Improving Triplet-Triple Annihilation Upconversion Qutput by a
Triplet Mediator Approach: Mechanistic Insights on Homo and
Hetero-Annihilation in Three Component Systems

Sunil Kumar Kandappa, Victor Gray*
AUTHOR ADDRESS

Department of Chemistry, Angstrom Laboratory, Uppsala University, Box 532, SE-751 20 Uppsala, Sweden

KEYWORDS Triplet-triplet annihilation, photon upconversion, kinetic modelling

ABSTRACT: Triplet—triplet annihilation photon upconversion (TTA-UC) is a promising strategy for converting low-energy photons
into higher-energy emission, with potential applications in solar energy harvesting, bioimaging, and photocatalysis. A challenge in
TTA-UC systems is minimizing the reabsorption of upconverted photons by the annihilator molecules. To address this, we present a
mediator-assisted TTA-UC approach utilizing a neutral mediator molecule to facilitate upconversion in the ultraviolet (UV) region.
Our study introduces a protocol employing a benzothiophene-based compound, TIPS-BT, as an energy transfer mediator between the
sensitizer 4CzBN and the annihilator TIPS-Naphthalene. Through detailed kinetic modeling, we elucidate the underlying mechanism,
highlighting the role of hetero-TTA (triplet—triplet annihilation between the mediator and annihilator). Notably, we report the first
estimation of a hetero-TTA rate constant, which exceeds the homo-TTA rate by a factor of two. This work broadens the design space
for TTA-UC systems by enabling the use of neutral, non-covalently linked mediators, expanding beyond the conventional reliance

on charged or covalently tethered species.

INTRODUCTION

Triplet-triplet annihilation photon upconversion (TTA-UC),
a process where the energy of two low energy photons is
combined into a photon of high energy, has gained significant
attention in recent decades in the context of solar energy
harvesting™ and water splitting.>** TTA-UC offers a way to
harvest photons with energy lower than the band gap energy
photons, which in a single junction solar cell otherwise would
be unutilized. Likewise, high energy photons could be
beneficial for photosensitization in water splitting which often
relies on materials with high band gap energies. Several other
applications®? include bioimaging,** photodynamic therapy,
photoredox catalysis,'> photocatalytic degradation of volatile
organic compounds,’® in designing soft actuators to induce
photomechanical effects, 7 OLEDs®'° and in energy storage
devices?.

A typical TTA-UC system consists of a triplet sensitizer
molecule which acts as an energy donor and annihilator
molecules that act as an energy acceptor. The sensitizer
molecule absorbs the incoming low energy photons and
eventually populates its triplet state after intersystem crossing
(ISC). Triplet formation is followed by triplet energy transfer
(TET) to an annihilator molecule. The triplet excited annihilator
can combine its triplet energy with that of an adjacent triplet
excited annihilator molecule through triplet-triplet annihilation
(TTA). TTA populates a higher energy state, which ideally
relaxes to the first singlet excited state (Si1), that eventually
emits upconverted light. The efficiency of intermolecular TTA
process in solutions is curtained by the diffusion limit of
annihilator and sensitizer molecules. Yet, with the long triplet

lifetime and achievable mM concentrations of organic
molecules in deaerated organic solvents, TET and TTA can
proceed efficiently. Intramolecular TTA-UC is possible when
two or more annihilator molecules are linked together and it has
gained interest as a means to overcome the diffusion limit.?*-2°
However, this approach is associated with the challenge of
proper molecular design to achieve efficient TTA, triplet
migration and sensitization.?®

To ensure an efficient TTA-UC process in solution, a long
triplet lifetime of sensitizer and annihilator is essential. The
triplet energy transfer efficiency is given by:

1
nrer = 1= [l (M

where 1, is the triplet lifetime of unquenched sensitizer and
kg is the bimolecular quenching rate constant with a quencher
of concentration [Q]. To maximize npgra typical TTA-UC
system usually uses a high concentration of annihilator.
However, the high concentration of annihilator molecules
subsequently causes an intrinsic challenge where upconverted
light will get reabsorbed by the annihilator molecule itself.
Reabsorption becomes a major issue especially when the
annihilator molecule has a small Stokes shift, which is often the
case in the rigid polyaromatic hydrocarbons often used as
annihilators. As an example, most reported TTA-UC yields are
reported after reabsorption correction and for two traditional
UC systems PJdOEP/DPA (PdOEP = palladium
octaethylporphyrin, DPA = diphenylanthracene) and
4CzBN/TIPS-Nap (4CzBN = 2,3,5,6-tetra(9H-carbazol-9-
yl)benzonitrile , TIPS-Nap = 1,4-bis[2-[tris(1-
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methylethyl)silyl]ethynylnaphthalene) the difference between
reabsorption corrected and non-corrected UC yields can in our
experience approach a factor of 2 difference. To avoid
reabsorption, lowering the concentration of annihilator
molecules as such is also not a viable solution since this would
decrease N and subsequent TTA. A strategy to maintain a
high rate of TET and TTA process with low concentration of
annihilator would minimize the reabsorption of upconverted
light.

In this regard, recent work has used mediator assisted TTA-
UC to bypass some of the obstacles associated with the
prototypical TTA-UC involving sensitizers and high
concentration of annihilator molecules.?’-3* Mediator assisted
TTA-UC system consists of a third component along with
sensitizer and annihilator which acts as a mediator for energy
transfer between sensitizer and annihilator (Figure 1). An
efficient mediator needs to have a long triplet lifetime and its
triplet energy should lie in between that of sensitizer and
annihilator. Figure 1 depicts the Jablonski diagram for mediator
assisted TTA-UC.
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Figure 1: Jablonski diagram for mediator assisted triplet-triplet
annihilation upconversion (TTA-UC). Sens., Med., and Ann. refers
to sensitizer, mediator and annihilator, respectively.

A few different approaches to using mediators have been
reported. Most commonly a mediator is tethered to an sensitizer
or quantum dot, effectively extending the apparent triplet
lifetime of the sensitizer by ensuring fast TET from sensitizer
to mediator.?’-33 A more recent report from Kerzig and
coworkers employed Coulombic interactions3 to increase the
rate constant for TET between sensitizer and mediator beyond
the diffusion limit without covalent linkage. They emphasized
the significance of Coulombic interaction between mediator
and annihilator to maintain their proximity. A lower efficiency
of TTA-UC was observed for the system without Coulombic
interaction compared to that with Coulombic interaction
between sensitizer and mediator. They also noted the positive
effect of lowering the annihilator concentration for minimizing
reabsorption. However, both covalent and Coulombic
approaches entail certain limitations. For example, linking a
mediator molecule to a sensitizer might involve a tedious
synthetic approach. In those cases where sensitizers and
mediator molecules are bound by Coulombic interactions, they
are limited to only charged species.

A non-covalent mediator approach without Coulombic
interactions has been highlighted by Schmidt and co-workers3®
in 2016 to minimize the reabsorption from annihilator
molecules by reducing its concentration while maintaining high
concentration of mediator molecule for an efficient TET
transfer process. In their three-component system, they used
bis-phenylethynylanthracene (BPEA) molecule as mediator for
energy transfer from sensitizer PQsPdNA to annihilator

molecule rubrene. Schmidt and coworkers3® also reported
singlet oxygen mediated TTA-UC process with an uncharged
annihilator. However, upconversion in the blue region mediated
by singlet oxygen is highly unlikely, as it requires annihilator
molecules with triplet energies lower than the singlet oxygen
energy (0.98 eV). Other three-component TTA-UC systems
include those by Balushev and coworkers®” and Zhang and
coworkers.3® However, in these cases the same, or similar,
concentration was used for two different emitter molecules,
hence these are not mediated TTA-UC systems. Furthermore,
the impact of reabsorption of upconverted emission is lacking
in these reports. Schmidt and Castellano discussed the kinetics
of three-component systems in low triplet concentration
regimes and emphasized the role of hetero-TTA, ie. TTA
between one mediator and one annihilator, when the triplet
concentration of mediator and annihilator are equal.®

In the solid state there are also reports of three-component
systems consisting of a sensitizer, annihilator and an emitter
molecule which act as a singlet acceptor (often referred to as
singlet sink). Singlet energy transfers from annihilator to the
emitter molecule has successfully been employed to mitigate
singlet fission from annihilator singlets?®*? but this approach
differs from the triplet mediator approach as highlighted
recently by Carrod et al.®® In the solids state films studied by
Carrod et al. tetracene was used as a triplet mediator and
rubrene as the annihilator. Monte Carlo simulations explained
why, at higher intensities, the ratio between hetero-TTA and
homo-TTA of the mediator shifted to favor mediator homo-
TTA, which was detrimental for UC output. The reason for
majority homo-TTA in the mediator at higher intensities came
from the high local concentration of mediator triplets arising
from the high intensity excitation and poor triplet migration.

Such limitations have not yet been discussed in solution
based three-component systems and to the best of our
knowledge, a full mechanistic discussion of the mediator
approach in solution has not yet been presented. Furthermore,
mediator assisted TTA-UC for UV emitting annihilators is still
lacking.

