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Triplet—triplet annihilation photon upconversion (TTA-UC) combines the energy of two photons to provide
one of higher energy that can be used to drive photochemical or photophysical processes. TTA-UC
proceeds at high efficiencies in dilute solution, but in solid state the efficiency drastically reduces. This is

because exciton diffusion, compared to molecular diffusion in solid annihilator films, suffers

concentration induced quenching, undermining efficient emission. Here, we provide a method to
decouple the triplet exciton diffusion and the annihilation processes using an exciton transporting
mediator as host. At low exciton densities emission occurs from the annihilator, while at higher exciton
intensities TTA and emission from the mediator is observed. The low concentration of the annihilator

dopant gives evidence for a hetero-TTA mechanism being active, i.e. annihilation occurring between the
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mediator and an annihilator Monte-Carlo simulations qualitatively reproduced the

experimental results and give a direction for future optimization. This work hence demonstrates

DOI: 10.1039/d4sc07004f successful separation of exciton diffusion from annihilation by the introduction of a triplet mediator host,
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Introduction

Triplet-triplet annihilation upconversion (TTA-UC) is a process
which converts two low energy photons to one higher-energy
photon through a sequence of energy-transfer steps.'”
Commonly carried out in solution,**® TTA-UC utilizes a sensi-
tizer and annihilator pair. The sensitizer absorbs low energy
photons, undergoes intersystem crossing to form triplet exci-
tons, and transfers these to the annihilator. Annihilator mole-
cules in their excited triplet states can subsequently come into
close contact, and the triplet states can recombine through TTA.
This yields one annihilator in its excited singlet state and the
other in the ground state. Emission then occurs, as it would by
direct excitation of the singlet state of the annihilator. TTA-UC
has been applied to drive processes using low energy photons
in a variety of fields, from catalysis to biosensing."*"** However,
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and with this approach support the development of highly efficient solid-state TTA-UC materials.

no application has received as much interest as photovoltaics,
in which the process of TTA-UC could enable harvesting of
below bandgap-photons, thus augmenting the theoretical
maximum efficiencies of solar harvesting devices.”*°

For TTA-UC to become technologically relevant within solar
harvesting, solid-state TTA-UC systems need to be developed.
Unfortunately, whilst there have been many reports on highly
efficient TTA-UC systems in solution, the development of effi-
cient solid-state upconverters remains elusive.”® Some chal-
lenges have included material stability and oxygen
sensitivity.”>>* However, the biggest problem associated with
going from solution to solid state is replacing molecular diffu-
sion by exciton diffusion. Exciton hopping requires molecular
orbital overlap, and therefore annihilator concentrations
approaching the neat state, which in turn results in significant
concentration-induced quenching of the annihilator singlet
state.”®*” Thus, a pressing fundamental matter in solid-state
TTA-UC films is achieving efficient excited-state energy trans-
fer between species, whilst maintaining the annihilator's
favorable photophysical properties.”*?** The inclusion of
a second emitter at dopant concentrations has been investi-
gated to mitigate this issue,** although no high performance
systems have so far been made. Furthermore, efficient quasi-
solid-state systems have been made in solvated pores or
rubbery polymeric materials, which allow for molecular
diffusion.***** Whilst each of these methods achieves success in
improving upconversion yields, they create their own challenges
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such as keeping the films or pores stable to drying over time.
Therefore, if solid state sensitizer-annihilator films could be
fabricated with efficient energy transfer and without
concentration-based emission quenching, this would constitute
a significant step towards efficient solid state TTA-UC.

Hetero-TTA, so called because it involves annihilation
between two excited molecules of different compounds, has so
far only been confirmed in solution.**** However, hetero-TTA
has also been suggested to function in the solid state. In this
context one annihilator may additionally act as a dispersive host
for the other, and thus overcome aggregation effects.** In this
work we investigate TTA in the solid state, and propose a mixed-
material platform and scheme of energy transfer steps that
allows triplet energy transfer to be separated from upconversion
and emission. To do so we propose the utilization of a hetero-
TTA based mechanism, specifically using a low concentration
of annihilator molecules (and sensitizers) within a mediator
matrix (Fig. 1).

Our proposed mechanism relies on an initial triplet energy
transfer step from sensitizer to mediator (*$* — *M*). This is
followed by triplet exciton diffusion in the mediator matrix (*M*
— *M*). Finally, triplet energy transfer from the mediator to the
annihilator occurs (*M* — *A*), with the low triplet energy of
the annihilator effectively acting as a sink (and spatially
confining trap) for the triplet excitons. A second sequence
following the same steps and terminating at a mediator in the
vicinity of the excited annihilator may then produce a singlet
excited state on the annihilator through hetero-TTA between the
mediator and the annihilator (*M* + *A* — 'A* + 'M). This
mechanism allows efficient funneling of triplet excitons to
annihilator sites, to produce the desired excited state species
(*A*) without molecular diffusion. We herein investigate each
step in the energy transfer series experimentally, using time
resolved and steady state emission spectroscopy coupled with
Monte-Carlo simulations. We find that even when small
percentages of an annihilator are doped into an appropriate
system, hetero-TTA becomes the predominant upconversion
mechanism that can be exploited in solid state TTA-UC. This
allows for the separation of the triplet energy transfer from the
annihilation process, allowing them to occur with efficiencies
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Fig. 1 Schematic diagram of the energy transfer pathways and the
photon upconversion mechanism in this work. Photon absorption and
ISC occurs on the sensitiser (S), and triplet energy transfer to the
mediator (M) proceeds with high efficiency. Exciton diffusion between
mediators is rapid and occurs over long distances, resulting in hetero-
TTA at the annihilator (A) sites.
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determined by different molecules, thus enabling individual
molecular specialization and optimization.

