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Identifying Key Physical Properties of Simple Organic Drop

Cast Films that give Visible to Ultraviolet Light Up-

Conversion

Francesco Lodola,™ Hector Miranda-Salinas,™ Suman Kuila,” Andrew Danos,

Andrew P. Monkman*@

We demonstrate UV-emitting films of 2,5-diphenyloxazole (PPO)
sensitised by 3,3'-carbonylbis(7-diethylaminocoumarin)
(CBDAC), prepared by simple drop casting with rapid solvent
evaporation, giving up-converted emission even at low excita-
tion intensities. The mechanisms of up-conversion and triplet
quenching in these films has been studied through time-
resolved and steady-state spectroscopy. The CBDAC sensitizer
aggregates strongly even at low concentrations, with CBDAC
phosphorescence being observed in all films, indicating that
many triplet excitons do not transfer to the surrounding PPO

Introduction

Recently, there has been significant attention directed towards
alternative approaches that increase the utilization of solar
energy, which is the most abundant and clean energy source
for the future development of a green society.! For example,
UV light with wavelengths less than 400 nm has a wide range
of applications,” including photocatalytic water splitting for
‘green’ hydrogen production®® and photocatalytic CO, reduc-
tion to produce chemical fuels.®” However, such high-energy
photons represent only approximately 4% of the solar
spectrum,”® and so efficient ways to convert visible photons to
UV are required to use solar light for these specific purposes at
commercial scales.

Triplet-triplet annihilation up-conversion (TTA-UC) is a
powerful method for generating shorter-wavelength photons
than incident light, incoherently and at low power densities on
the order of a few mW/cm? (such as solar radiation).”’ In TTA-
UC, a sensitizer molecule absorbs incident visible photons,
forming excited singlet states that rapidly convert into triplet
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annihilator. Nonetheless, at very low sensitiser concentrations
(1:40000 CBDAC:PPO), up-converted PPO UV emission is
observed at room temperature which is critically dependent on
the film formation conditions. Only in films cast onto substrates
held at 60°C is dominant TTA-UC observed. Comparing to
similar sensitised films of TIPS-naphthalene, which are TTA-
inactive, we deduce that m-stacking of the PPO, prevented by
the TIPS side groups in the TIPS-naphthalene films is crucial for
efficient triplet diffusion and up-conversion.

states via intersystem crossing (ISC). This is followed by triplet
energy transfer (TET) from the sensitizer to the (TTA-UC) emitter,
that forms long-lived triplet states. As the triplet exciton
concentration increases, triplet-triplet annihilation (TTA) be-
comes possible, leading to the production of a singlet excited
states in the emitter which then emits at shorter wavelength
than the initial sensitiser excitation. Due to the involvement of
long-lived intermediate triplet excited states, molecular proper-
ties of the triplet sensitiser can be tuned to exploit the visible
solar spectrum."®" In this way, even the visible photons of
solar radiation can be up-converted into useful UV photons.

Even though new molecules for UV TTA-UC are continuously
being developed that function well in solution®®'*'”" including
the excellent performance recently demonstrated using TIPS-
naphthalene by Harada et al® in order to ensure safety,
stability, long operating lifetimes, and environmentally-friendly
routes towards applications, using organic solvents that are
volatile, flammable, or bio-toxic should be avoided, requiring
solid state alternatives to be devised. TTA-UC is though
particularly challenging to achieve in film, as the TTA step relies
on diffusion and collisions of triplet excitons, which is typically
achieved by molecular diffusion in solvents but requires
efficient triplet migration via hopping in solid state."” Nonethe-
less, solid UC systems are the only viable option for commercial
implementation of this technology, which has been extremely
difficult to achieve even in research setting.?*" Promisingly, a
few successful examples have demonstrated the feasibility of
achieving highly efficient emission in solid-state UC systems, at
low excitation intensities.”>¥ Therefore, a deeper understand-
ing of the key physical properties underlying this phenomenon
is essential.