Herein we show a protocol to use a neutral mediator molecule
for TTA-UC in the UV region with detailed kinetic modelling,
revealing the mechanism involved in the process. In our system
benzothiophene based molecule TIPS-BT was used as a
mediator with a well-established blue emitting annihilator
molecule, TIPS-Nap and sensitizer 4CzBN.**4> TIPS-BT was
found to be a perfect choice to act as a mediator molecule with
its triplet energy (T1=2.37 eV, SI, Figure S22) lying in between
that of sensitizer 4CzBN (T1 =2.71 eV)* and annihilator TIPS-
Nap (T1=2.12 eV)>*. Additionally, the singlet energy of TIPS-
BT (3.54 eV) is higher than that of TIPS-Nap (3.40 eV,
determined from the absorption onset, Figure 2). Hence, the
possibility for the former molecule to act as singlet sink is
minimized. Instead, it can efficiently act as mediator for triplet
energy transfer from sensitizer to annihilator molecule. We
were able to achieve over 10-fold increase in the triplet-triplet
annihilation upconversion quantum yield (TTA-UC QY) for
TIPS-BT mediator assisted upconversion in the presence of
4CzBN sensitizer and TIPS-Nap annihilator compared to the
system without mediator while maintaining the same
concentration of sensitizer and annihilator (vide infra). We were
able to reduce the concentration of annihilator almost an order
magnitude lower than the typical concentration used for TTA-
UC studies using TIPS-Nap annihilator**4> while maintaining
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the same order of upconversion QY. Our approach could
expand the range of annihilator and mediator molecule for
TTA-UC process by not necessarily binding them together by
means of covalent linkage or restricting them to be a charged
species for Coulombic interactions.

RESULTS AND DISCUSSION

Synthesis

The mediator molecule TIPS-BT was synthesized as per the
previous report.**47 1,4-dibromo-2-fluorobenzene was reacted
with LDA in THF at -78 °C for 45 min. This was followed by
the addition of dimethylformamide at the same temperature and
stirring for 5 minutes resulted in the formation of corresponding
aldehyde 3,6-dibromo-2-fluorobenzaldehyde 2 in 96% crude
yield.*’ It was taken as such for the next step without further
purification and  treated  with  sodium-2-methyl-2-
propanethiolate in DMF at -45 °C for 7 h to form 3,6-dibromo-
2-[(1,1-dimethylethyl)thio]benzaldehyde 3 in 80% isolated
yield. This was followed by the reaction with dimethyl
acetylmethylphosphonate in the presence of K2COs, in
methanol at 0 °C for 2 h, resulting in the formation of
corresponding  alkyne  derivative  1,4-dibromo-2-[(1,1-
dimethylethyl)thio]-3-ethynyl-benzene 4 in 64% isolated yield.
This was further treated with AuCl in dioxane/water mixture
(5:1) in rt for 10 min to form 4,7-dibromobenzo[b]thiophene 5
in 84% isolated yield. Sonogashira coupling of this product with
(triisopropylsilyl)acetylene resulted in  4,7-bis[2-[tris(1-
methylethyl)silyl]ethynyl]-benzo[b]thiophene 6 in 95%
isolated yield. We abbreviated this compound as TIPS-BT
(refer to SI for the detailed procedure).
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Scheme 1: Synthesis of TIPS-BT

Photophysical characterization

Figure 2a comprises normalized emission spectra of TIPS-
Nap, TIPS-BT and UV-Vis absorption spectra of TIPS-BT
in toluene. Absorption onset of TIPS-Nap (0.01 mM) is
around 365 nm (figure 2b) compared to that of TIPS-BT which
is around 350 nm (figure 2a). Importantly, there is minimal
spectral overlap between the emission of annihilator TIPS-
Nap and absorption of mediator TIPS-BT (346-350 nm).
Hence, TIPS-BT can be used as a mediator at high
concentration with minimal reabsorption of upconverted
emission from TIPS-Nap (vide infra). On the other hand,
TIPS-Nap exhibits significant reabsorption of emitted light at
higher concentration as evident from the decreased intensity of
emission peak in the blue region (~354 nm) on increasing its
concentration from 0.01 mM (figure 2a, green dotted line) to 1
mM (figure 2b, purple dotted line).

Mediator enhanced upconversion

The mediator assisted TTA-UC process involves two triplet
energy transfer (TET) processes. In the first TET from
sensitizer to mediator (TETS~M), mediator TIPS-BT acts as a
quencher with respect to the triplet energy of sensitizer 4CzBN.
In the second TET process from mediator to annihilator
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Figure 2: a) Normalized emission spectra of 0.01 mM TIPS-Nap
(dotted green line), 0.01 mM TIPS-BT (dotted orange line) and
UV-Vis absorption spectra of 0.01 mM TIPS-BT (solid orange
line). b): Normalized emission spectra of 1 mM TIPS-Nap (dotted
purple line) and normalized UV-Vis absorption spectra of 0.01 mM
and scaled UV-Vis absorption spectra 1 mM TIPS-Nap (solid green
and purple line).

mediator increases the efficiency of TETS~M(Eq. 1), and since
TIPS-BT absorption exhibits minor overlap with the emission
spectra of annihilator TIPS-Nap it is possible to use TIPS-BT
in high concentration with minimal reabsorption of upconverted
light by the mediator. On the other hand, higher 7;gr for
TETM>4 is accomplished by choosing a mediator with
relatively high triplet lifetime. The concentration of TIPS-Nap
was maintained at minimal level to reduce the intrinsic
reabsorption by the annihilator molecule.
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Figure 3: a) Comparison of TTA-UC quantum yield for systems with sensitizer 4CzBN (25 uM) and annihilator TIPS-Nap at three different
concentrations (0.01 mM, 0.1 mM and 1 mM) in the presence and absence of mediator. Error bar for 1 mM TIPS-Nap and 0.1 mM TIPS-
Nap in the presence of 1 mM TIPS-BT is the standard deviation measured over four independent measurements. For the rest of the sample
error bars indicates spread over two independent measurements. b) TTA-UC emission spectra for bi-and tri-component systems, excited at
405 nm with a power density of 830 W/cm2. Spectra are normalized to the sensitizer emission intensity. ¢) Plot of the upconverted emission

intensity as a function of excitation power density.

For the detailed analysis of TIPS-BT mediator assisted TTA-
UC studies, we vary the TIPS-Nap annihilator concentration
from 0.1 mM to 0.01 mM while maintaining the concentration

of sensitizer at 25 uM and mediator at ImM. The TTA-UC QY
from the three-component system is compared to the
corresponding two component system (annihilator and
sensitizer only). All solutions are prepared in vacuum degassed
toluene (5-cycles). Lowering the concentration of TIPS-Nap
from 1 mM to 0.1 mM in the upconversion mixture results in
the UV-Vis absorption onset around 373 nm to blue shift by
about 10 nm (Figure S14, SI). Similarly, fluorescence of TIPS-
Nap blue shifts (Figure S21, SI) due to minimized reabsorption
in the upconversion mixture with 0.1 mM TIPS-Nap compared
to that of the case with 1 mM TIPS-Nap. Figure 3 summarizes
comparison of TTA-UC QYs without reabsorption correction
(practical output flux of upconverted light). TTA-UC QYs
before reabsorption correction are considered for the discussion
below. For comparison, TTA-UC QYs after reabsorption
correction are included in Table S1, SI. TTA-UC with 25 uM
4CzBN, 1 mM TIPS-BT and 0.1 mM TIPS-Nap mixture shows
a TTA-UC QY of 7.2 + 0.3% (Figure 3 and SI, Table S1, entry
3) which is almost 4 times higher compared to the system
without mediator (i.e. 25 uM 4CzBN and 0.1 mM TIPS-Nap).
In the absence of mediator TTA-UC QY was 2.0+ 0.1% (Figure
3 and SI, Table S1, entry 4). It is noteworthy to mention that
TTA-UC QY with 25 pM 4CzBN, 1 mM TIPS-BT and 0.1 mM
TIPS-Nap is slightly higher (7.2 £ 0.3%) than that of the
traditional two-component system with higher concentration of
annihilator ie. 1 mM TIPS-Nap and 25 pM 4CzBN,
(6.05+0.5%), (Figure 3 and SI, Table S1, entry 1 and entry 3).
Lowering the concentration of annihilator further, to only 0.01
mM TIPS-Nap, with 1 mM TIPS-BT mediator, the TTA-UC
QY decreases slightly to 5.4+0.1% (Figure 3 and SI, Table S1,
entry 5). Yet, in the absence of mediator the TTA-UC QY with
0.01 mM TIPS-Nap was a mere 0.15+0.02% (Figure 3 and SI,
Table S1, entry 6).

The importance of reabsorption can be illustrated by
comparing the measured TTA-UC QY with the reabsorption
corrected values. For the two-component system with 1 mM
TIPS-Nap reabsorption accounts for a 52% loss in intensity as
the corrected TTA-UC QY is 12.6+0.3% compared to
6.05+0.5% before correction (SI, Table S1, entry 1). For the
three-component system with 0.1 mM TIPS-Nap reabsorption

accounts for 41% signal loss (SI, Table S1, entry 3) and with
0.01 mM TIPS-Nap the reabsorption loss is only 31% (SI, Table
S1, entry 5). The fact that there is still 31% reabsorption in the
low concentration sample can be explained by the absorption
overlap of the sensitizer in the emission region (SI, Figure 21).

On increasing the concentration of mediator TIPS-BT to 10
mM, while maintaining the concentration of sensitizer at 25 uM
and annihilator at 0.1 mM, no significant change in the
upconversion QY is observed i.e. 6.7+0.3% (Figure 3 and SI,
Table S1, entry 9).

To investigate whether the mediator itself is undergoing
TTA-UC and contributing to the overall upconversion
efficiency TTA-UC experiments with | mM TIPS-BT and 25
uM 4CzBN were performed. The TTA-UC QY for the 1 mM
TIPS-BT and 25 uM 4CzBN systems is approximately 6.5
times lower (1.0+0.1%) than 1 mM TIPS-Nap and 25 uM
4CzBN. This low TTA-UC QY is attributed to the ~ 6 times
lower fluorescence QY of TIPS-BT (11.9% in toluene),
compared to that of TIPS-Nap (77% in toluene**). The low
emission QY from the mediator, yet high TTA-UC QY from the
three-component system suggests that homo-TTA of the
mediator is a minor problem and that TIPS-BT indeed acts as a
mediator for energy transfer from sensitizer to annihilator.