Results and discussion

The first challenge in designing a system energetically resem-
bling that in Fig. 1 is to find molecules with compatible excited
state energies. Rubrene was selected as the annihilator. Its
highly advantageous upconversion properties include a red
emission matching the bandgap of perovskite solar cells, a high
fluorescence quantum yield, and a moderate to high spin
statistical factor.*»***> However, rubrene has been the subject of
much disappointment when attempting to switch from solution
to solid state. Unlike in solvated samples, aggregation induced
quenching and inner filter effects become readily apparent in
neat rubrene films (Fig. S5t).**® A 30 fold increase in fluores-
cence quantum yield is observed on returning to dilute condi-
tions (doped films), although mitigation of quenching in this
way is accompanied by a reduction in exciton transport, which
is detrimental for TTA.**

To spatially separate rubrene molecules while maintaining
efficient energy transfer, a mediator molecule that facilitates
triplet energy transfer (TET) is required. Properties supporting
TET include a triplet energy level lying between the sensitizer
and rubrene, an S; state being high in energy (2Er; < Egq, to
suppress host-host TTA), and a large orbital overlap in the solid
state. Within the context of TTA-UC and singlet fission, the
photophysical properties and exciton dynamics of neat tetra-
cene films have been widely studied.**-** It efficiently forms two
triplet states from its initially excited singlet state even in thin
films.*® Although TTA-UC is still possible (2Er; = Eg;), the
equilibrium favors singlet fission. Whilst rubrene can also
perform both TTA-UC and singlet fission, its energetics also
favor the former while the latter will be impossible in suffi-
ciently diluted films. In this application, singlet fission within
tetracene is not actively exploited, and largely avoided by choice
of excitation wavelength. Instead, the T; energy alignment helps
to enhance the triplet exciton diffusion in a tetracene matrix,
wherein rubrene can then be dispersed at low concentration.

Investigation of individual energy transfer processes

For an annihilator-mediator pair to function in the context of
TTA-UGC, it is important that the S, energy of the annihilator is
smaller compared to that of the mediator to avoid reabsorption
of the upconverted emission. To confirm this property, amor-
phous neat films of rubrene, tetracene, and rubrene-doped
tetracene (5 vol%) were made by thermal evaporation (so as to
ensure homogenous doping and avoid thick crystalline regions
associated with solution processing).** The fabricated films gave
absorption and emission characteristics (Fig. 2a—c) similar to
that previously reported.*® Rubrene show an absorption maxima
at 532 nm and emission maxima at 566 nm, while tetracene has
absorption and emission maxima of 505 and 538 nm, respec-
tively. The blend containing 5 vol% rubrene shows spectra
resembling tetracene with matching absorption and emission
wavelengths, unsurprising given its composition. Furthermore,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Absorption and steady-state emission spectra for evaporated
films of (a) rubrene, (b) tetracene, and (c) 5% rubrene in tetracene (lexc
= 475 nm), taken as 100 hm thin films on quartz substrates fabricated
through thermal evaporation. (d) Normalised TRES spectra of a ther-
mally evaporated film (100 nm thickness on quartz) containing 5 vol%
rubrene in tetracene, integration times after the excitation pulse are
indicated.

GIWAXS indicate a retained although slightly disturbed film
packing in the blended film compared to a neat tetracene film
(Fig. S6t). Supporting a picture of a non-phase separated
system. These spectra indicate that singlet state energy transfer
from tetracene to rubrene is inefficient, as was expected based
on the short Forster distance (1.6 nm). To explore energy
relaxation in the blended system more carefully, time resolved
emission spectroscopy was performed (Fig. 2d). At short time-
scales, the emission is tetracene-like. However, at longer delay
times, the emission envelope becomes more and more rubrene-
like, which is as expected regarding the difference in lifetimes of
neat films of the two molecules (1 vs. 3 ns). Together these
results suggest that detrimental back energy transfer from the
annihilator to the mediator is not a dominant relaxation
pathway. Instead, the tetracene-like steady-state emission is
explained by the high concentration (and thus absorption) of
tetracene in the blend, and the energy diagram can be written

© 2025 The Author(s). Published by the Royal Society of Chemistry
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without substantial transfer from the tetracene S, state to the
rubrene S; state (as in Fig. 1).

Separate from the annihilator and mediator, the sensitizer
must capture incident low-energy photons and efficiently
transfer energy to the mediator triplet states. The porphyrin
PATNP was used here to fulfil this function (Fig. 3a). This class
of pi-expanded porphyrins display strong absorption bands
stretching into the far-red and NIR spectral region with long-
lived luminescence arising from the triplet state (Table S2,f
and Fig. 3a). In solution, PATNP show a very strong absorption
from the 0-0 transition of its S, state, centered around 700 nm
(1.77 eV). Phosphorescence is long-lived, with a lifetime of 34
ms (Fig. S71) and is centered at 930 nm (1.33 eV), which is nearly
isoenergetic with the first triplet excited state of tetracene (1.25
eV)*? and above that of rubrene (1.14 eV).*> Thus, the choice of
sensitizer is energetically compatible with the mediator. To
determine if the PATNP sensitizer transfers energy efficiently to
both tetracene and rubrene, a Stern-Volmer analysis was per-
formed using steady state conditions in toluene (Fig. 3b and
S8t). Near diffusion-limited quenching constants of 2.9 and 1.9
x 10° M~ " were observed for tetracene and rubrene, respectively
(Fig. 3b). The slightly increased quenching constant for tetra-
cene compared to rubrene can be explained by the phenyl
groups, providing shielding against triplet energy transfer
occurring and/or reducing the rate of diffusion due to the
increased size of the molecule.