Here, we investigate very simple solid films that give UV
from sensitised TTA-UC based on metal-free coumarin deriva-
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tive, 3,3’-carbonylbis(7-diethylaminocoumarin) (CBDAC) as a
sensitizer™*® and dispersing this in the promising annihilator,
2,5-diphenyloxazole (PPO)"'” as the TTA UC host material. We
specifically investigate drop-cast TTA-UC films, using a simple
solution deposition method compatible with commercial
upscaling. Spectroscopic techniques reveal key issues with this
sensitizer, including phase segregation at moderate concen-
trations, but also demonstrate the notably advantageous
characteristics of PPO as an emitter in bulk film. The
CBDAC:PPO films are also compared to films using TIPS-
naphthalene as the TTA-UC annihilator and host, which are
unable to achieve up-converted emission. Comparison between
PPO and TIPS-naphthalene using time resolved spectroscopy
and X-ray analysis provide key insight into why PPO alone
achieves TTA-UC. Ultimately the CBDAC:PPO system shows
several promising features in solid state, effective triplet
mobility, and UV up-converted emission even at very low
incident powers (~0.3 mW/cm?) in simple films, whereas the
TIPS-naphthalene films have very poor triplet mobility because
the TIPS groups (vital for supressing aggregation formation in
solution) hinder wavefunction overlap between naphthalene
cores preventing triplet hopping. Further, we identify
naphthalene dimers in the X-ray structure of crystals and time
resolved emission reveals red shifted dimer emission which
likely act as traps that further localise triplet excitons and
reduce mobility. These findings provide a simple pathway
forwards for the development of solid-state TTA-UC for
harnessing solar energy.

Results and Discussion

We investigated films prepared via drop-casting rather than
more complex processes that have recently yielded excellent
results,*” because drop-casting is a simple and easily reprodu-
cible solution deposition method suitable for future commercial
upscaling. Full details of film preparation are given in the
supporting information.

Up-converting films were drop-cast from toluene solutions
(100 uL) of different sensitiser and annihilator mixtures onto
1 cm? quartz substrates. The process was carried out in air, with
the substrates held at room temperature or at a temperature of
60 °C to quickly drive off solvent. This rapid drying was found to
be crucial to avoid total phase segregation of the sensitiser and
annihilator species, with uniform physical dispersion fundamen-
tal for efficient TTA-UC.#”?® The well-mixed films also support
improved triplet mobility and long-range order compared to
those deposited at room temperature, as discussed below.

As shown in Supporting Information Fig.51, films with a
mass ratio of 1:20000 the CBDAC:PPO films exhibit very similar
UV emission behaviour to those at 1:40000. At these levels we
propose that the increased absorption of incident photons and
changes in triplet mobility compensate each other. To under-
stand the general behaviour of the sensitiser and emitter
molecules in the drop cast films, steady-state optical measure-
ments were made. TTA-UC films with PPO as the host were
compared to non-TTA Zeonex matrix films at the same ratio of
1:40000 (CBDAC:host). Emission spectra are also presented for
higher concentration Zeonex and UGH (1,3-Bis(triphenylsilyl)-
benzene) films doped at 1:100 with CBDAC, as well as 20 uM
CBDAC solutions in dichloromethane (DCM) and toluene (PhMe)
in Figure 1.
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Figure 1. Steady-State emission of CBDAC solution and CBDAC films in PPO, UGH, and Zeonex. Excitation wavelength set at 440 nm to selectively excite the