To understand the generality of the mediator approach, we
switch the mediator to 1,4-bis[2-[tris(1-methylethyl)silyl]-
ethynyl]benzene, TIPS-Ph. The triplet energy of TIPS-Ph is
2.64 eV*8 slightly higher than TIPS-BT (T: =2.37 eV) but still
in between that of 4CzBN (T = 2.71 eV) and TIPS-Nap (T: =
2.12 eV) complying the requirement for mediator for triplet
energy transfer. The concentration of annihilator and sensitizer
is maintained at the same level as that of the best TTA-UC
system with 1 mM mediator TIPS-BT i.e. 0.1 mM TIPS-Nap
and 25 puM 4CzBN. The concentration of TIPS-Ph was
maintained at 1 mM. Under this condition TTA-UC QY is quite
low, 3.0+0.2% (Figure 3 and SI, Table S1, entry 10). Yanai and
co-workers*® reported TIPS-Ph as an annihilator for TTA-UC
in the presence of 4CzBN sensitizer with TTA-UC QY of 1 %,
albeit at high concentration 10 mM of annihilator, suggesting
that TET from 4CzBN to TIPS-Ph might not be as efficient as
for the TIPS-Nap. Nevertheless, given that the TTA-UC system
with TIPS-Ph mediator shows a higher TTA-UC QY (Figure 3
and SI, Table S1, entry 10) compared to the TTA-UC QY of the
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two-component system with only 0.1 mM TIPS-Nap (Figure 3
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Figure 4. Time profile of the triplet excited state absorption for a) TIPS-Nap at 390 nm and b) TIPS-BT at 360 nm in samples with 25 uM
4CzBN and either 1 mM TIPS-Nap or TIPS-BT, excited at 410 nm with 2.3 mJ/pulse. ¢) Time profiles at 360 nm (orange) and 450 nm
(green) of a sample containing 25 M 4CzBN, 1 mM TIPS-BT and 0.1 mM TIPS-Nap, with the same excitation conditions as in a) and b).
Trace at 360 nm corresponds to majority TIPS-BT triplet absorption and traces at 450 nm mostly TIPS-Nap triplet absorption. Dashed lines
are modelled triplet populations and solid lines are weighted sums of both TIPS-Nap and TIPS-BT triplet populations. d) Kinetic trace of
upconverted emission detected at 370 nm for the same conditions as in c). Solid lines indicate normalized population dynamics of mediator
and annihilator singlet states (S1), and the dashed line a fluorescence QY weighted sum of the mediator and annihilator S1 populations. e)
Experimental (solid green) and modelled (open purple) upconversion quantum yields as a function of excitation power density for 25 uM
4CzBN, 1 mM TIPS-BT and 0.1 mM TIPS-Nap. f) modelled Si population as a function of excitation power density for high (0.1 mM, solid)
and low (0.01 mM, open) concentrations of TIPS-Nap annihilator with 1 mM TIPS-BT mediator and 25 pM 4CzBN. g) as in f) but triplet
excited state (T1) population of mediator (green) and annihilator (purple) species. h) The ratio of hetero-TTA and the sum of annihilator and
mediator homo-TTA as a function of excitation power density for low (0.01 mM, green) and high (0.1 mM, purple) concentrations of

annihilator.

SI, Table S1, entry 4), indicates that TIPS-Ph does act as a
mediator, but with less efficiency compared to that of TIPS-BT.
Contribution of TTA-UC from TIPS-Ph itself is also minimized
in the mixture of 25 uM 4CzBN, 1 mM TIPS-Ph and 0.1 mM
TIPS-Nap as TIPS-Ph needs to be in higher concentration (10
mM) to undergo efficient TTA-UC as per the previous report
from Yanai and co-workers.*® It is evident from Table S1, TIPS-
BT acts as better mediator compared to TIPS-Ph (Figure 3 and
SI, Table S1, entry 10) under the same concentration of
sensitizer and annihilator. Since the absorbance of TIPS-Ph and
TIPS-BT looks nearly identical (Figure S15, SI) it is unlikely
that the lower efficiency of TIPS-Ph as a triplet mediator arises
due to greater reabsorption of upconverted emission by TIPS-
Ph. Instead, it is likely due to slower and less efficient TETS~M
as reported previously (krer ~6x107 M™'s2).48

Mechanistic insights to mediator enhanced TTA

We use nanosecond-to-millisecond flash photolysis to gain
further insights into the mediator enhanced TTA-UC process.
First, the mediator and annihilator are studied alone with

4CzBN as sensitizer. Figure 4a and b show the kinetics
associated with the TIPS-Nap (annihilator) and TIPS-BT
(mediator) triplets. Fitting the kinetic profile according to
conventional TTA-UC kinetics (Ref.#%%0, see details in SI
Section 10) with the TTA rate constant (krra) as the sole fitting
parameter indicates that both TIPS-Nap and TIPS-BT have
similar krra of about 1x10° M's!. With krra and the
experimental threshold intensity (1:x) we then extract the triplet
lifetimes according to equation 2:

2
kT
2krrac[Sens]

2)

Itp

Where kr is the inverse of the triplet lifetime, « is the absorption
cross-section of the sensitizer at the excitation wavelength, and
[Sens] is the sensitizer concentration.

We observe that the triplet lifetime of TIPS-BT (156 ps) is
slightly shorter than TIPS-Nap (194 ps), perhaps due to the
incorporation of the slightly heavier sulphur atom in the
structure.
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Importantly, the model works well to reproduce both the
kinetic traces, the reabsorption corrected steady-state TTA-UC
QYs and intensity ramps for the bimolecular systems (Figures
S35 and S36). We then extend the model to a three-component
system where we consider: triplet energy transfer from the
sensitizer to both mediator and annihilator; triplet energy
transfer from mediator to annihilator; homo-TTA between
either two triplet excited mediators or two triplet excited
annihilators; as well as hetero-TTA between one triplet excited
mediator and one triplet excited annihilator. The full kinetic
model is described in the SI.

Flash photolysis measurements of the three-component
system (25 uM 4CzBN, 1 mM TIPS-BT, 0.1 mM TIPS-Nap)
show an initial rise of the mediator triplet followed by a delayed
population of the annihilator triplet state, Figure 4c. These
trends can be reproduced with the kinetic model using rate
constants (krra and krer) for the mediator and annihilator
determined from the individual measurements.

We also look at the delayed UC emission and find that the
UC emission peaks at 10 ps Figure 4d. Since UC emission will
result from the population of either the mediator or annihilator
singlet excited state (S1) we compare the UC time profile to our
model. The kinetic model predicts early population of mediator
Si, maximizing at 1 ps. Furthermore, in the steady-state UC
measurements we only observe annihilator fluorescence,
leading us to conclude that the UC signal arises from annihilator
emission. Without hetero-TTA in the model the annihilator Si
reaches a maximum at a longer time scale than what is observed
(16 ps). Introducing a hetero-TTA channel with krra-hetero =
2krTA-nomo yields an excellent match with the time profile, Figure
3d. At this stage it is unclear why hetero-TTA would have a
larger rate constant than homo-TTA, perhaps it is due to the
slightly larger driving force for TTA when a higher energy
mediator triplet is consumed to populate the annihilator singlet.
Cao et al.®® saw a lowering of the excitation intensity
dependence on the UC emission in three-component systems,
yet no satisfactory explanation has been presented. However,
their observations are in line with an increased rate constant of
hetero-TTA compared to homo-TTA, as suggested by our
model.

As an alternative to hetero-TTA, singlet annihilators could be
populated from singlet energy transfer (SET) from mediator
singlets. However, to fit the experimental UC time-profile a
SET rate constant >10" M's™! is required which is far beyond
the diffusion limit. Furthermore, the shape of the annihilator Si
kinetics becomes broader than what is observed experimentally.
Additionally, considering the low fluorescence QY of the
mediator TIPS-BT, the TTA-UC QY's would be reduced if the
main annihilator S; population pathway was through SET. We
thus only include the hetero-TTA channel in our further
analysis. For example, the model also yields excellent
agreement to the experimental steady-state TTA-UC QY
measurements, Figure 4e and S37.

With a satisfactory model, we now use it to shed further
mechanistic insight to mediator enhanced TTA and compare to
previous reports in the literature. In 2023 Glaser et al.3*
demonstrated a mediator enhanced TTA-UC system using
Coulomb interactions to increase the sensitizer to mediator
triplet energy transfer rate constant (krerS>™) beyond the
diffusion limit. In Figure 5 we show the effect of varying
krer®®M for different systems. In our system with 1 mM
mediator and 0.1 mM annihilator there is little benefit of

increasing the triplet energy transfer rate from 10° M-'s! to 10'°
M-'s!. Yet, in a situation where the sensitizer lifetime is 10
times shorter (600 ns), there is a 3 times enhancement in UCQY
with the same change. Furthermore, with a larger krer>™™ a
lower mediator concentration can be used to achieve the same
UC efficiency. Similar analysis, but varying the rate constants
for intrinsic triplet decay of the mediator (kt57) or sensitizer
(kt%), the rate constants for hetero or homo-TTA (krTa-hetero and
kTTAn0mo, TEspectively), (Figure

Annihilator UCQY

1 mM Mediator, 0.1 mM Annihilat

102 @ 0.1 mM Mediator, 0.1 mM Annihilat b
1) 1 mM Mediator, 0.01 mM Annihilator

‘ 1 mM Mediator, 0.1 mM Annihilator, k,x 10

107 108 10° 100 10"

Krer" (M7s™)

Figure 5. Modelled upconversion quantum yield originating from
annihilator emission as a function of sensitizer to mediator triplet
energy transfer (TET) rate constant (krers>M) for 4 different
trimolecular systems. ksx10 refers to the case with a 10 times
shorter sensitizer triplet lifetime, here 600 ns.