Whilst triplet energy transfer from sensitizer to mediator was
confirmed in solution, this does not always translate directly
into the solid state. Phosphorescence lifetimes, arising from the
PATNP sensitizer, (1%) were collected when dispersed in poly-
styrene or tetracene (Fig. 3c and d). When dispersed in poly-
styrene the lifetime of PATNP was 15 ms, slightly shorter than
that collected in toluene solution. At the same concentration in
tetracene the emission lifetime falls to 4 ns, signifying an
extremely efficient energy transfer and quenching of sensitizer
triplet excitons. This result indicates that the energy levels
between PATNP and tetracene remain favorably aligned in the
solid state, and that a large orbital overlap exists between the
two molecules. The triplet energy transfer step (3s* — *M*) in
Fig. 1 therefore proceeds with high efficiency and is not
considered a limiting step in the TTA-UC mechanism. In
summary, the PATNP-tetracene-rubrene trimolecular system
has the correct energetics to form the envisioned sensitizer-
mediator-annihilator energy funneling scheme.

Upconversion in binary blends

To be able to rationalize the effect of rubrene as a triplet sink,
binary sensitizer-tetracene blends were first spectroscopically
investigated. Starting with the UV-Visible absorption spectrum
(Fig. S97), strong tetracene absorption with vibronic peaks
below 540 nm were observed, as was the presence of the
sensitizer absorption at 713 nm, a slight bathochromic shift
from the value observed in toluene solution. The emission was
also investigated (exciting the PATNP at 690 nm), specifically
that of upconverted photons arising from the recombination of
triplet-excitons within the tetracene mediator (Fig. 4a). The
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(a) Absorbance (solid) and emission (dashed, lexc = 705 nm) spectra collected for the porphyrin, PATNP (5 mM in toluene). (b) Stern—

Volmer plot for the dynamic quenching of PATNP by both mediator and annihilator (e, = 930 nm, toluene). (c) Phosphorescence decay of 1%
PdTNP in polystyrene (processed by spin coating) using the multichannel scaling technique (lexc = 705 nm). (d) Phosphorescence decay of 1%
PdTNP in tetracene using the TCSPC technique (lexc = 475 NM, lem = 930 nm, 500 nm on quartz, blue dots), grey dots indicate the measured IRF.

emission profile is comparable to that observed for the fluo-
rescence in neat tetracene films (Fig. 2a), albeit 3 nm shifted to
541 nm. This shift is likely explained by inner filter effects.

a) 780 mW/cm?
- < <620 mW/cm?
= =420 mW/cm?
2
2

==+ 270 mW/cm
=<+ 110 mW/cm
Fluor.

Intensity

500 550 600
Wavelength (nm)
b)
10 4
)
‘@
c 1 i
2 slope = 0.95
<
2 0.1+
]
2]
3
=0.01+
slope = 1.90
T T T
0.01 0.1 1 10
Power density (W cm™)
Fig. 4 (a) Emission spectra of a PATNP-tetracene film (evaporated;

500 nm on quartz, 1% PdTNP, green lines) with incident power of the
laser beam indicated (leyc = 690 nm, CW, @ = 2 mm). In black the
conventional fluorescence spectrum (lexc = 475 nm) of a neat tetra-
cene film is shown, (b) power density dependence of the PATNP—
tetracene thin film emission, excited at 690 nm.
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Thus, triplet excitons are formed, can diffuse, and even
recombine within the tetracene matrix.

The upconverted emission shows a power dependency
typical of TTA-UC with an Iy, of 0.14 W cm ™ (Fig. 4b), with no
changes observed in the peak shape throughout all measure-
ment points. These results indicate that triplet-excitons are
mobile within the PATNP-tetracene blend. Although, whilst
*M* — >M* is an active process, the formation of upconverted
photons nonetheless prevents tetracene from being the ideal
matrix. Ideally, the matrix should be TTA-inactive, with Eg; >
2Er4, thus allowing TTA to occur only on the dilute annihilator
sites.

Upconversion in ternary blends

The final process in the proposed upconversion system is
hetero-TTA (Fig. 1). To explore this process, sensitizer-medi-
ator-annihilator blends were fabricated. These films show
similar absorbance features to those of the binary blends
(Fig. S9t). However, the upconversion emission profile arising
from recombination of triplet-excitons within the ternary
blends differed (Fig. 5a). The effect of the excitation power on
the emission envelope has previously been used to detect exci-
mers consisting of an excited state triplet and ground state
singlet.’**” Here it is instead used to favor one annihilation
pathway over another. The emission profile itself is significantly
shifted compared to that of the sensitizer-mediator blend
(560 nm vs. 538 nm). At low excitation intensities, the spectral
envelope indeed resembles that of rubrene. From the low
percentage of rubrene present, we propose that this must be
a result of hetero-TTA events, as the likelihood of two rubrene

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Normalized emission spectra of PATNP—-tetracene-rubrene
films (evaporated; 500 nm on quartz, 1% PATNP and 1% rubrene) with
incident power of the laser beam indicated ({ = 690 nm, CW, @ = 2
mm). The vertical dashed lines indicate the fluorescence maximum of
neat films of tetracene (green) and rubrene (purple), indicating the
likely emitter species. (b) Power density dependence of the ternary
blended thin film emission measured at 540 nm (green squares) and
560 nm (purple squares) using 4 nm slight widths, together with the
ratio between the two signals (black circles).