CBDAC sensitiser.
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The results obtained (in air at typical fluorimeter excitation
intensity of ~0.3 mW/cm?) show that in the up-converting films
(1:40000 CBDAC:PPO, Figure 1) there is detectable UV emission
at a shorter wavelength than the excitation wavelength
(440 nm), with an intensity ratio of 1 to 100 compared to the
fluorescence band of CBDAC around 485 nm. The up-converted
UV intensity was found to maximise at between 1:20000 and
1:40000 CBDAC:PPO, Figure S1. The sensitiser fluorescence
band in PPO is very broad with a peak at 486 nm (correspond-
ing to the fluorescence band of CBDAC at 20 uM in toluene)
and also a second feature around 520-530 nm, as previously
observed.”” In the CBDAC films in Zeonex (1/40000), the main
fluorescence band is observed at 460 nm with a weak vibronic
shoulder at ca. 500 nm. Unlike the films with PPO small
molecule as host, where the packing is influential, the Zeonex
polymer host acts much like a viscous solution. The red shift of
approximately 20 nm in the main fluorescence emission peak in
the PPO film is hence attributed to the polar character of PPO
host interacting with the charge-transfer character of the
excited singlet state of CBDAC.*>*” This attribution is confirmed
by measurement in more polar 20 uM dichloromethane, which
exhibits a larger red-shift of the emission band and no vibronic
structure.

In Zeonex films doped with a higher level of CBDAC (1:100,
Figure 1), the fluorescence band around 465 nm remains, but a
new band due to sensitizer phosphorescence is also observed
with a peak at 550 nm. This band is also observed in 1:100 films
in small molecule matrix UGH. To confirm the nature of the new
band in high-sensitizer content films, time-resolved measure-

ments at room temperature were performed on CBDAC samples
in Zeonex at 1:100 and 1:40000.

In both films the CBDAC fluorescence band behaves
similarly, with a bi-exponential decay, discussed later. The
significant difference lies in the phosphorescence band at
550 nm. In films with a low CBDAC content (1:40000, bottom),
this band emerges at around 100 ps and exhibits an extremely
long-lived signal, which can be observed even up to 30 ms at
room temperature. This phosphorescence band maintains the
same vibronic structure previously found in solution,* which
indicates isolated CBDAC molecules in the polymer matrix. In
fact, most of the triplets created on the CBDAC molecules,
which have high intersystem crossing (ISC) yield,”" have the
opportunity to relax non-radiatively at room temperature.
Therefore, in steady-state conditions the main band observed is
fluorescence, while the remaining triplets, which provide a very
weak signal detectable by the iCCD camera, retain the vibronic
structure of isolated molecular phosphorescence. This assign-
ment of phosphorescence emission is further supported by
measurements at 80K, in which unambiguous phosphores-
cence with matching spectrum is observed (vide infra).

In films with a high concentration of sensitizer (1:100,
Figure 2a), the time-resolved emission is very different. In
addition to the CBDAC fluorescence (lifetime 2.5 ns) and later
phosphorescence, another band is observed at ca. 530 nm and
is present even in the earliest resolvable spectrum (1 ns). By
6 ns this band has comparable intensity to the fluorescence
band, maintaining a broad structureless band shape (lifetime
95 ns) typical of aggregate emission. This red band also gives
delayed fluorescence with lifetime 700 ns, and is still clearly
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Figure 2. a) Room temperature time-resolved emission spectra of CBDAC doped Zeonex films (1/100 top and 1/40000 bottom) following 355 nm excitation.
b) time resolved emission decay of the 1/100 CBDAC:Zeonex film, in the spectral window 520 nm to 600 nm, fitted with exponential functions across different

time regions.

ChemPhotoChem 2025, 202400341 (3 of 9)

© 2025 The Author(s). ChemPhotoChem published by Wiley-VCH GmbH

85USD |7 SUOWILOD) BAFea1D 3|qed!|dde 8y} Aq peusenob a1e ssjolie YO ‘8sN J0 S8|nJ 10} AreIg1TUIIUO AB|IM UO (SUOI IPUCD-PUR-SLBY/W0D A8 1M AleJq 1julJUO//SdRY) SUORIPUOD pue WS | 8U3 88S *[G202/20/ET] uo AriqiTauliuo AB1IM ‘181 Aq TE00¥20Z 91do/200T 0T/10p/Loo A8 mAreiq puljuo-adoine-Auis Iweyoy/sdny wody pepeojumoa Jo ‘2e602962



