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Sensitized triplet—triplet annihilation upconversion offers an attractive possibility to replace a high-energy
photon by two photons with lower energy through the combination of a light-harvesting triplet sensitizer
and an annihilator for the formation of a fluorescent singlet state. Typically, high annihilator concen-
trations are required to achieve an efficient initial energy transfer and as a direct consequence the most
highly energetic emission is often not detectable due to intrinsic reabsorption by the annihilator itself.
Herein, we demonstrate that the addition of a charge-adapted mediator drastically improves the energy
transfer efficiency at low annihilator concentrations via an energy transfer cascade. Inspired by molecular
dyads and recent developments in nanocrystal-sensitized upconversion, our system exploits a concept to
minimize intrinsic filter effects, while boosting the upconversion quantum yield in solution. A sensitizer-
annihilator combination consisting of a ruthenium-based complex and 9,10-diphenylanthracene (DPA) is
explored as model system and a sulfonated pyrene serves as mediator. The impact of opposite charges
between sensitizer and mediator — to induce coulombic attraction and subsequently result in accelerated
energy transfer rate constants — is analyzed in detail by different spectroscopic methods. lon pairing and
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the resulting static energy transfer in both directions is a minor process, resulting in an improved overall
performance. Finally, the more intense upconverted emission in the presence of the mediator is used to
drive two catalytic photoreactions in a two-chamber setup, illustrating the advantages of our approach, in

Published on 29 November 2023. Downloaded on 3/30/2026 4:20:10 PM.

rsc.li/nanoscale

1. Introduction

Triplet-triplet annihilation upconversion is an interesting
photophysical phenomenon capable of converting two low-
energy photons into one high-energy photon, and this process
has been explored towards applications in various fields.'™°
For sensitized triplet-triplet annihilation upconversion
(STTA-UC) typically a light-harvesting unit (sensitizer) that
introduces the possibility to populate a triplet state is com-
bined with an annihilator, that is after energy transfer able to
convert these two excited triplet states by triplet-triplet
annihilation to one singlet state with higher energy."'™* In
recent years, different systems were successfully designed to
enhance the sTTA-UC efficiency by using a mediated energy
transfer approach (Fig. 1a). The introduction of a preorganized
organic chromophore as an energy transfer mediator can be
regarded as key concept in these systems. This new component
in the sTTA-UC system leads to a fast initial energy transfer
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particular for photoreactions requiring oxygen that would interfere with the upconversion system.

step (TTET; in Fig. 1a), populating a long-lived triplet state
of the mediator. As a consequence, decreased annihilator
concentrations are usable and/or lower energy transfer rate
constants are sufficient for obtaining similar or even enhanced
upconversion quantum yields. This general concept was
realized with nanocrystals,">° quantum dots,>* and mole-
cular dyads**' in solution. Additionally, similar sensitizer-
mediator-annihilator combinations were explored in solid
state perovskite solar cells.*” Focusing on the systems in solu-
tion, the main trick for the efficient population of the triplet-
excited mediator seemingly relies on a permanent attachment
of the mediator through a covalent bond or non-covalent inter-
actions resulting in high binding constants. For metal com-
plexes the guidelines to tune the excited states towards the
desired properties are in principle known, however, especially
the introduction of an additional chromophore typically
requires a tailored ligand design and multi-step synthesis. A
modular approach with commercially available components is
therefore highly desirable. Very recently a three component
upconversion system using singlet oxygen as mediator has
been reported, but the design intrinsically limits its applica-
bility to annihilators with very low triplet energies.>* We were
aiming to develop a mediator-supported concept in solution
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without the time-consuming synthesis of a permanently linked
mediator (Fig. 1b). As a model system, a ruthenium-based sen-
sitizer in combination with the popular annihilator 9,10-diphe-
nylanthracene (DPA) was chosen.**™*” The triplet energy of a
suitable mediator has to be between those of the sensitizer
and the annihilator. Inspired by the triplet reservoir effect with
covalently attached pyrenes®®*?*%*° as well as studies on
diffusion-controlled triplet energy transfer to pyrene deriva-
tives in solution,*'™** together with a ~0.3 eV driving force for
a triplet energy transfer from the pyrene to the anthracene
triplet,"* qualifies this basic structure as a potentially useful
mediator (Fig. 1b). Kinetically, more efficient quenching can
be achieved by (i) longer excited-state lifetimes of the sensi-
tizers, (ii) higher concentrations of the quenchers and/or (iii)
increased bimolecular quenching rate constants. In general,
these parameters essentially depend on the local concen-
tration of the annihilator in close proximity of the sensitizer.
With a positively charged sensitizer and a negatively charged
mediator, we anticipated a locally increased concentration of
the mediator by coulombic interactions and consequently a
more efficient energy transfer. Furthermore, we believe that
this Coulomb approach has a less pronounced effect on the
individual energy levels of the sensitizer and the mediator
compared to the spacer-dependent effects observed with co-
valently linked bichromophores.**™*” While ionic interactions
were considered in (photo)catalysis*®** and self-assembled
upconversion systems>*™® previously, these interactions have
not been exploited for mediated sTTA-UC systems in homo-
geneous solution.