molecules being neighbors to form a homogenous triplet pair
(or aggregate) is small (estimated average separation ~4 nm in
films). Increasing the excitation intensity, a second peak
becomes more intense, at an energy corresponding well to
where tetracene emission would be expected (538 nm, 2.31 eV).
This trend indicates the increased prevalence of homo-TTA
between tetracene molecules at higher exciton densities.
These experiments were duplicated with non-sequential power
values to ensure that the effect is consistent and does not arise
from bleaching of rubrene or degradation of the tetracene
matrix. Good agreement was found between runs (Fig. S107).
To assess the effect of hetero-TTA on the upconverted
emission efficiency, excitation power dependent measurements
were further analyzed. At high fluence only tetracene emission
is evident (Fig. 5a), indicating that only homo-TTA is active.
Emission extracted at the rubrene and tetracene maxima were
then normalized at the highest excitation density to facilitate
comparison. Fig. 5b show the power density dependence,
extracted at 540 and 560 nm. Two lines, describing emission
power dependence at low (hetero-TTA active, purple) and high
(homo-TTA active, green) excitation densities, are shown. A
clear shift in emission intensity is observed at an excitation
power density of 1 W em™ ", and before and after this emission
intensity shift, the derivative of the curve is the same. Thus, the
change in the curve is not due to a transition from different
power regimes. Instead, it is exactly what we expect based on our
simulations that include a hetero-TTA mechanism (vide infra).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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These lines therefore represent the relative upconversion
quantum yield with system parameters kept constant (sensitizer
concentration, crystal packing etc.). The relative upconversion
quantum yield is larger at low fluence where hetero-TTA is
active, showing a real benefit of our approach over binary
blends.

The absolute upconversion quantum yield at high excitation
fluence was low, around 6.4(+2.4) x 10 % (working at high
fluences was required for adequate signal to noise in sphere-
based PLQY measurements). In comparison, the yield for the
binary film was larger, 2.7(£0.2) x 10~ 3%, although still small
in an absolute sense. The reason for the lower yield for the
ternary blend is most likely the lower crystallinity of the tetra-
cene matrix (as shown by GIWAXS; Fig. S61), resulting in slower
triplet diffusion and a difficulty in reaching the linear regime
with our excitation source. The lower crystallinity was equally
a determining factor when examining the upconverted emis-
sion lifetimes. The upconversion lifetime is expected to be
dominated by the triplet lifetime of tetracene, which has been
shown to be around 50 ns for polycrystalline tetracene and
decrease with decreasing crystallinity.*® This is therefore in line
with our measured values of 37 and 57 ns for the ternary and
binary blends, respectively (Fig. S11t1). In summary, these
experiments suggest that hetero-TTA is active in these films,
that the dominance of hetero or homo-annihilation events is
excitation intensity dependent, and that the annihilator dopant
is providing an enhanced emission yield at low excitation
fluences.

Monte-Carlo simulations

Reproducing experimental results of TTA-UC in solution is
straightforward using rate equations. Such methodology is
however not as easily applied in the solid state. To simulate the
sensitizer-mediator-annihilator solid state system, inspiration
was therefore taken from the field of organic electronics, where
Monte-Carlo based methods have been applied to explain the
role of exciton diffusion in excited state dynamics of organic
molecules.?* Modelling the events at the level of individual
excitations can give insight into how excited states diffuse and
interact with each other, which cannot be achieved by the
treatment of exciton populations as a density distribution gov-
erned by a set of coupled rate equations.

The goal of these Monte-Carlo simulations was to qualita-
tively reproduce the experimental findings, to get a more
detailed understanding of the competition between hetero- and
homo-TTA in the ternary blends, and to estimate the maximum
potential benefit of an ideal mediator (which TTA-active tetra-
cene was shown not to be) on the upconversion yield. Monte-
Carlo simulations are based on time steps, where rate
constants are translated to a probability for the photophysical
transformations to happen during each time step. The time
steps are then consecutively solved until equilibrium is reached,
at which point the probability for an event, such as emission,
can be integrated and evaluated.

To test this approach in a TTA-UC setting, the mediator -
sensitizer matrix was first explored. A 50 x 50 x 50 nm cube
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containing tetracene doped with 1% (mol mol ') of PATNP was
constructed, and the effect of the excitation intensity on
upconversion emission was evaluated. At this point, only
interactions within the sensitizer, between the sensitizer and
mediator, and between mediators were considered (blue and
green arrows in Fig. 6a, see ESI for a full description including
used rate constants, Table S17). Fig. 6b shows the number of
absorbed photons by the sensitizer and upconversion events by
the mediator as a function of photon flux. The number of
absorbed photons follows a linear dependence with the photon
flux, which indicate that no saturation effects are affecting the
analysis. The upconversion data on the other hand show
a linear dependence at a high photon flux, but a quadratic
dependence at a lower photon flux. The transition point
between the linear and quadratic regime is around 4 x 10"®
photons per ecm? per s, which translates to an excitation inten-
sity of 1.2 W em 2. This result is in qualitative agreement with
the experiments although quantitatively the transition from
quadratic to linear regime occurs at a density approximately one
order of magnitude larger than in the experimental case
(Fig. 4b). The larger value of the simulated I, can be due to
underestimates of loss rates and/or sensitizer concentration.
These results nonetheless establish that simulating the I, of
TTA-UC in the solid state is possible by a Monto-Carlo based
approach.

