreds of picoseconds, the singlet and triplet popula-
tions do appear to decay slightly faster in the DBP-doped
nanoparticles, indicating that energy transfer to DBP occurs
instead on these longer timescales.

Indeed, this is borne out by the kinetics of the DBP singlet
state, shown by red triangles in Fig. 5D. We find that following
photo-excitation (which populates the singlet state of both
rubrene and DBP), the DBP singlet mainly grows in on time-
scales of several tens to hundreds of picoseconds, after the first
step of singlet fission has taken place. Thus the addition of DBP
does not suppress initial singlet fission. Instead, FRET from the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (A) Ultrafast TA of rubrene nanoparticles doped with 0.5 mol% DBP. Data is shown for an excitation density of 18 pJ cm™2. We extracted spectral
components using a global MCR-ALS procedure based on measured reference spectra, giving the rubrene singlet (orange), rubrene triplet (blue) and DBP
singlet (red) spectra shown in (B). (C) The corresponding dynamics of the rubrene singlet and triplet populations in the DBP-doped NPs are almost
identical to those in the pure NPs (both shown for an excitation density of 18 nJ cm™2). We find a small reduction in the singlet and triplet populations
beyond 50 ps. (D) The principal rise in the DBP singlet population occurs well after initial singlet fission has taken place and is strongly dependent on
excitation density. Some DBP molecules are directly photo-excited by the 532 nm pump pulses, which were the same as those used to excite the pure

rubrene NP films.

rubrene S; to the DBP S, is competitive with the subsequent
step of triplet-pair separation (see Fig. 4A).

The yield of DBP singlet is heavily dependent on the excita-
tion density, which on picosecond timescales affects the
dynamics only through singlet-singlet annihilation (Fig. 5D).
If there is a distribution of singlet exciton diffusivity within the
NPs, singlets with greater mobility are more likely to transfer
their energy to the DBP molecules, but it is these same mobile
singlets that are quenched by singlet-singlet annihilation in
our experiments. This hypothesis is supported by kinetic mod-
elling (ESL# Fig. S13). We can only obtain a quantitative fit to
the excited state dynamics by assuming that not all singlet
excitons are able to transfer their energy to DBP. Indeed, this is
wholly expected based on our calculations of FRET rates and
diffusion lengths in ESI,% Section S11.

Plenty of singlet excitons evidently do undergo both singlet
fission and triplet separation since a substantial triplet signal
persists for several nanoseconds after the DBP population has
mostly decayed away. The residual triplet signal, relative to the
initial photo-excited singlet, is at least half that of pure rubrene
NPs, yet we find that the addition of DBP increases the absolute
PLQY by a factor of 20. This can nevertheless be rationalised by

This journal is © The Royal Society of Chemistry 2022

taking into account the recycling of excitation energy through
triplet fusion,*® which we explore in the following section.

Singlet energy collection in rubrene nanoparticles

Fig. 6A compares the PL dynamics of rubrene nanoparticles
with and without the addition of DBP. The initial ‘prompt’
decay is more pronounced for DBP-containing nanoparticles
and makes a larger contribution to the total PL than for pure
rubrene NPs. Beyond 30 ns, a slightly faster roll-off of singlet
population generated from bimolecular TTA is observed for
rubrene-DBP NPs. A comparison of the triplet dynamics,
shown in Fig. 6B, reveals almost identical behaviour regardless
of the presence of DBP. The underlying photophysics in both
cases is therefore predominantly that of concurrent singlet
fission and triplet fusion in rubrene. We suggest the following
hypothesis to explain the 20-fold increase in PLQY upon doping
with DBP.

DBP acts to increase the probability of radiative decay when
excitation energy returns to the S; « '(TT) equilibrium.
Correspondingly, the probability of non-radiative decay of fis-
sion generated independent triplets is reduced. Since energy is
continually moving back and forth between singlets and
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(A) DBP-doped nanoparticles show increased prompt PL and a slightly faster roll-off of singlet population on the microsecond timescales

associated with TTA. Very similar triplet fusion dynamics are observed on these timescales, as shown by transient absorption measurements at 510 nm in
(B). Note that the overlap between the TCSPC and iCCD data is not perfect owing to the very different pulse energies used, and that the TCSPC data for
the DBP-containing nanoparticles was detected at 640 nm. (C) DBP-doped nanoparticles have a much higher PLQY than pure rubrene nanoparticles at
room temperature that increases only moderately for low temperatures. (D) Magnetic field effect on time-gated fluorescence with and without the
addition of DBP. (E) Schematic diagram summarising the suggested interplay between singlet energy collection, singlet fission and triplet fusion in

rubrene-based nanoparticles.

triplets, including when DBP is present, the cumulative effect
results in a substantial increase to the PLQY, from 3% to 61%,
as shown in Fig. 6C. Our measurements of polycrystalline
rubrene films are also consistent with this conclusion (ESLi
Fig. S11), which we summarise schematically in Fig. 6E.