Research Article
ChemPhotoChem

doi.org/10.1002/cptc.202400341

Chemistry
Europe

European Chemical
Societies Publishing

present after 2 us. In the 100’s of microsecond region, the
vibronically structured emission band re-emerges, arising from
the isolated molecule phosphorescence with lifetime > 1.3 ms.
These spectra and kinetics help to explain why films doped
with as little as 1:1000 CBDAC fail to demonstrate up-
conversion properties. Indeed, we propose that at ‘normal’
concentrations of sensitizer (higher in comparison to the
concentrations used here, favouring greater light absorption)
the problem of sensitiser aggregation becomes terminal.
Excitation formed on the CBDAC molecules become trapped in
CBDAC aggregates and decay radiatively. From the bi-exponen-
tial decay of the aggregate emission (Figure 2) we tentatively
ascribe the behaviour as prompt (aggregate) emission followed
by additional delayed aggregate fluorescence arising from
CBDAC TTA within the aggregates. This becomes a major
undesirable channel that competes with TET (triplet-triplet
energy transfer) to the up-converting host, and we have
previously observed poor sensitisation due to analogous
aggregate quenching in Pd metalorganic sensitisers for NIR to
VIS up-conversion.*? In the present work though we are further
able to reveal the triplet quenching mechanism in the
aggregates from the emission kinetics.

To obtain a more comprehensive understanding of the
characteristics of PPO and TIPS-naphthalene as TTA-UC emitters
in solid state, time-resolved measurements were conducted at
room temperature and at 80 K. Neat PPO film photophysics is
shown in Figure 3a, phosphorescence of PPO is seen, along
with strong TTA. This is compared with the phosphorescence at
low temperature (delay 10 ms/integration time 80 ms) of
CBDAC in Zeonex, which is very similar to that previously
assigned in solution® and in room temperature films, and in
UGH where the phosphorescence exhibits the same vibronic
character as CBDAC in Zeonex, but with slight differences
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presumably due to different packing, influenced by the small
molecule host.

From previous solution studies, CBDAC cannot sensitize PPO
due to the emitter T, state being higher in energy than the
sensitizer T, by 200 meV.'” However, as we see here, in the
solid state this becomes possible due to a red shift of the PPO
excited states caused by solid-state n-stacking of the annihila-
tor. A 15nm red shift in the fluorescence band of PPO,
Figure S2, is found (using the red edge of the emission band, to
avoid self-absorption effects) when comparing the neat up-
converting film with solution/Zeonex measurements. In the
PPO film, the PPO triplet is consequently observed ca. 50 meV
below that of the CBDAC sensitiser (taking on-set energies)
Figure 3a, which allows triplet energy transfer in the films that
would not be possible for the isolated dissolved molecules that
have higher triplet energies.®® This energy gap, 50 meV, at
room temperature corresponds to only ~2kgT, and so some
back transfer can be expected from PPO to CBDAC which may
help to explain the CBDAC phosphorescence observed in
CBDAC:PPO films. Based on the acceleration of CBDAC
phosphorescence emission in inert 1/40000 Zeonex and
1/40000 PPO films, we estimate dexter transfer rates of 2.2x10°
and 1.8x10°s™' for films with and without rapid drying
(Figures 5a and 5b) respectively. The slower rate of dexter
transfer in the slow-drying film is consistent with its worse TTA
performance.