When adding the annihilator molecule at a suitably low
dopant concentration to the model (purple arrows in Fig. 6a),
there arise two possible routes for annihilation to occur. The
first one is the previously discussed homo-TTA (mediator-
mediator annihilation), now accompanied by annihilation

p 3
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Fig. 6 (a) Scheme of the rates used in the Monte-Carlo simulations.
The values of rates are given in Table S1.f (b) Emission events as
a function of the incident photon flux for a system of 1% sensitizers in
a host matrix (tetracene). The two dashed lines have a slope of 1 and 2
as visual guides.
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between a triplet mediator and a triplet annihilator molecule
(hetero-TTA). The result of the additional pathway on the
simulations is plotted in Fig. 7a. At low photon fluxes, the
density of triplet states is small, resulting in a low rate of homo-
TTA (and a dominant hetero-TTA channel) and therefore
a maximized triplet lifetime. The time for a mediator triplet to
diffuse and find an annihilator (the energy sink) is also there-
fore long. When increasing the photon flux, the concentration
of mediator triplet states increases, enhancing the rate of homo-
TTA, and reducing the triplet lifetime. The likelihood of the
triplet exciton diffusing far enough to encounter a dilute
rubrene site without first undergoing homo-TTA is reduced,
explaining the levelling-off (Fig. 7a) and relative decline (Fig. 7b)
of the hetero-TTA channel with increased photon flux, and
concomitant rise of the homo-TTA channel. The regime change
where homo-TTA becomes the majority annihilation mecha-
nism occurs at a photon flux of about 10'° photons per cm?
per s, which translates to a power density of around 3 W cm ™"
(Fig. 7b).

In the binary blend, a dominant loss mechanism was found
to be quenching of upconverted singlet excitons in the mediator
molecules by Forster type energy transfer to the sensitizer.** A
large potential advantage of an envisioned ideal ternary blend is
that the upconverted singlet state is energetically trapped at the
annihilator molecule. Therefore, these singlets do not diffuse,
which together with the low concentration of both sensitizer
and annihilator molecules result in a smaller chance to come
into energy transfer distance to the sensitizer (minimizing
FRET). The propensity of the singlet state to be quenched
therefore reduces, which can be seen in the simulations as
a photon flux dependency on the energy transfer efficiency
(Fig. S127).
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Fig. 7 (a) Simulated emission events resulting in emission in a ternary

blend with 1% sensitizers and 0.1% of annihilators in a host (mol mol ™).
(b) Simulated fraction of upconversion events due to hetero-TTA
(purple) and homo-TTA (green).
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The largest benefit of introducing a ternary blend, i.e. sepa-
rating the processes of triplet energy transfer and annihilation,
is so far not considered in the modelling. This is because tet-
racene is a non-ideal mediator, with a singlet excited state that
significantly contributes to the photophysics in the ternary
blend. It is however interesting to explore computationally what
would happen if homo-TTA in the mediator is deactivated.
Experimentally this would require the development of mole-
cules with a very large separation between the S; and T, states,
efforts towards which we hope will be stimulated by this work. It
is however trivial to turn off this process in the Monte-Carlo
simulations, and by so doing predict the enhancement that
an ideal mediator molecule could provide compared to non-
ideal tetracene. When so doing, the number of hetero-TTA
events does not level off with the photon flux anymore
(Fig. S13at). They are instead on the same level as the total
number of events when homo-TTA is active. Furthermore,
considering that the fluorescence quantum yield of the anni-
hilator is much higher when dispersed in a high bandgap host
(Fig. S51), the total number of emission events drastically
increases (Fig. S13bt).

A common strategy to mitigate concentration quenching in
solid-state TTA-UC is to introduce an emitter molecule at
dopant concentrations. The emitter molecule does not take part
in the upconversion process but functions as a singlet sink,
receiving the energy from the S; state of the annihilator via
a Forster mechanism. It is interesting to compare the benefits of
our triplet sink approach, with the conventional singlet sink
approach. Fig. 8 shows the ratio of upconversion events and
emitted photons per absorbed photons for both approaches.
For the singlet sink approach, TTA can occur throughout the
matrix, resulting in a higher yield of TTA events compared to the
triplet sink approach. However, after the TTA event, the singlet
sink approach relies on an energy transfer event, which limits
the overall emission efficiency for two reasons. Firstly, the
emission quantum yield of the annihilator is generally low,
limiting the Forster distance, which causes a need to have
relatively large dopant concentrations. Secondly, both the

©
~

] uc events
[ Forster quench.
[ Emission

©
w
1

©
RN
1

Events per absorbed photon
o
[

-

Triplet sink

1
Singlet sink opt

o
o

Singlet sink

Fig. 8 Comparison of the singlet sink approach and the proposed
mediator-based approach (triplet sink). All parameters in the simula-
tions are the same for the two systems except that for the mediator
approach the rate of homo-TTA was set to O, and for the singlet sink
approach the rate of hetero-TTA was set to 0. The concentration of
annihilators was increased from 1073 to 1072 for the optimized singlet
sink approach (singlet sink opt). Simulations were performed using
a photon flux of 102° photons per cm? per s.
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energy transfer step and the subsequent photon emission
competes with Forster type resonance energy transfer to the
sensitizer. This causes dual FRET loss channels and a need to
have a significantly higher singlet sink compared to sensitizer
concentration in order have a significant emission (Fig. 8).
Thus, the singlet sink approach is much more sensitive for
short circuiting due to energy transfer to the sensitizer.

In summary, kinetic Monte Carlo simulations can qualita-
tively reproduce the power dependence of upconversion in the
solid state sensitized TTA system (binary blend). More impor-
tantly, in the ternary blend, simulations confirm that hetero-
TTA outcompetes bulk homo-TTA at low excitation intensity
conditions. At higher excitation fluences, the concentration of
triplet mediator excitons increases, and with that the rate of
homo-TTA is increased and disrupts hetero-TTA. Thus, the
Monte Carlo simulations qualitatively reproduce the experi-
mental results, strengthening the conclusion of a hetero-TTA
process being active. Finally, by removing the ability of the
mediator to reach the singlet state, the total number of TTA
events does not actually decrease. Instead, the hetero-TTA
events increase (Fig. S13af) with increased yield of photon
emission due to a reduced concentration induced quenching
(Fig. S13bt), clearly indicating this is a very worthwhile strategy
to pursue.