Since less energy is lost through nonradiative triplet decay in
DBP-doped rubrene, Fig. 6C shows a much more modest
increase in PLQY at low temperature than that measured for
pure rubrene. Reducing the temperature is a different way
to avoid non-radiative triplet decay, but instead through

4692 | J. Mater. Chem. C, 2022,10, 4684-4696

suppression of triplet diffusion which reduces the likelihood
that triplets encounter defects.

The change in the MFE shown in Fig. 6D is consistent with
this description of the role of the singlet energy collector in
rubrene. The reduced probability that triplet-pairs separate and
undergo spin evolution causes a decrease in the magnitude of
the MFE at 20 ns delay. At 200 ns delay, the negative MFE
associated with triplet fusion is stronger because the positive
contribution from triplet separation and subsequent spin
evolution is reduced.

This journal is © The Royal Society of Chemistry 2022
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Conclusions

In this work we have presented a detailed photophysical
characterisation of recently developed rubrene nanoparticle
films. Our most striking finding is that the addition of
0.5 mol% of the singlet energy collector DBP has very little
discernable effect on the singlet and triplet population
dynamics in rubrene, despite increasing the photolumines-
cence quantum yield by a factor of 20 to 61% at room tempera-
ture. We suggest that this behaviour can be rationalised by
considering the roles of geminate and non-geminate triplet
fusion, which have been extensively studied in rubrene crystals
over the last decade.

In rubrene NP films, we have shown that similar concurrent
singlet fission and triplet fusion dynamics to those in rubrene
crystals occur, >3 3638404374548 Thig ig surprising, given the lack
of peaks in the X-ray diffraction patterns of the rubrene Nps*”>?
and the similarity between their excited state absorption spec-
tra and those measured for singlets and triplets in solution.®®

It is well known that triplet-quenching defects substantially
reduce the PLQY of rubrene crystals,*” and we find that similar
defects are also the likely cause of the modest 3% PLQY of pure
rubrene NP films. We suggested that the effect of the DBP
dopant (at the optimized 0.5 mol%) is to reduce the probability
that triplets encounter such defects by providing a radiative
channel for singlets (~50 ps) that outcompetes not the for-
mation of triplet-pairs (10 ps) as is usually implied, but their
subsequent separation (~ 140 ps).

These results point to alternative strategies for achieving
efficient TTA-UC in solid rubrene. Whilst singlet fission can be
completely suppressed in rubrene by making it amorphous,*®
or adding bulky side groups,®® the disruption this causes to the
crystal structure can hinder the long-range triplet diffu-
sion required.®® This leads, overall, to lower upconversion
efficiencies.®® Smaller side groups such as t-butyl offer an
interesting compromise by reportedly only partially suppres-
sing singlet fission, causing an increase in PLQY which more
than compensates for reduced triplet energy transfer, yielding
an upconversion efficiency of 0.3%.® Our results here suggest
the alternative strategy of focusing on controlling triplet-pair
separation and eliminating triplet-quenching defects rather
than suppressing singlet fission. Such a strategy could increase
the PLQY whilst maintaining the crystallinity required for
triplet diffusion. It may even be possible to forego the addition
of DBP altogether, thereby avoiding the associated 200 meV
reduction in the upconversion anti-Stokes shift.

Experimental section
Materials

Rubrene, purified by sublimation, was purchased from TCI and
used as received. Tetraphenyldibenzoperiflanthene (DBP) and
polyvinyl alcohol (PVA, 99+% hydrolyzed, average M,, 130 000)
were purchased from Merck and used as received.

This journal is © The Royal Society of Chemistry 2022
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Preparation of rubrene-based nanoparticles dispersed in PVA
films

Films of rubrene-based nanoparticles (NPs) dispersed in
poly(vinyl alcohol) (PVA) were prepared following previously
reported procedures.>”>* Briefly, a tetrahydrofuran solution of
rubrene and DBP ([rubrene] = 5 mM, [DBP] = 0 or 0.5 mol%,
3 mL) was injected into an aqueous solution of sodium dodecyl
sulfate (10 mM, 15 mL). The NPs formed were collected by
centrifugation and dispersed into an aqueous solution of PVA
(8 Wt%). The solution was cast onto quartz-coated glass sub-
strates and dried overnight to form films. Prepared films were
transferred to a nitrogen-filled glovebox and encapsulated
using a glass coverslip and epoxy resin. Samples for low-
temperature measurements were unencapsulated.