By comparison, TIPS-naphthalene films effectively show no
red shift in the PL compared to solution, Figure 4a, but the
phosphorescence on-set is at 587 nm so that the triplet energy
gap to CBDAC is 250 meV, so little back transfer of triplets is
possible and more effective sensitisation should ensue, Fig-
ure 4c. However,in TIPS-Naphtalene:UGH (1:100) films we also
observe prompt emission at longer time, red shifted, with a
structureless band, peak at 430 nm, which we ascribe to TIPS-
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Figure 3. a) 80 K delayed emission spectra of CBDAC in Zeonex and UGH films compared to neat PPO film (delay time 10 ms/ integration time 80 ms). b) 80 K
emission spectra of neat PPO film at different delay times. c) Individual time-resolved emission spectrum showing room temperature TTA in neat PPO film
observed with long delay and integration times (delay time 0.1 ms/ integration time 80 ms), inset is the 300 K contour plot of neat PPO film.; all spectra

obtained using 355 nm excitation.
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Figure 4. a) TIPS-naphthalene fluorescence spectra measured in toluene solution and in films, both neat and in UGH. b) Time-resolved emission from TIPS-
naphthalene 1/100 UGH film. Clear evidence of TIPS-naphthalene dimer emission (peak 430 nm) is observed after fast prompt monomer fluorescence, using
355 nm excitation. c) Phosphorescence measured at 80 K (10 ms delay 80 ms integration) of TIPS-naphthalene:CBDAC (20: 1) drop cast film compared to

CBDAC phosphorescence measured in Zeonex and UGH films

naphthalene dimer states, Figure4b, and in neat TIPS-
naphthalene films, Figure S3. The latter films also show higher
order aggregate emission as well. Comparing the emission of
TIPS-naphthalene:UGH (1:100) films which show strong dimer
emission, to emission in dilute toluene solution and neat TIPS-
naphthalene films, it is clear that neat film has a dimer emission
contribution on the red side of the emission band, Figure 4a.
The X-ray structure of TIPS-naphthalene crystal, Figure S4,
reveals the presence of edge-on TIPS-naphthalene dimers as
well as the effective isolation of TIPS-naphthalene monomer
(and dimer) by the surrounding TIPS side groups, both
contributing to trapping and hindering of triplet exciton
migration in film.

Returning to PPO films, in Figure 3b emission spectra of
neat PPO film at low temperature are shown at different delay
times. These spectra highlight that at ca. T ms the main channel
for emission is the annihilation of triplets, alongside a very weak

ChemPhotoChem 2025, 202400341 (5 of 9)

phosphorescence band. This ratio of emission pathways arises
because the PPO phosphorescence lifetime is extremely long,
while the high mobility afforded by favourable packing and =-
stacking in PPO enables rapid formation of TTA pair states —
particularly at early times in the decay when triplet exciton
densities are highest. At ca. 10 ms, the bands have equal
intensity, while at longer delay times of 40 ms and 60 ms, only
the phosphorescence signal from triplets that did not undergo
annihilation remains. This confirms that the previously reported
X-ray structure of PPO®” facilitates triplet migration within the
film.

Figure 3c shows an inset of the contour plot of the
normalised time-resolved emission spectra of the neat PPO film
at room temperature, excited with 355 nm light. It is notable
that a delayed fluorescence (TTA contribution) is present after
107°s, as confirmed in the individually collected emission
spectrum (80 ms integration and 0.01 ms delay time). This TTA
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delayed fluorescence is attributed to PPO triplets which form by
ISC on the PPO, indicating good triplet mobility even at room
temperature in this annihilator. This band of TTA delayed
fluorescence is however not observed in drop cast films where
the substrate was not at elevated temperature Figure S5. We
suggest that the 60°C deposition temperature improves the
packing of the PPO in the films and increases their long-range
order, enhancing the microcrystallinity of the sample and
favouring exciton hopping. This triplet mobility is crucial for
solid-state TTA, which is a Dexter-type process®* and must
occur via hopping of triplet excitons between fixed molecules,
rather than molecular diffusion as in solution TTA. This
improved TTA performance for rapidly dried films is further
supported by suppression of CBDAC aggregates for films
formed this way, and PPO films formed by melt-casting
(Figure S6c) show yet greater TTA contribution indicating yet
further improvement of triplet mobility. By comparison, TIPS-
naphthalene:CBDAC films show no TTA delayed emission at low
excitation intensities and only phosphorescence with a very
weak TIPS-naphthalene singlet (single molecules and dimers)
emission seen at longer times, exciting the ketocoumarin with a
450 nm nanosecond dye laser S7. In Figure S6, triplet mobility
of both neat TTA host is studied in room temperature dropcast
and melted films. and even after melting only very weak
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monomer emission is observed at longer time in TIPS melted
films.