Conclusions

This work proposes and examines a solution to the primary
issue holding back solid-state TTA-UC, namely concentration-
induced emission quenching within neat annihilator films.
This is achieved by decoupling triplet energy diffusion and
annihilation into two different molecules: a triplet mediator
and an annihilator, respectively. The annihilator acts as a dilute
triplet sink and emission center, and both experimental and
computational results indicate that hetero-TTA between
a triplet mediator and a triplet annihilator occurs to allow anti-
stokes shifted emission. The upconverted emission profile of
a sensitizer-mediator-annihilator blend at low excitation
intensity conditions matches well with the emission profile of
the annihilator. At higher photon fluxes, homo-TTA events
(between two mediators) become dominant, thus indicating
a change of mechanism from hetero-TTA (rubrene emission
dominating) to homo-TTA (tetracene emission dominating) at
higher exciton densities. Monte-Carlo based simulations
capture the experimental observations qualitatively, corrobo-
rating the conclusions from the experimental work. The simu-
lations also show that the benefits of our compared to the
conventional singlet sink approach is that our approach is less
sensitive against short circuiting the system via energy transfer
back to the sensitizer.

The consequences of these findings are three-fold. Firstly, it
provides further evidence to support previous studies in
solution-based systems that suggest the existence of hetero-TTA
UC channels.** Secondly, it shows that Monte-Carlo based
simulations capture essential features in solid state TTA-UC.
Thirdly, and perhaps most importantly, these results show
that exciton diffusion can indeed be decoupled from the exciton

Chem. Sci., 2025, 16, 1293-1301 | 1299


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc07004f

Open Access Article. Published on 09 December 2024. Downloaded on 4/21/2026 12:32:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

annihilation process, allowing for individual molecular opti-
mization and for systems where concentration induced fluo-
rescence quenching is not active.

We hope that this work will stimulate a new approach for
achieving high performance solid state TTA-UC, and inspire
along the guidelines set out here the development of ideal
triplet mediators with very high singlet energies.

Data availability

Raw data along with scripts used in simulations are stored at
the Swedish National Data Service with the digital object iden-
tifier 10.5878/8sck-gs20 (https://doi.org/10.5878/8sck-gs20).

Author contributions

AJC jointly devised the project, collected the experimental
spectroscopic data, performed all synthesis, and wrote the
manuscript. AMB performed the computational simulations
and contributed with writing relevant sections. AD fabricated
the binary and ternary blends, and with AM provided input in
writing. VNG performed GIWAXS measurements. KB concep-
tualized the project and jointly devised it together with AJC,
wrote the manuscript, and provided guidance throughout. All
authors have given approval to the final version of the
manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

AJC gratefully acknowledges funding from the European
Union's Horizon Europe program under the Marie Sklodowska-
Curie grant agreement no. 101063676. KB gratefully acknowl-
edges financial support from the Knut and Alice Wallenberg
Foundation (KAW 2017,0192), the Swedish Research Council
(2020-03578), and the Goéran Gustafsson foundation. AD and
AM thank the Uppsala - Durham joint Seedcorn Fund for
financial support.

Notes and references

1 T.N. Singh-Rachford and F. N. Castellano, Coord. Chem. Rev.,
2010, 254, 2560-2573.

2 F. Deng, J. Blumhoff and F. N. Castellano, J. Phys. Chem. A,
2013, 117, 4412-44109.

3 A.]. Carrod, A. Cravcenco, C. Ye and K. Borjesson, J. Mater.
Chem. C, 2022, 10, 4923-4928.

4 W. Larsson, M. Morimoto, M. Irie, J. Andréasson and
B. Albinsson, Chem.-Eur. J., 2023, 29, €202203651.

5 W. Lin, J. Li, H. Feng, F. Qi and L. Huang, J. Anal. Test., 2023,
7, 327-344.

6 L. Naimovicius, E. Radiunas, B. Chatinovska, A. Jozelitnaité,
E. Orentas and K. Kazlauskas, J. Mater. Chem. C, 2023, 11,
698-704.

1300 | Chem. Sci, 2025, 16, 1293-1301

View Article Online

Edge Article

7 R. Forecast, F. Campaioli, T. W. Schmidt and ]J. H. Cole, J.
Phys. Chem. A, 2023, 127, 1794-1800.

8 P. Bharmoria, H. Bildirir and K. Moth-Poulsen, Chem. Soc.
Rev., 2020, 49, 6529-6554.

9 L. Huang, W. Wu, Y. Li, K. Huang, L. Zeng, W. Lin and
G. Han, J. Am. Chem. Soc., 2020, 142, 18460-18470.

10 L. Huang, T. Le, K. Huang and G. Han, Nat. Commun., 2021,
12, 1898.

11 M. Uji, T. J. B. Zahringer, C. Kerzig and N. Yanai, Angew.
Chem., Int. Ed., 2023, 62, €202301506.

12 T. Schloemer, P. Narayanan, Q. Zhou, E. Belliveau, M. Seitz
and D. N. Congreve, ACS Nano, 2023, 17, 3259-3288.

13 L. Zeng, L. Huang, J. Han and G. Han, Acc. Chem. Res., 2022,
55, 2604-2615.

14 J. Jin, T. Yu, J. Chen, R. Hu, G. Yang, Y. Zeng and Y. Li, Curr.
Opin. Green Sustainable Chem., 2023, 43, 100841.

15 S. N. Sanders, T. H. Schloemer, M. K. Gangishetty,
D. Anderson, M. Seitz, A. O. Gallegos, R. C. Stokes and
D. N. Congreve, Nature, 2022, 604, 474-478.