S39) indicate that the current system is close to optimal, and
shorter triplet lifetimes and slower TTA will have a negative
effect on the UC efficiency, as can be deduced for the
corresponding bimolecular TTA-UC systems.

Another interesting comparison is to that of a mediator
enhanced TTA-UC system in the solid state using rubrene as
annihilator and tetracene as mediator, reported by Carrod et al.*3
They found that hetero-TTA decreased with excitation intensity
as the local mediator triplet concentration ([*M*]) increased and
led to increased mediator homo-TTA. In solution with efficient
triplet migration through diffusion homo-TTA of the mediator
is expected to be less of an issue.

In solution, we find that hetero-TTA is more important at low
annihilator concentrations (0.01 mM annihilator, Figure 4h).
Hetero-TTA and TTA-UC QY are maximized when annihilator
and mediator triplet concentrations are equal, as predicted by
Schmidt and Castellano3® (Figure 4g and h, and S38). However,

in their analysis their analytical solutions were limited to low
excitation intensity regions where triplet decay mainly occurs
through intrinsic decay. With 0.1 mM annihilator TET is
sufficiently efficient to keep [A*] well above [*M*] and
consequently annihilator homo-TTA dominates at intensities
below 10 000 W/cm? (Figure S40).

Similarly, at low intensities TTA is inefficient due to low
[*M*] and [2A*], resulting in TET from mediator to annihilator
to dominate the [*M*] decay for both 0.1 mM and 0.01 mM
annihilator concentrations. Consequently, homo-TTA of [*A*]
is the main source of UC emission, Figure 4f. At low annihilator
concentration (0.01 mM) but higher intensities the [A*]
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concentration saturates as the annihilator ground state
population is depleted significantly and mediator to annihilator
TET levels off. Instead [*M*] increases and mediator homo-
TTA and hetero-TTA dominates over annihilator homo-TTA.
Due to the low fluorescence quantum yield of the mediator,
homo-TTA of 'M* will result in ~6 times lower TTA-UC QY
compared to the same [!A*]. Hence when ['M*] dominates in
Figure 4f it translates to a decrease in the TTA-UC QY due to
mediator homo-TTA, as observed experimentally Figure S37.

On the other hand, at high (0.1 mM) annihilator
concentrations [!A*] dominates over ['M*] due to efficient
annihilator homo-TTA, Figure 4f. For low annihilator
concentrations (0.01 mM) ['A*] is the majority product until
about 750 W/cm?, when ['M*] crosses over and becomes the
dominant product. This crossover occurs at much higher
excitation densities than where [*M*] becomes dominant
(Figure 4g), thanks to efficient hetero-TTA still yielding [!A*].
At intensities beyond 1000 W/cm? (0.01 mM annihilator)
mediator homo-TTA is expected to dominate fully, analogous
to the solid-state case reported by Carrod et al.** With a higher
annihilator concentration (0.1 mM) the leveling off of [PA*] due
to annihilator ground state depletion is slower and requires a
significantly higher intensity, beyond what our experimental
setup can achieve. Yet with a stronger sensitizer absorption, one
might approach such regimes also in solution.

CONCLUSIONS

Herein we demonstrate a three-component upconversion
system comprising a sensitizer, an annihilator and a triplet
mediator. The triplet mediator ensures efficient triplet energy
transfer from sensitizer to annihilator, allowing us to reduce the
annihilator concentration by a factor of 100 which in turn
reduces the intrinsic reabsorption of the system from 50% to
31%. Our approach increases the range of possible sensitizer
and mediator molecules by not restricting them to charged
species with Coulombic interactions or covalently linked dyads.
We also present a detailed mechanistic model and evaluate the
rate-constant for hetero-TTA (TTA between a mediator and an
annihilator). To the best of our knowledge this is the first time
a hetero-TTA rate constant has been estimated. Importantly, the
rate constant of hetero-TTA appears to be larger than the homo-
TTA rate constants, possibly due to a larger energetic driving
force for TTA. Overall, this work presents a mechanistic basis
to further explore mediator enhanced TTA-UC systems.
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General Experimental details

All glassware was dried in an oven at 110 °C before reaction unless otherwise mentioned where dry
glassware was not needed. All reactions were performed under argon atmosphere using standard
Schlenk-line technique unless otherwise mentioned. For dry solvents, THF and toluene were
collected from Pure Solve MD7 solvent purification system and used as such without further drying.
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All the chemicals are used as such received from vendors without further purification. NMR
experiment performed with Jeol Eclipse+ 400 spectrometer for 1H-400 MHz, 13C-101MHz spectra at
room temperature. The chemical shift values were reported in parts per million (PPM or 9)
referenced to the residual solvent signal. For CDCl3 it is 7.26 PPM for 1H-NMR and 77.16 PPM for 13C
NMR.! NMR spectra of all compounds are recorded in CDCl3.The abbreviations s, singlet; d, doublet;
t, triplet; g, quartet; m, multiplet; and brs, broad singlet used to describe multiplicities.

For high-resolution mass spectrometry (HRMS) experiments, the compounds were dissolved in
aceotinitrile (ACN) and mixed 1:1 with 2,5-dihydroxy benzoic acid (DHB) matrix solution (35mg/ml
in 50% ACN/%0.01TFA) and 1 pl of mixed solution from each compound was spotted on MTP 384
ground steel target plates (Bruker Daltonics) and left for drying at room temperature. HR-MS
experiments were performed in positive ionization mode using a matrix-assisted laser
desorption/ionization Fourier-transform ion cyclotron resonance (MALDI-FTICR) (7T solariX XR-
2w, Bruker Daltonics) mass spectrometer equipped with a Smartbeam II 2 kHz laser. The instrument
was tuned for optimal detection of compounds (m/z 200-2000) in both polarities using the
quadrature phase detection (QPD) (2w) mode and methods were calibrated externally with red
phosphorus over an appropriate mass range for each compound analysis. Either M+ or [M+H]* ions
were detected for each compound and ppm errors were calculated. Molecular ion m/z values of each
compound were calculated using Isotope pattern software (Bruker Daltonics). Molecular isotopic
distributions of each molecule were also checked for validating the identity of the molecule.

Reactions were monitored by thin layer chromatography technique. Column chromatography
techniques were used to isolate the product after the chemical reaction. Silica gel 200-400 mesh used
for column chromatography. Freshly prepared lithium diisopropylamide solution? was used
whenever  required. The chemicals 1,4-dibromo-2-fluorobenzene, dimethyl(2-
Oxopropyl)phosphonate,  sodium-2-methyl-2-propanethiolate, ~ Cul, PPh3, Pd(PPhs3)2Cl,,
triisopropylsilylacetylene, DMF, tosyl chloride, sodium azide, and potassium carbonate were
purchased from Sigma-Aldrich. Gold(I) chloride was purchased from abcr. For the synthesis
involving TIPS-Nap, TIPS-BT and TIPS-Ph standard procedure® of Sonogashira coupling was
followed. TIPS-BT was synthesized by following the procedure reported earlier.*

Photophysical experiments

All the experiments involving triplet-triplet annihilation upconversion (TTA-UC) experiment were
performed in deaerated toluene. Samples were prepared inside the glove box under argon
atmosphere (with H,0 and O;level below 0.1 ppm). For all experiments involving TTA-UC and Stern-
Volmer quenching same stock solution of sensitizer, annihilator and mediator was used to minimize
the error associated with the sample preparation. Toluene was deaerated by using standard
technique of freeze-pump-thaw (5 cycles). The solution of upconversion mixture was prepared inside
the Glovebox in a cuvette with 4 mm path length in one side and 10 mm path length in the opposite
side. For TTA-UC QY measurement, UV-Vis absorption was recorded through 4 mm and converted to
the absorbance that correspond to 10 mm pathlength. For TTA-UC QY determination, sample was
excited across 10 mm path of cuvette with emitted light detected in 90° angle, passings through the
4 mm path to minimize reabsorption of emitted light. For the UC QY determination, absorbance
across 10 mm path length (excitation path) was considered. The steady state UV-visible absorption
spectra were performed using Agilent Cary 50 spectrometer. Steady state fluorescence spectra and
emission decay kinetics were recorded using FS5 Spectrofluorometer from Edinburgh Instruments.
Upconversion experiments were performed using FLS1000 Photoluminescence Spectrometer from
Edinburgh Instruments using an external 405 nm CW laser (MPN:X-11I-405, 200 mW, Edinburgh
Instruments) with a spot size of 12000 uM2. Upconversion quantum yield @, was determined by
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the relative method>® using the standard compound Coumarin 153 in aerated ethanol (®r= 0.53) as
per the equation-1, below. Here, A,- and A, absorbance of reference compound and upconversion
sample at the excitation wavelength, Fj;- and F. are integrated emission intensity of upconversion
sample and reference compound, 7, and 7ny. are refractive index of solvent used for reference
sample and upconversion sample respectively.

Ayc Fyc 17
A, E ni.