The kinetics of up-converting films,1:40000 CBDAC:PPO,
dropcast at 60°C, (in Figure 5a and 5b, a comparison between
hot and cold dropcast films of both TTA host is shown) were
then investigated, exciting the sensitiser with a 450 nm nano-
second dye laser. Figure 5a shows the contour plot of
normalised time-resolved emission, that illustrates the dynamics
of triplet excitons in different time regions. The decay of CBDAC
fluorescence could not be obtained experimentally in this
setup, as the overlapping excitation laser scatter saturates the
detector up to 1077 seconds. Nonetheless, using TCSPC meas-
urements we measured the biexponential decay of the residual
CBDAC fluorescence (Figure 5¢c), with a fast component of
lifetime 6 ns and a longer component having a decay time of
approximately 40 ns. A similar decay is observed in the CBDAC:
Zeonex films (1:40000, Figure S8, which is consistent with the
results obtained in Figure 2. The biexponential emission decay
is attributed to the presence of multiple conformers and or
monomeric and dimeric forms of the sensitizer, which contrib-
ute differently to the intrinsic decay of CBDAC fluorescence
even at these low concentrations.**”

Figure 5a and the corresponding emission intensity decay
plot (Figure S9a) allows for a better interpretation of the
dynamics of triplet excitons formed in the TTA-UC film. Some of
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Figure 5. a) hot (substrates heated at 60 °C) and b) cold (unheated substrates) 300 K contour plots of normalised time-resolved emission spectra of CBDAC
1/40000 PPO film (exciting at 450 nm). c) 300K time-resolved emission decay of fluorescence at 484 nm in CBDAC 1/40000 PPO film, measured by TCSPC.
d) 300 K individual emission spectra at different times of hot CBDAC 1/40000 PPO film (exciting at 450 nm).
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these excitons are unable to undergo triplet energy transfer
(TET) to the PPO emitter and decay, resulting in the phosphor-
escence band of (isolated) CBDAC at 550 nm following the
cessation of 450 nm laser scatter signal. In the region of 1-10
microseconds the phosphorescence band of the sensitizer
coexists with a TTA-UC band at shorter wavelength, ca. 400 nm,
further seen in Figure 5a and 5d. As we enter the millisecond
region, the TTA-UC band remains as the only long-lived
emitting band.

It is crucial to note that in an up-converting film made
without hot rapid casting, Figure 5b, the TTA-UC band is
significantly less intense, and the phosphorescence of the
sensitizer continues even in the millisecond region. This once
again indicates phase segregation of the sensitizer under these
film formation conditions, with excitons trapped in the
sensitiser aggregates and hindered exciton transport properties.
As mentioned above, comparing the decay kinetics of the
residual CBDAC emission reveals an estimated dexter transfer
rate of 1.8x10%s™' for this film, almost ten times lower than for
the rapidly dried counterpart. These observations clearly show
the necessity of rapid drying and elevated substrate temper-
ature for the casting of the PPO:CBDAC films in order to achieve
up-conversion. Comparing the CBDAC:PPO films (Figure 5a),
where the TTA-UC is quite intense, to CBDAC:TIPS-naphthalene
(Fig. S7 bottom right) films, we observe emission only from the
CBDAC and very weak TIPS-naphthalene singlet (dimers and
single molecule) emission at relatively long times, >107*s. The
timescale of residual CBDAC emission is even longer here,
implying even lower dexter rates from sensitiser to TIPS-
naphthalene host. We attribute this behaviour to the solubilis-
ing TIPS groups that prevent good wavefunction overlap
between the naphthalene cores, preventing effective triplet
exciton migration in the film. The observed TIPS-naphthalene
dimer emission, in neat and UGH films, also indicates triplet
exciton trapping in the films further preventing efficient TIPS-
naphthalene TTA-UC. All these findings have been corroborated
by measurements using a conventional spectrofluorometer,
employing an extremely low incident power (~0.3 mW/cm?. In
this experimental setup, CBDAC:PPO films exhibited clear up-
conversion emission, while CBDAC:TIPS films showed no
detectable response in the UV region.