16 K. Borjesson, D. Dzebo, B. Albinsson and K. Moth-Poulsen, J.
Mater. Chem. A, 2013, 1, 8521-8524.

17 L. Naimovicius, P. Bharmoria and K. Moth-Poulsen, Mater.
Chem. Front., 2023, 7, 2297-2315.

18 B. S. Richards, D. Hudry, D. Busko, A. Turshatov and
I. A. Howard, Chem. Rev., 2021, 121, 9165-9195.

19 A. S. Bieber, C. M. Sullivan, K. E. Shulenberger, G. Moller,
M. Mardani, S. Wieghold, T. Siegrist and L. Nienhaus, J.
Phys. Chem. C, 2023, 127, 4773-4783.

20 M. V. Dambhare and S. V. Moharil, Mater. Today: Proc., 2023,
92, 865-870.

21 A. J. Carrod, V. Gray and K. Borjesson, Energy Environ. Sci.,
2022, 15, 4982-5016.

22 D. Beery, A. Arcidiacono, ]J. P. Wheeler, J. Chen and
K. Hanson, J. Mater. Chem. C, 2022, 10, 4947-4954.

23 T. Dilbeck, S. P. Hill and K. Hanson, J. Mater. Chem. A, 2017,
5, 11652-11660.

24 S. P. Hill and K. Hanson, J. Am. Chem. Soc.,2017,139, 10988~
10991.

25 Y. Huang, J. Xing, Q. Gong, L.-C. Chen, G. Liu, C. Yao,
Z. Wang, H.-L. Zhang, Z. Chen and Q. Zhang, Nat.
Commun., 2019, 10, 169.

26 D. G. Congrave, B. H. Drummond, V. Gray, A. D. Bond,
A. Rao, R. H. Friend and H. Bronstein, Polym. Chem., 2021,
12, 1830-1836.

27 E. Radiunas, L. Naimovicius, S. RaiSys, A. Jozeliunaité,
E. Orentas and K. Kazlauskas, J. Mater. Chem. C, 2022, 10,
6314-6322.

28 C. M. Sullivan, J. E. Kuszynski, A. Kovalev, T. Siegrist,
R. D. Schaller, G. F. Strouse and L. Nienhaus, Nanoscale,
2023, 15, 18832-18841.

29 S. Raisys, K. Kazlauskas, S. Jursénas and Y. C. Simon, ACS
Appl. Mater. Interfaces, 2016, 8, 15732-15740.

30 S. RaiSys, O. Adoméniené, P. Adoménas, A. Rudnick,
A. Kohler and K. Kazlauskas, J. Phys. Chem. C, 2021, 125,
3764-3775.

31 S. RaiSys, S. Jursénas, Y. C. Simon, C. Weder and
K. Kazlauskas, Chem. Sci., 2018, 9, 6796—6802.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.5878/8sck-gs20
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc07004f

Open Access Article. Published on 09 December 2024. Downloaded on 4/21/2026 12:32:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

32 E. Radiunas, M. Dapkevitius, S. RaiSys, S. Jursénas,
A. Jozelianaité, T. Javorskis, U. Sinkevi¢iaté, E. Orentas
and K. Kazlauskas, Phys. Chem. Chem. Phys., 2020, 22,
7392-7403.

33 M. Wu, D. N. Congreve, M. W. B. Wilson, J. Jean, N. Geva,
M. Welborn, T. Van Voorhis, V. Bulovi¢, M. G. Bawendi
and M. A. Baldo, Nat. Photonics, 2016, 10, 31-34.

34 Y. Y. Cheng, A. Nattestad, T. F. Schulze, R. W. MacQueen,
B. Fuckel, K. Lips, G. G. Wallace, T. Khoury, M. J. Crossley
and T. W. Schmidt, Chem. Sci., 2016, 7, 559-568.

35 T. Mori, T. Mori, A. Saito, T. Masuda, H. Saomoto,
M. Hagihara and S. Matsuda, ACS Macro Lett., 2023, 12,
523-529.

36 Y. Y. Cheng, B. Fiickel, R. W. MacQueen, T. Khoury,
R. G. C. R. Clady, T. F. Schulze, N. J. Ekins-Daukes,
M. J. Crossley, B. Stannowski, K. Lips and T. W. Schmidt,
Energy Environ. Sci., 2012, 5, 6953-6959.

37 T. Ishwara, J. Feng, D. M. de Clercq, R. Geng, ]J. Alves,
D. R. McCamey, M. P. Nielsen and T. W. Schmidt, ACS
Energy  Lett., 2023, 4078-4084, DOL  10.1021/
acsenergylett.3c01678.

38 K. Sripathy, R. W. MacQueen, J. R. Peterson, Y. Y. Cheng,
M. Dvorak, D. R. McCamey, N. D. Treat, N. Stingelin and
T. W. Schmidt, J. Mater. Chem. C, 2015, 3, 616-622.

39 N. Harada, M. Uji, B. Singh, N. Kimizuka and N. Yanai, J.
Mater. Chem. C, 2023, 11, 8002-8006.

40 S. G. Karstina, M. P. Markova and V. V. Bryukhanov, J. Appl.
Spectrosc., 2003, 70, 733-739.

41 B. Nickel and G. Roden, Chem. Phys., 1982, 66, 365-376.

42 X. Cao, B. Hu and P. Zhang, J. Phys. Chem. Lett., 2013, 4,
2334-2338.

43 A. Salehi, C. Dong, D.-H. Shin, L. Zhu, C. Papa, A. Thy Bui,
F. N. Castellano and F. So, Nat. Commun., 2019, 10, 2305.