Dye = cpr[ ] e (1)

TTA-UC QY values reported after relative method without any correction as well as with correction
for reabsorption of emitted light by annihilator. Previously reported method’® was employed to
correct for reabsorption where the fluorescence spectra of a dilute solution of annihilator is
normalized to the upconverted emission spectra at a wavelength in the lower energy region of
emission spectra with minimal reabsorption.

The flash-photolysis experiments were carried out using a Nd:YAG laser (Ekspla, NT342B laser) as
the source of excitation of the samples with an OPO set at 410 nm having energies of 2 m] /pulse. The
spectrometer (LP920, Edinburgh Instruments) comprises a pulsed 450 W ozone-free Xe arc lamp, a
symmetrical Czerny-Turner monochromator (TMS300) with 5 nm bandwidth and detectors for both
single kinetic traces (LP900 photomultiplier, with Tektronix TDS3012C oscilloscope) and entire
spectra (Andor SH720 ICCD camera).

Synthesis
Synthesis of TIPS-Nap; 1,4-bis[2-[tris(1-methylethyl)silyl]ethynyl|naphthalene
TIPS
Br | |
Y Pd(PPh3),Cl, Cul, PPh, «
OO * >78i == THF/ Diisopropylamine ©i/
)\ 80°C, 16 h
Br | |
7 8 9
TIPS

Procedure for this synthesis was adapted from the previous report3. A 250 mL two neck round bottomed
flask was charged with 1, 4-dibromo naphthalene (1.44 g, 5.04 mmol, 1 equiv), Cul (60.5mg, 0.317 mmol,
0.06 equiv), PPh3(1.44 mg, 0.317 mmol, 0.06 equiv) and Pd(PPhs),Cl,(80.06 mg, 0.114 mmol, 0.02 equiv).
The flask was purged with argon. Subsequently dry THF (40 mL) and diisopropyl amine (36 mL) was added
under argon atmosphere. The reaction mixture was stirred at 80 °C for 5 minutes. The reaction mixture
changed to orange colour. This was followed by the dropwise addition of triisopropylsilylacetylene under
argon atmosphere (4.36 mL, 18.13 mmol, 3.6 equiv). It was further stirred at 80 °C for 16 h. Reaction was
monitored by TLC. After the completion of reaction, the reaction mixture was cooled down to room
temperature. Solvent was evaporated under reduced pressure in rotary evaporator. Crude material was
dissolved in DCM (30 mL) and added DI water (30 mL). Organic layer separated and aqueous layer was
further extracted with DCM (3 x 30 mL). Combined organic layer was dried with anhy. Na,SO, and
concentrated under reduced pressure. It was further purified by column chromatography.

Column chromatography: Crude material was adsorbed over ~ 5 mL of silica. Slurry of silica (100 mL) in
heptane was loaded into a column. To the silica packed column, crude material adsorbed over silica was
added. Column was further eluted with 400 mL of 100 % heptane. Eluent was collected as 25 mL fraction
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in a test tube. Two sets of fractions were collected. First set of fractions from 9-12 had some nonpolar
impurity as seen from TLC. Second set from 9-12 was pure by TLC. Impure fractions were combined and
subjected to second column chromatography under the same condition mentioned above. Pure fractions
from first and second column chromatography combined and concentrated to get pure product (2.12 g,
yield = 88%).

Characterization: White solid, Ry 0.8 in 100% heptane. *H NMR (400 MHz, CDCl3): 6 8.39 (m, 2H), 7.65 —
7.57 (m, 4H), 1.19 (m, 42H). 13C NMR (101 MHz, CDCls): & 133.35, 130.29, 127.32, 126.76, 121.91, 104.89,
97.93, 18.92, 11.54. MALDI-HRMS m/z: Mass calculated for [M*] ion for C3;HssSi,; theoretical = 488.3295,
Observed = 488.3284, | Appm| = 2.2 ppm.

Synthesis of TIPS-Ph; 1,4-bis[2-[tris(1-methylethyl)silyl]ethynyl]benzene

TIPS
Br | |
N Pd(PPhs),Cl,, Cul, PPh,
o X
* >7S'__ THF/ Diisopropylamine | P
)\ 80 °C,16h
Br | |
10 8
TIPS
9

Procedure for this synthesis was adapted from previous report®. A 250 mL two neck round bottomed
flask was charged with 1, 4-dibromo benzene (1.44 g, 6.10 mmol, 1 equiv), Cul (69.75 mg, 0.366
mmol, 0.06 equiv), PPh3z (96 mg, 0.366 mmol, 0.06 equiv) and Pd(PPhs3).Cl; (86 mg, 0.122 mmol, 0.02
equiv). The mixture was purged with argon. Subsequently added dry THF (40 mL) and diisopropyl
amine (36 mL) under argon atmosphere. The reaction mixture was stirred at 80 °C for 5 minutes. The
reaction mixture changed to orange colour. Then added triisopropyl silylacetylide (5.28 mL, 21.97
mmol, 3.6 equiv) under argon atmosphere. It was further stirred at 80 °C for 16 h. Reaction was
monitored by TLC. After the completion of reaction, the reaction mixture was cooled down to room
temperature. Solvent was evaporated under reduced pressure in rotary evaporator. Crude material was
dissolved in DCM (30 mL) and added DI water (30 mL). Organic layer separated and aqueous layer was
further extracted with DCM (3 x 30 mL). Combined organic layer was dried with anhy. Na,SO, and
concentrated under reduced pressure. It was further purified by column chromatography.

Column chromatography: Crude material was adsorbed over ~ 5 mL of silica. Slurry of silica (100 mL) in
pentane was loaded into a column. To the silica packed column, crude material adsorbed over silica was
added. Column was further eluted with 400 mL of 100 % pentane. Eluent was collected as 25 mL fraction
in a test tube. Fractions 8-20 had product along with nonpolar impurity. It was further subjected to the
second column chromatography under the condition mentioned above to get pure product. (2.2 g, yield
= 82%).

Characterization: White solid, Ry: 0.8 in 100% pentane. *H NMR (400 MHz, CDCls): 6 7.39 (s, 4H), 1.13 (s,
42H). 13C NMR (101 MHz, CDCl5): 6 131.92, 123.50, 106.78, 92.81, 18.81, 11.45. MALDI-HRMS m/z: Mass
calculated for [M*] ion for Cs2HasSiz; theoretical = 438.3138, Observed = 438.3131, | Appm| = 1.6 ppm.
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Synthesis of 3,6-dibromo-2-fluorobenzaldehyde

Br Br
F Li 1. THF, -78 °C, 45 min F
+ \rN\( >
2. DMF, -78 °C, 5 min CHO
Br Br
1 10 2

Procedure for this synthesis was adapted from previous report'®. For the synthesis of aldehyde derivative
freshly prepared LDA solution was prepared. For the preparation LDA solution, a 50 mL round bottomed
flask was charged with 10 mL of dry THF and 2.5 mL of diisopropyl amine (freshly distilled over CaH;). The
mixture was cooled to -78 °C and added nBuLi (2.5 M in hexane). It was stirred for about a minute and
used as such for the next step.

A 100 mL Schlenk flask was charged with 1,4-dibromo-2-flouro benzene (4 g, 15,75 mmol, 1 equiv) and
flushed with argon. Then added 40 mL of dry THF and the mixture was cooled to -78 °C in lig. N2 / acetone
bath. Subsequently added freshly prepared LDA solution (15,91 mL, 1 M, 15,91 mmol, 1.01 equiv) and
stirred at the same temperature for 45 min. Afterwards DMF (3,05 mL, 39,39 mmol, 2.5 equiv) was added.
The mixture was further stirred for 5 min and then quenched with 4 mL of DI water. The reaction mixture
was allowed to warm to room temperature. Further 10 mL of DI water was added. Organic layer was
separated and aqueous layer was extracted with ethyl acetate (3 x 20 mL). Combined organic layer
washed with brine solution, dried with anhy. Na;SO,, followed by filtration and concentration under
reduced pressure. To the mixture n-heptane was added and the slurry formed was cooled to -70 °C and
solid formed was filtered. The filtrate obtained was further cooled to -77 °C and the solid material formed
was again filtered. Filtered solid material (yellow, fluffy solid) was combined and used as such without
further purification for the next step described below. (Crude mass = 4.3 g, crude yield = 96%).

Synthesis of 3,6-dibromo-2-[(1,1-dimethylethyl)thio]benzaldehyde

Br Br
F S-t-Bu
+ t-BuSNa DMF, -45°C, 7 h
CHO 1 CHO
Br Br
2 3

Procedure for this synthesis was adapted from previous report®. A 50 mL round bottomed flask was
charged with 3,6 dibromo-2-flourobenzaldehyde (4.0 g, 14,19 mmol, 1.0 equiv) and flushed with
argon. Then added 20 mL of dry DMF. Another 100 mL Schlenk flask was charged with sodium-2-methyl-
2-propanethiolate, t-BuSNa (1.75 g, 15.61 mmol, 1.1 equiv) and flushed with argon. Then added 12
mL of dry DMF and cooled to -45 °C (in acetonitrile/lig. N> mixture). To this mixture previously prepared
solution of 3,6 dibromo-2-flourobenzaldehyde in 20 mL of dry DMF was added at -45 °C. The reaction
mixture was further stirred at the same temperature for 7 h. Reaction was monitored by TLC. Upon
completion of reaction, it was poured into saturated solution of NH4Cl (20 mL). Then added 10 mL of
diethyl ether. Organic layer was separated. Aqueous layer was extracted with diethyl ether (3 x 20
mL). Combined organic layer was dried with anhy. Na,SO4 and concentrated under reduced pressure.
It was further purified by column chromatography.
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Column chromatography: Crude material was adsorbed over ~ 10 mL of silica. Slurry of silica (90 mL) in
pentane was loaded into a column. To the silica packed column, crude material adsorbed over silica was
added. Column was further eluted with 100% pentane and DCM/ pentane mixture. Eluent was collected
as 25 mL fraction in a test tube. Following solvent mixtures were eluted.