To delve deeper into the solid-state effect within the
sensitizer and annihilator, we conducted measurements of their
triplet energy levels in both diluted films (1/100 Zeonex) and
bulk drop-casted films figure 6. When the molecules are
isolated, their triplet energies closely resemble those reported
in solution. For instance, in the case of CBDAC, when the
molecule is in a dilute film, the triplet energy has an onset
energy of 2.36 eV, slightly higher than the 2.33 eV observed in
diluted PPO. This proximity in energy levels makes the triplet
energy transfer (TET) process feasible. However, upon studying
bulk films, a noticeable red shift occurs in both molecules. Bulk
films allow molecules to aggregate, resulting in the measured
energy level reflecting that of the aggregate.® In this context,
CBDAC's triplet energy in bulk films decreases significantly to
2.08 eV, notably lower than its energy in diluted form. PPO
exhibits a similar trend, albeit with a less pronounced energy
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shift, with an onset energy of 2.26 eV. As depicted in Figure 6b,
it is evident that an isolated sensitizer is necessary to facilitate
TET. When the sensitizer aggregates, the energy level decreases
to a point where TET to the annihilator becomes an uphill
process, to reach the triplet energy levels of PPO. Thus,
controlling film formation and sensitizer concentration becomes
crucial in ensuring effective triplet energy transfer.

Conclusions

In summary, we have demonstrated TTA-UC UV-emitting films
consisting of 2,5-diphenyloxazole (PPO) sensitised by 3,3"-
carbonylbis(7-diethylaminocoumarin) (CBDAC), prepared using
a simple drop casting deposition method. Strong CBDAC
phosphorescence is observed in many films, indicating that
many triplets remain trapped on the sensitiser and are unable
to undergo TET into the emitter. This presents an ongoing
challenge towards developing high-performance TTA-UC UV
emissive films and could be made worse by the small triplet
energy difference between sensitiser and host (50 meV). The
CBDAC sensitizer exhibits a strong tendency for phase
segregation and aggregation even at very low concentrations.
Addressing this is a clear pathway towards improving solid-
state TTA-UC performance. At ‘high’ sensitiser concentrations
(which might elsewhere be considered low or normal) we
observe CBDAC aggregate fluorescence along with aggregate
delayed TTA fluorescence, which effectively quenches the
sensitiser triplet population leading to relatively poor sensitisa-
tion of the PPO. At very low sensitiser concentrations (1:40,000
CBDAC:PPO) delayed PPO UV emission from TTA is observed at
room temperature, even at very low sensitiser excitation
intensities in a normal spectrofluorometer. Only in films cast
onto substrates held at 60°C do we observe dominant TTA-UC
though, indicating the key role of beneficial n-stacking and
triplet mobility to support TTA in these films. While TIPS-
naphthalene which gives rise to strong TTA-UC in solution, we
find that the solubilising TIPS groups here prevent good
wavefunction overlap between the naphthalene cores, prevent-
ing effective triplet exciton migration. We also observed TIPS-
naphthalene dimer emission which indicates triplet exciton
trapping in the films, further preventing efficient TIPS-
naphthalene TTA-UC in the solid state.
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up-conversion emission from blue to
ultraviolet. The low concentration of
the sensitizer CBDAC and the -
stacking of the annihilator PPO -

prevented by the TIPS side groups in
the TTA-inactive TIPS-naphthalene
films — are crucial for efficient triplet
diffusion and up-conversion.
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