44 K. Moth-Poulsen, L. Naimovi¢ius, E. Radiunas,
M. Dapkevic¢ius, P. Bharmoria and K. Kazlauskas, J. Mater.
Chem. C, 2023, 11, 14826-14832.

45 D. G. Bossanyi, Y. Sasaki, S. Wang, D. Chekulaev,
N. Kimizuka, N. Yanai and J. Clark, JACS Au, 2021, 1, 2188~
2201.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

46 P. Baronas, G. Kreiza, L. Naimovic¢ius, E. Radiunas,
K. Kazlauskas, E. Orentas and S. Jursénas, J. Phys. Chem. C,
2022, 126, 15327-15335.

47 D. G. Bossanyi, Y. Sasaki, S. Wang, D. Chekulaev,
N. Kimizuka, N. Yanai and ]J. Clark, J. Mater. Chem. C,
2022, 10, 4684-4696.

48 A. K. Pandey, Sci. Rep., 2015, 5, 7787.

49 J. J. Burdett and C. ]J. Bardeen, Acc. Chem. Res., 2013, 46,
1312-1320.

50 M. B. Smith and J. Michl, Chem. Rev., 2010, 110, 6891-6936.

51 M. B. Smith and J. Michl, Annu. Rev. Phys. Chem., 2013, 64,
361-386.

52 M. Einzinger, T. Wu, ]J. F. Kompalla, H. L. Smith,
C. F. Perkinson, L. Nienhaus, S. Wieghold, D. N. Congreve,
A. Kahn, M. G. Bawendi and M. A. Baldo, Nature, 2019,
571, 90-94.

53 G. B. Piland and C. J. Bardeen, J. Phys. Chem. Lett., 2015, 6,
1841-1846.

54 A. M. Berghuis, A. Halpin, Q. Le-Van, M. Ramezani, S. Wang,
S. Murai and J. Gomez Rivas, Adv. Funct. Mater., 2019, 29,
1901317.

55 M. P. P. Hodges, M. Grell, N. A. Morley and D. A. Allwood,
Adv. Funct. Mater., 2017, 27, 1606613.

56 C. Ye, V. Gray, J. Martensson and K. Bérjesson, J. Am. Chem.
Soc., 2019, 141, 9578-9584.

57 C. Ye, V. Gray, K. Kushwaha, S. Kumar Singh, P. Erhart and
K. Borjesson, Phys. Chem. Chem. Phys., 2020, 22, 1715-1720.

58 J. J. Burdett, A. M. Miiller, D. Gosztola and C. J. Bardeen, J.
Chem. Phys., 2010, 133.

59 M. Ansari-Rad, J. Phys. Chem. C, 2021, 125, 5760-5770.

60 R. Saxena, T. Meier, S. Athanasopoulos, H. Béissler and
A. Kohler, Phys. Rev. Appl., 2020, 14, 034050.

61 H. van Eersel, P. A. Bobbert and R. Coehoorn, J. Appl. Phys.,
2015, 117, 115502.

62 O. V. Mikhnenko, H. Azimi, M. Scharber, M. Morana,
P. W. M. Blom and M. A. Loi, Energy Environ. Sci., 2012, 5,
6960-6965.

63 L. Zhang, H. van Eersel, P. A. Bobbert and R. Coehoorn,
Chem. Phys. Lett., 2016, 652, 142-147.

64 K. Stavrou, L. G. Franca, A. Danos and A. P. Monkman, Nat.
Photonics, 2024, 18, 554-561.

Chem. Sci., 2025, 16, 1293-1301 | 1301


https://doi.org/10.1021/acsenergylett.3c01678
https://doi.org/10.1021/acsenergylett.3c01678
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc07004f

	Separating triplet exciton diffusion from triplettnqh_x2013triplet annihilation by the introduction of a mediatorElectronic supplementary information...
	Separating triplet exciton diffusion from triplettnqh_x2013triplet annihilation by the introduction of a mediatorElectronic supplementary information...
	Separating triplet exciton diffusion from triplettnqh_x2013triplet annihilation by the introduction of a mediatorElectronic supplementary information...
	Separating triplet exciton diffusion from triplettnqh_x2013triplet annihilation by the introduction of a mediatorElectronic supplementary information...
	Separating triplet exciton diffusion from triplettnqh_x2013triplet annihilation by the introduction of a mediatorElectronic supplementary information...
	Separating triplet exciton diffusion from triplettnqh_x2013triplet annihilation by the introduction of a mediatorElectronic supplementary information...
	Separating triplet exciton diffusion from triplettnqh_x2013triplet annihilation by the introduction of a mediatorElectronic supplementary information...

	Separating triplet exciton diffusion from triplettnqh_x2013triplet annihilation by the introduction of a mediatorElectronic supplementary information...
	Separating triplet exciton diffusion from triplettnqh_x2013triplet annihilation by the introduction of a mediatorElectronic supplementary information...
	Separating triplet exciton diffusion from triplettnqh_x2013triplet annihilation by the introduction of a mediatorElectronic supplementary information...
	Separating triplet exciton diffusion from triplettnqh_x2013triplet annihilation by the introduction of a mediatorElectronic supplementary information...
	Separating triplet exciton diffusion from triplettnqh_x2013triplet annihilation by the introduction of a mediatorElectronic supplementary information...