300 mL of 100 % pentane, 200 mL of 2.5 % DCM/ pentane, 200 mL of 5 % DCM/ pentane, 200 mL of 10 %
DCM/ pentane, 200 mL of 12.5 % DCM/ pentane, 200 mL of 15 % DCM/ pentane, 200 mL of 20 % DCM/
pentane. Clean fractions from 19-25 concentrated to get pure product. (4.0 g, yield = 80 %).

Characterization: Yellow solid, Ry 0.4 in 20% DCM in pentane. *H NMR (400 MHz, CDCls): 6 7.39 (s, 4H),
1.13 (s, 42H). 13C NMR (101 MHz, CDCI3): 6 192.39, 143.53, 137.53, 136.82, 136.36, 134.63, 119.89, 52.71,
31.64. MALDI-HRMS m/z: Mass calculated for [M+] ion for C32H4sSiz; theoretical = 349.8976, Observed
=349.8972, |Appm | = 1.1 PPM.

Synthesis of tosyl azide

(IZI N3
0=S=0 0=S=0
Acetone/ water
0°C,25h
+ NaN3
13
12 14

Procedure for this synthesis was adapted from previous report?'. A 100 mL round bottomed flask was
charged with 4 g of tosyl chloride. Then added 25 mL of acetone and 25 mL of water. The mixture was
cooled to 0 °C in an ice bath. Subsequently added sodium azide portion wise. It was further stirred at
the same temperature for 2.5 h. The rection mixture was concentrated to the half of initial volume
under reduced pressure. Then added 20 mL of diethyl ether. Organic layer was separated and the
aqueous layer was extracted with diethyl ether (3 x 20 mL). Combined organic layer was dried with
anhy. Na;S0. and concentrated under reduced pressure in rotary evaporator with maintaining the
temperature of water bath at room temperature. Crude material (pale yellow solid) was taken as such
for the next step described below. (Crude mass = 4.0 g, crude yield = 96%).

Synthesis of dimethyl (1-diazo-2-oxopropyl)phosphonate

0o o 0o o
'FIQJ\ 1.NaH, Toluene/ THF, 0 °C, 1 h s
MeO—; -~ MeO—;
MeO MeO
15 (,), N,
2. S-Ng . 1t, 12h 16

O
14

Procedure for this synthesis was adapted from previous report*?. A 100 mL Schlenk flask was charged with
NaH (722 mg, 60% dispersion in mineral oil, 18.06 mmol, 1.5 equiv). Then added 25 mL of toluene and 7
mL of THF. The mixture was cooled to 0 °C. Subsequently dimethyl acetylmethylphosphonate (2 g, 12.04
mmol, 1 equiv) was added to the mixture at the same temperature. The mixture was stirred for 1 h at 0
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OC. Afterwards tosyl azide (2.37 g, 12.04 mmol, 1 equiv) was added and the mixture was further stirred
for 12 h at rt. Then the mixture was filtered over Celite pad and the filtrate was concentrated under
reduced pressure in rotary evaporator with maintaining the temperature of water bath at room
temperature. Crude material (orange oily liquid) was taken as such for the next step described below.
(Crude mass = 2.3 g, crude yield = 99%).

Synthesis of 1,4-dibromo-2-[(1,1-dimethylethyl)thio]-3-ethynylbenzene

o o Br K,COs Br
I S-BU  Methanol, 0°C - rt, 2 h S-t-Bu
MeO’P\H)J\Me +
MeO L, CHO X
16 Br Br
3 4

Procedure for this synthesis was adapted from previous report®. A 100 mL round bottomed flask was
charged with aldehyde derivative (4.57 g, 12.98 mmol, 1.2 equiv) and added 50 mL of methanol.
Aldehyde derivative was made sure to dissolve completely in methanol. Another 250 mL Schlenk
flask was charged with dimethyl acetylmethylphosphonate (4.99 g, 25.96 mmol, 2 equiv) and added
60 mL of methanol. Subsequently added potassium carbonate (5.38 g, 38.93 mmol, 3 equiv) and the
mixture was cooled to 0 °C in ice bath. To this mixture, previously prepared solution of aldehyde
derivative in 50 mL of methanol was added at 0 °C. The mixture was allowed to warm to rt. and
stirred at the same temperature for 2 h. Reaction was monitored by TLC. Upon completion of reaction
the mixture was poured into DI water (20 mL) and added 20 mL of DI water. Organic layer was
separated and aqueous layer was extracted with diethyl ether (3x 10 mL). Combined organic layer
was washed with brine solution and dried over anhy. Na»SO4. It was concentrated under reduced
pressure in rotary evaporator and purified by column chromatography.

Column chromatography: Crude material was adsorbed over ~ 10 mL of silica. Slurry of silica (200 mL) in
pentane was loaded into a column. To the silica packed column, crude material adsorbed over silica was
added. Column was further eluted with 100% pentane and DCM/ pentane mixture. Eluent was collected
as 25 mL fraction in a test tube. Following solvent mixtures were eluted.

100 mL of 100 % pentane, 200 mL of 2.5 % DCM/ pentane, 200 mL of 5 % DCM/ pentane, 200 mL of 7.5 %
DCM/ pentane, 200 mL of 10 % DCM/ pentane, 200 mL of 12.5 % DCM/ pentane, 200 mL of 15 % DCM/
pentane and 200 mL of 17.5% DCM/ pentane. Clean fractions from 16-36 concentrated to get pure
product. (3.4 g, yield = 75 %).

Characterization: White solid, Ry: 0.8 in 20% DCM in pentane. *H NMR (400 MHz, CDCls):  7.54 (d, J = 8.6
Hz, 1H), 7.45 (d, J = 8.7 Hz, 1H), 3.65 (s, 1H), 1.42 (s, 10H). *C NMR (101 MHz, CDCI3): 6 138.93, 134.06,
134.02, 133.92, 133.59, 126.13, 87.27, 82.72, 53.06, 32.00. MALDI-HRMS m/z: Mass calculated for [M+]
ion for C3;H4gSiz; theoretical = 345.9026, Observed = 345.9021, |[Appm| = 1.4 ppm.
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Synthesis of 4,7-dibromobenzo[b]thiophene

Br AUC Br
S-t-Bu , ) , S
1,4-dioxane, water, r.t, 10 min.
Y4
A
Br Br
4 5

Procedure for this synthesis was adapted from previous report.*A 100 mL round bottomed flask was
charged with dibromo thiol derivative (3.38 g, 9.71 mmol, 1 equiv). Then added 1,4-dioxane (30 mL)
and DI water (6 mL). Subsequently added gold chloride, AuCl (90.27 mg, 0.3884 mmol). The reaction
mixture was stirred at rt for 10 min. Reaction was monitored by TLC. Upon completion of reaction
solvent was evaporated in rotary evaporator and the crude material was purified by column
chromatography.

Column chromatography: Crude material was adsorbed over ~ 10 mL of silica. Slurry of silica (100 mL) in
pentane was loaded into a column. To the silica packed column, crude material adsorbed over silica was
added. Column was further eluted with 600 mL of 100% pentane. Clean fractions from 9-19 concentrated
to get pure product. (2.6 g, yield = 92 %).

Characterization: White solid, Ry 0.8 in 100% pentane. *H NMR (400 MHz, CDCls): 6 7.62 — 7.54 (m, 2H),
7.43 (d, J = 8.1 Hz, 1H), 7.35 (d, J = 8.1 Hz, 1H). 3C NMR (101 MHz, CDCI3): & 142.34, 140.21, 128.79,
128.39, 128.04, 125.55, 116.53, 115.04. MALDI-HRMS m/z: Mass calculated for [M+] ion for C32HasSiy;
theoretical = 289.8400, Observed = 289.8394, |[Appm | = 2.1 ppm.

Synthesis of TIPS-BT; 4,7-bis[2-[tris(1-methylethyl)silyl]ethynyl|benzo[b]thiophene
TIPS

Br | |
Pd(PPhj3),Cl, Cul, PPh;

Y X
74 + >*Si—: Toluene/ Diisopropylamine (/I
S )\ propy S =

80°C,16 h
Br 8 ||

TIPS
6

Procedure for this synthesis was adapted from previous report.3 A 100 mL Schlenk flask was charged with
1, 4-dibromo naphthalene (1.48 g, 5.07 mmol, 1 equiv), Cul (57.92 mg, 0.304 mmol, 0.06 equiv), PPh3(79.7
mg, 0.304 mmol, 0.06 equiv) and Pd(PPhs),Cl;(71.15 mg, 0.101 mmol, 0.02 equiv). The flask was purged
with argon. Subsequently dry toluene (60 mL) and diisopropyl amine (18 mL) was added under argon
atmosphere. The reaction mixture was stirred at 80 °C for 5 minutes. The reaction mixture changed to
orange colour. This was followed by the dropwise addition of triisopropyl silyl acetylide under argon
atmosphere (2.68 mL, 11.15 mmol, 2.2 equiv). It was further stirred at 80 °C for 16 h. Reaction was
monitored by TLC. After the completion of reaction, the reaction mixture was cooled down to room
temperature. Solvent was evaporated under reduced pressure in rotary evaporator. Crude material was
dissolved in ethyl acetate (20 mL) and added DI water (20 mL). Organic layer separated and aqueous layer
was further extracted with ethyl acetate (3 x 20 mL). Combined organic layer was dried with anhy. Na;SO4
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and concentrated under reduced pressure in rotary evaporator. It was further purified by column
chromatography.