Preparation of polycrystalline rubrene films

Rubrene was dissolved in anhydrous toluene at a concentration
of 10 mg mL and shaken until no solids remained visible. The
solution was passed through a 0.2 pm pore size PTFE filter and
spin-coated onto pre-cleaned quartz-coated glass substrates at
1000 rpm for 60 s. Films were encapsulated using a glass
coverslip and epoxy resin. All film preparation was carried out
in a nitrogen-filled glovebox.

Steady-state absorption and photoluminescence

Ground state absorption spectra were recorded with a UV-vis
spectrophotometer (Cary60, Agilent). Temperature-dependent
PL spectra were measured using a spectrofluorometer (FP-8300
and CSH-831, JASCO) combined with a liquid nitrogen cryostat
(Optistat DN2, Oxford Instruments). The absolute photolumi-
nescence quantum yield was measured in an integrating
sphere using a Hamamatsu Photonics absolute quantum yield
measurement system.

Time-correlated single photon counting

Time correlated single photon counting (TCSPC) measure-
ments were carried out by using a lifetime spectroscopy system
(Quantaurus-Tau C11367-02, Hamamatsu). The excitation
wavelength was 470 nm.

Nanosecond time resolved photoluminescence

532 nm pump pulses (temporal width <500 ps, 5 kHz) were
provided by the frequency-doubled output of a Q-switched
Nd:YVO, laser (Picolo-AOT, Innolas). The photoluminescence
was detected by a spectrograph (Shamrock 303i, Andor) and a
time-gated intensified charge-coupled device (iCCDj; iStar
DH334T-18U-73, Andor). A 532 nm notch filter was used to
eliminate pump scatter. For low-temperature measurements
samples were situated in the helium exchange gas of a nitrogen
bath cryostat (Optistat DN, Oxford Instruments). Data proces-
sing procedures and further details regarding the TRPL setup
have been reported previously.”® The pump beam spot size was
measured at the sample position by translating a razor blade
through the focus and monitoring the transmitted power.
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Magnetic field dependent time-gated PL

A Ti:sapphire regenerative amplifier (Solstice, Spectra-Physics)
providing 800 nm pulses (90 fs FWHM, 1 kHz, 4 m]) was used to
generate the pump beam. A portion of the 800 nm beam was
frequency doubled in a BBO crystal to generate 400 nm pump
pulses. The sample was positioned between the poles of an
electromagnet. PL was collected and sent via optical fibre to the
same detection system used for TRPL measurements. The
400 nm excitation source was preferred for magnetic field
dependent measurements due to its good power stability over
time. The excitation intensity was 25 uJ cm 2.

Picosecond transient absorption spectroscopy

A Ti:sapphire regenerative amplifier (Spitfire ACE PA-40,
Spectra-Physics) providing 800 nm pulses (40 fs full-width at
half-maximum (FWHM), 10 kHz, 1.2 mJ) was used to generate
both the pump and probe beams. Tunable narrowband pump
pulses at 532 nm were generated in an optical parametric
amplifier (TOPAS Prime, Light Conversion). The pump was
modulated by an optical chopper. Probe pulses spanning the
range 350-750 nm were generated by focusing a portion of the
800 nm beam through a continuously translating calcium
fluoride crystal. Pump-probe delay was controlled using a
motorized linear stage. Detection was carried out using a
commercial instrument (Helios, Ultrafast Systems). The pump
and probe polarizations were set to the magic angle. The pump
beam spot size was measured at the sample position using a
CCD beam profiler (Thorlabs). Transient absorption (TA)
spectroscopy data were processed by background subtraction
and chirp correction. Details of the spectral deconvolution can
be found in ESI,i Section S6.

Nanosecond transient absorption spectroscopy

A Ti:sapphire regenerative amplifier (Solstice, Spectra-Physics)
providing 800 nm pulses (90 fs FWHM, 1 kHz, 4 mJ) was used to
generate the probe beam. Probe pulses spanning the range
450-700 nm were generated by focusing a portion of the
800 nm beam through a sapphire crystal. 532 nm pump pulses
(temporal width <500 ps, 500 Hz) were provided by the
frequency-doubled output of a Q-switched Nd:YVO, laser
(Picolo-AOT, Innolas). Pump-probe delay was controlled elec-
tronically using a digital delay generator (DG645, Stanford). The
pump and probe polarizations were set to the magic angle and
the beams were overlapped at the sample adjacent to a refer-
ence beam obtained by passing the probe through a 50:50
beamsplitter. The reference is used to correct for shot-to-shot
variation in the probe spectrum. The probe and reference
beams were dispersed by a volume phase holographic grating
(Wasatch) and detected by a pair of linear image sensors
(S7030, Hamamatsu) driven and read out at the full laser
repetition rate by a custom-built board from Entwicklungsbiiro
Stresing. TA data was acquired using home-built software. The
pump beam spot size was measured at the sample position
using a CCD beam profiler (Thorlabs).
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