Column chromatography: Crude material was adsorbed over ~ 10 mL of silica. Slurry of silica (125 mL) in
pentane was loaded into a column. To the silica packed column, crude material adsorbed over silica was
added. Column was further eluted with 600 mL of 100 % pentane. Eluent was collected as 25 mL fraction
in a test tube. Fractions from 4-12 had product along with nonpolar impurity as seen from TLC. Impure
fractions were combined and subjected to second column chromatography.

Crude material was adsorbed over ~ 10 mL of silica. Slurry of silica (350 mL) in pentane was loaded into a
column. To the silica packed column, crude material adsorbed over silica was added. Column was further
eluted with 900 mL of 100 % pentane. Eluent was collected as 25 mL fraction in a test tube. Fractions from
14-32 had product along with nonpolar impurity as seen from TLC. Impure fractions were combined and
subjected to third column chromatography.

Crude material was adsorbed over ~ 10 mL of silica. Slurry of silica (500 mL) in pentane was loaded into a
column. To the silica packed column, crude material adsorbed over silica was added. Column was further
eluted with 900 mL of 100 % pentane. Pure fractions from 21-40 concentrated to get pure product (2.4 g,
yield = 95%).

Characterization: White solid, Rz 0.7 in 100% pentane. *H NMR (400 MHz, CDCl3): 6 7.61 — 7.49 (m, 2H),
7.49—-7.35(m, 2H), 1.18 (d, J = 3.4 Hz, 42H). 3C NMR (101 MHz, CDCls): 6 140.86, 128.35,127.93, 127.39,
124.19, 118.65, 118.18, 105.03, 104.26, 97.85, 96.33, 18.88, 18.84, 11.51, 11.47, 11.43. MALDI-HRMS
m/z: Mass calculated for [M+] ion for C32H4sSiz; theoretical = 494.2859, Observed = 494.2850, |Appm|
=1.8 ppm.

TTA-UC quantum yield data

Table S1: TTA UC QY before and after reabsorption correction for different upconversion samples in deaerated

toluene.

Entry? | Upconversion system TTA UC QY (%)
With  reabsorption | No reabsorption
correctionse correctionse

1 25 uM 4CzBN + 1mM Nap® 12.6+0.3 6.05%£0.5

2 25 uM 4CzBN + 1mM Nap (10 mm cuvette)® 11.1+0.05 4.92+0.01

3 25 UM 4CzBN + 0.1 mM Nap + 1mM BT¢ 12.24+0.3 7.2+0.3

4 25 pM 4CzBN + 0.1 mM Nap 3.38+0.01 2.0+0.05

5 25 uM 4CzBN + 0.01 mM Nap + ImM BT 7.8+0.15 5.4+0.1

6 25 pM 4CzBN + 0.01 mM Nap 0.2+0.02 0.15+0.02

7 25 pM 4CzBN + 1 mM BT 1.5+0.05 1.0+0.1
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8 25 uM 4CzBN + 10 mM BT 1.451+0.01 0.78+0.005
9 25 uM 4CzBN + 0.1 mM Nap + 10mM BT 12.5+0.55 6.7£0.3
10 25 uM 4CzBN + 0.1 mM Nap + 1 mM Ph 5.1+0.3 3.0+0.2

aEntry 1, 3-10, TTA-UC QY was measured in 4 mm x 10 mm cuvette, where sample was excited across 10 mm path of cuvette,
with emitted light detected in 90° angle, passings through the 4 mm path to minimize reabsorption of emitted light. "Entry 2,
TTA-UC QY was measured in 10 mm x 10 mm cuvette to compare with that of 4 mm x 10 mm cuvette for one sample (4CzBN +

1mM Nap). ‘Averaged over two trials except for entry 1 and 3. dAveraged over four trials with standard deviation as error. TIPS-

Nap, TIPS-BT and TIPS-Ph are abbreviated as Nap, BT and Ph respectively.

Plot of integrated area vs laser energy of upconverted emission intensity

Figure S1: Laser power density vs integrated area of upconverted emission intensity for 25 mM 4CzBN + 1mM Nap.
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Figure S2: Plot of integrated area of upconverted emission intensity vs laser power density for 25 uM 4CzBN + 0.1 mM

Nap + 1mM BT.

Figure S3: Plot of integrated area of upconverted emission intensity vs laser power density for 25 uM 4CzBN + 0.1 mM

Nap.
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Figure S4: Plot of integrated area of upconverted emission intensity vs laser power density for 25 uM 4CzBN + 0.01 mM
Nap + 1mM BT.

] T T L ]
{1 W  25uM4CzBN +0.01 mM Nap 4 E
10° E E
© ] .‘.F;ope =1.0 ]
E 4 4
° 3
E 10 E E
o ] ]
m - -
(] 4 4
1=
= 1 A 1
-/
107 - e /‘ -
] ~ o ]
1 v ]
] » ]
w
1 " Slope =1.9 1
106 4 T T T AL | T T T AL | T T T T
10’ 102
Power density (W/cm?)

Figure S5: Plot of integrated area of upconverted emission intensity vs laser power density for 25 pM 4CzBN + 0.01 mM
Nap.

22

https://doi.org/10.26434/chemrxiv-2025-6sf3f-v2 ORCID: https://orcid.org/0000-0001-6583-8654 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2025-6sf3f-v2
https://orcid.org/0000-0001-6583-8654
https://creativecommons.org/licenses/by-nc/4.0/

109 - T o T a /./-’_
B 25uM4CzBN +1 mM BT /
//.l'l/' :
] Slope =1.2

108 5 /

o3 L ]
) ] / o ]
= ] //{ ]
3 ] 4 '
% 107 4 /‘ .
5 E [ ] E
g ] o ]
£ 1 o 1
10° 5 //./" E
1 / ]
/ Slope =1.8 ]
10° —————— ——————— ——————
10° 10° 102 10°

Power density (W/cm?)

Figure S6: Plot of integrated area of upconverted emission intensity vs laser power density for 25 uM 4CzBN + 1 mM BT.
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Figure S7: Plot of integrated area of upconverted emission intensity vs laser power density for 25 uM 4CzBN + 0.1 mM
Nap + 1 mM Ph.
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Table S2: 1 ™ value and slope in the plot of laser energy vs integrated area of emission intensity of different
upconversion samples in deaerated toluene.?

Entry Upconversion system Slope in low Slope in high lth value
intensity region intensity region

(W/cm?)
1 25 uM 4CzBN + 1mM Nap 1.9 1.1 9.2
2 25 uM 4CzBN + 0.1 mM Nap + 1mM BT 1.8 1.0 4.4
3 25 uM 4CzBN + 0.1 mM Nap 1.9 1.1 5.7
4 25 uM 4CzBN + 0.01 mM Nap + 1mM BT 1.8 1.0 11.4
5 25 uM 4CzBN + 0.01 mM Nap 1.9 1.0 9.8
6 25 uM 4CzBN + 1 mM BT 1.8 1.2 13.7
7 25 uM 4CzBN + 0.1 mM Nap + 1 mM Ph 2.1 11 4.0

aTTA-UC emission was measured in 10 mm x 10 mm cuvette. Laser energy was varied from high to low energy for each
measurement. TIPS-Nap, TIPS-BT and TIPS-Ph are abbreviated as Nap, BT, and Ph respectively. The straight line obtained after
fitting the data in the slope 1 and slope 2 region of integrated area vs power density plot was used to determine Iy, value.
Intersection point was determined after solving the equation for straight line.

UV-Vis absorption spectra of upconversion sample
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Figure S8: UV-Vis absorption spectra of 25 uM 4CzBN + 0.1 mM Nap + 1mM BT before and after laser excitation in the
experiment for the determination I, value.
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Figure S9: UV-Vis absorption spectra of 25 uM 4CzBN + 0.1 mM Nap before and after laser excitation in the experiment for
the determination Iy, value.

0,5 T T T T T T T
=25 uM 4CzBN + 0.01 mM Nap + 1mM BT_before expt.
- After expt
0,4 1 B
=)
<
o 0,3 B
Qo
=
®
2
2 02- i
Neo)
<
0,1 1 -
0,0 T T T T T T T
350 375 400 425 450

Wavelength (nm)

Figure S10: UV-Vis absorption spectra of 25 uM 4CzBN + 0.01 mM Nap + 1mM BT before and after laser excitation in the
experiment for the determination I, value.
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Figure S11: UV-Vis absorption spectra of 25 uM 4CzBN + 0.01 mM Nap before and after laser excitation in the experiment
for the determination Iy, value.
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Figure S12: UV-Vis absorption spectra of 25 uM 4CzBN + 1 mM BT before and after laser excitation in the experiment for
the determination Iy, value.
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Figure S13: UV-Vis absorption spectra of 25 uM 4CzBN + 0.1 mM Nap + 1 mM Ph before and after laser excitation in the
experiment for the determination I, value.
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Figure S14: Comparison of UV-Vis absorption spectra of upconversion sample 25 uM 4CzBN + 0.1 mM Nap + 1mM BT
with that of 25 uM 4CzBN + 1mM Nap and 25 pM 4CzBN + 1 mM BT.

https://doi.org/10.26434/chemrxiv-2025-6sf3f-v2 ORCID: https://orcid.org/0000-0001-6583-8654 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2025-6sf3f-v2
https://orcid.org/0000-0001-6583-8654
https://creativecommons.org/licenses/by-nc/4.0/

2,0 T

T T T T T
=25 uM 4CzBN + 1mM Nap
=25 uM 4CzBN + 1 mM BT
== 25 uM 4CzBN + 0.1 mM Nap + 1mM BT
=25 uM 4CzBN + 0.1 mM Nap + ImM Ph

Absorbance
=
1

0,0

T
350

T
375

T
400

425 450

Wavelength (nm)

Figure S15: Comparison of UV-Vis absorption spectra of upconversion sample 25 uM 4CzBN + 0.1 mM Nap + 1mM Ph with
that of 25 uM 4CzBN + 1mM Nap, 25 pM 4CzBN + 0.1 mM Nap + 1mM BT and 25 uM 4CzBN + 1 mM BT.

Emission quantum yield determination of TIPS-BT
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Figure S16: UV-Vis absorption (top left and bottom left) and emission (top right and bottom right) spectra of dilute
solution of TIPS-Nap and TIPS-BT in toluene. Concentration ranges from 1-5 pM.
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Figure S17: Plot of integrated fluorescence intensity vs absorbance for TIPS-Nap and TIPS-BT.

Fluorescence emission quantum yield of TIPS-BT determined using TIPS-Nap as reference in degassed
toluene. The fluoresce quantum yield of TIPS-Nap = 0.77 adopted from the previous report.** Following
equation>® was considered to determine relative quantum yield of TIPS-BT with reference to TIPS-Nap.
Abbreviation BT and Nap in the equation refers to TIPS-BT and TIPS-Nap.

To minimize the error associated with the quantum yield determination such as self-quenching, multiple
trials are performed in the low concertation regime (with concentration 1-5 uM) (Figure 18). Same
excitation wavelength and excitation, emission slit width maintained for the reference and sample
emission. Plot of integrated emission intensity vs absorbance showed linear relationship as in figure 19.

Further parameters in equation 2 replaced with the slope of these plots as in equation 3 to determine
fluorescence quantum vyield. From this experiment, emission quantum yield of TIPS-BT was determined
to be 11.9%.

Anap  Fpr 77123T

Dpr =D (2
BT Nap ABT FNap 7712vap ( )
Or
SlopeBT nIZVap
¢BT = (pNap[ ] (3)

Slopeyap nar
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Figure S18: Stern-Volmer plot for the quenching of 4CzBN delayed lifetime with TIPS-BT and TIPS-Nap.

For Stern-Volmer plot, quenching of delayed fluorescence component of 4CzBN (since it exhibits TADF
behaviour) was considered as reported elsewhere.'®* Quenching experiment was performed in degassed
toluene with 25 uM solution of 4CzBN and quencher concentration ranging from 0.05 mM to 0.25 mM
was added. Rate constant for triplet energy transfer krer for TIPS-BT was found to be 0.75 x 10° Ms?
slightly lower than that of TIPS-Nap which was 0.84 x 10° M1s1, Under our experimental condition lifetime
of delayed fluorescence of 4CzBN was found to be 5.6 ps.
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Figure S19: Decay trace of 4CzBN emission upon addition of TIPS-Nap and TIPS-BT. Excitation source = MCS laser diode.
Aex = 375 nm and emission monitored at 500 nm. Em BW = 10 nm.
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Figure S20: 4CzBN emission spectra in toluene (50 uM). Excitation source = Xe lamp. Aex = 372 nm, Ex BW= 3 nm, Em BW
=5nm.
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Figure S21: UV-Vis absorption spectra of 25 uM 4CzBN and normalized emission spectra of TIPS-Nap (1 mM, 0.1 mM and
0.01 mM) in toluene.
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Figure S22: Phosphorescence spectra of TIPS-Nap and TIPS-BT in 2-methyl tetrahydrofuran at 77K in quartz tube. Sample
was excited at 330 nm with 395 nm long pass filter placed across emission path. Data was collected after 0.05 ms of
excitation pulse. Time between the excitation pulse of 61 ms.
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Figure S23: 1H-NMR spectra of TIPS-Nap.
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Figure S24: 13C-NMR spectra of TIPS-Nap.
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Figure S25: 1H-NMR spectra of TIPS-Ph.
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Figure S26: 13C-NMR spectra of TIPS-Ph.
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Figure S27: 1H-NMR spectra of compound 3.
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Figure S28: 13C-NMR spectra of compound 3.
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Figure S29: 1H-NMR spectra of compound 4.
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Figure S30: 13C-NMR spectra of compound 4.
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Figure S31: 1H-NMR spectra of compound 5.
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Figure S32: 13C-NMR spectra of compound 5.
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Figure S33: 1H-NMR spectra of TIPS-BT.
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Figure S34: 13C-NMR spectra of TIPS-BT
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Kinetic Modelling

Kinetic modelling was done using MATLAB. The code is available do download at the repository:
link-to-be-added-in proof

The differential equations describing the trimolecular system used for the modelling are described

below:
ASn) _ ey [Sen] — ks[*Sen’] — keppr[3Sen*][M] — krgr[*Sen”][A] ()
d[3m * N
D) = kppr[3Sen”|[M] — 2950 P M7 12 — ke [PM*] — kYA PM°][4] -
KBSEeTo BMU][PA"] + ki 24" [M] @)
d 1 * *
) = ko3 M) — k[ 7] 3)
d 3 - * * * *
LA = krpr [3Sen”|[A] + kAP M 1[A] — 2Kp250 3412 — kAPA") — ki [PM)[347] -
kAT [M] ©)
d 1 * * *
D2 = jemo 34712 + KiSero [PMI|[PAT] — kefy [*4°] 5)
a[m * * - * * *
L = kYL P = ke [PSen’][M] + kYA [P M1 [A] + K20 PM71? + kY [M*] —
KA BAM] + Kl PM [P4°] (©6)
Tl = KA AT] = kppr P Sen”][A] - kAP MIIA] + KISR0 P AT + kAP AT] +
KA M) (7
d[Sen] — 3 * 3 * 3 *
T kex[Sen] + ks[*Sen®] + krgr[*Sen™][M] + kpgr[*Sen”][A] )

Where Sen refers to sensitizer, M to mediator, A to annihilator and [..] denotes concentration. kg,
is the rate constant for excitation (s!) obtained from the excitation photon flux (photon s! cm)
and absorption cross-section (@, cm?), kg, = a X flux. kg is the rate constant for sensitizer triplet

decay (s), kpgr and kXA are the bimolecular rate constants (s M) for triplet energy transfer
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from sensitizer and from mediator to annihilator, respectively. kjrpe is the bimolecular rate

constant for back triplet energy transfer from annihilator to mediator estimated from the energy

difference (AE = 0.26 eV) between the mediator and annihilator triplet energies (kirpr =
—AE

kMoAekpT), [chomoand khetero are the bimolecular rate constants for homo and hetero TTA,

respectively. kb, is the rate constant of fluorescence (s™!), and k¥ the rate constant of triplet decay

(s1), of compound i.

We use the built in MATLAB function ode23s to solve the set of differential equations with kEx =
0 and an initial triplet sensitizer concentration estimated from the flash photolysis ground state
bleach, to extract the population dynamics over time. The time range is divided into smaller ranges
to ensure smoot solutions using ode23s. The same set of equations can be solved for the
bimolecular systems by setting either the mediator or annihilator ground state concentration to 0
M. A least-square fitting routine using the MATLAB function fminsearch is employed to fit the
bimolecular model to the corresponding flash photolysis traces of the annihilator and mediator
triplet signals, respectively. The rate constant for homo TTA (k297 is used as fitting parameter
and the triplet lifetime is calculated continuously from the experimentally determined threshold
intensity and k2™ as described in the main text Equation 2. kygr, kg, and k&, are determined
from complimentary experiments. No other rate constants are required for the bimolecular fits. For
the trimolecular models the same rate constants are used as obtained from the bimolecular fits, and
values for k¥zAand k2570 are roughly estimated manually to ensure the model best reproduces

the experimental flash photolysis data.

For steady-state solutions we use the same set of equations and set them equal to 0, with the same
rate constants as discussed above we use the built in MATLAB function fsolve to determine the
steady-state concentrations of each species. The steady-state upconversion quantum yields of the
annihilator (®4,) and mediator (®}..) are then calculated from the steady-state concentrations as
per the equations below:

0.45k,[1A*]

A _

CDUC " kgylSen] (9)
M _ 0.37ky[1M*]

Pue = kexlSen] (10)

The prefactors 0.45 and 0.37 are the spin-factors determined for the bimolecular systems obtained
by matching the modelled quantum yield to the experimentally obtained quantum yield.
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Figures from kinetic modelling
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Figure S35: Experimental and modelled UC intensity dependence with 25 pM 4CzBN and 1mM TIPS-Nap (left) or

1mMTIPS-BT (right).
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Figure S36: Experimental and modelled TTA-UC QYs with 25 uM 4CzBN and 1mM TIPS-Nap (left) or ImMTIPS-BT
(right) at different excitation power densities.
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Figure S38: Modelled effect on the TTA-UC QY for annihilator and mediator emission, respectively, as a function of
annihilator (open) and mediator (filled) concentration. For variations in annihilator concentration the mediator
concentration is kept at 1 mM and for variations in mediator concentration the annihilator is kept at 0.1 mM. All rate
constants are used as determined in the main manuscript and in the models above.
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Figure S39: Modelled effect of the TTA-UC quantum yield for annihilator (open) and mediator (closed) emission,
respectively, as a function of different rate constants. Dashed lines show the experimentally determined value for the rate
constant in question for the current 25 uM 4CzBn/1mM TIPS-BT/0.1mM TIPS-Nap system.
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