Herein, we report the successful use of a sensitizer-
mediator-annihilator combination exploiting coulombic inter-
actions for an enhanced initial energy transfer to the mediator,
resulting in a six-fold increase of the STTA-UC quantum yield
in a green-to-blue upconversion model system. The system
allows minimizing intrinsic filter effects of the most highly
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Fig. 1 (a) Different systems for sensitized triplet—triplet annihilation
upconversion (sTTA-UC) with mediators that are strongly bound to the
sensitizers.t>71825 (b) Our new system with Coulomb-enhanced
mediated sTTA-UC.

energetic upconverted emission caused by the ground state
absorption of the annihilator. This is particularly relevant for
annihilators with very small Stokes shifts and high extinction
coefficients,>**”"*® which holds true for many annihilators
especially in blue-to-UV upconversion systems, a field that has
recently received increased attention.>>®®'"®* Also in systems
where the comparably short lifetimes of the sensitizers call for
high concentrations of the annihilators, filter effects can sig-
nificantly limit the output of high-energy photons.>"*7°
These performance improvements are important for appli-
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cations in which the upconversion system is used as light
source to drive secondary reactions.”'”7® With our new
approach using a commercially available charge-adapted
mediator in solution, a modular exchange of the annihilator to
other anthracene-based structures is possible with similar
enhancements of the upconversion quantum yields induced
by the mediator. Our new upconversion strategy is furthermore
employed for proof-of-principle applications for the endoper-
oxide formation of anthracene and the oxidation of triphenyl-
phosphine, highlighting the use of a two-chamber approach
for the combination of an oxygen-sensitive sTTA-UC system
and a photocatalytic system relying on dissolved oxygen.

2. Results and discussion
2.1. Concept and key ideas

Inspired by the textbook-like system consisting of a dicationic
ruthenium-based sensitizer and an anthracene-based annihila-
tor,** we started our investigations with DPA as annihilator
and selected sodium pyrene-1-sulfonate (PMS) as mediator.
Initial solubility tests indicated that N,N-dimethylformamide
(DMF) is a suitable solvent to dissolve all components at
reasonable concentrations. A general mechanistic scheme is
presented in Fig. 2a. Excitation of the sensitizer and relaxation
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to the triplet state after intersystem crossing (**[Ru"] in
Fig. 2a) is followed by a first energy transfer (TTET) to PMS
(step 1) to populate the triplet state of PMS (**PMS). In a
second TTET, the annihilator quenches **PMS to generate
3*DPA (step 2) and by the encounter of two excited triplet DPA
molecules, triplet-triplet annihilation (step 3) can result in the
generation of '*DPA producing upconverted blue emission.
Initial screening experiments indicated that [Ru(phen);** is
better suited than the widely used [Ru(bpy)s]** as sensitizer for
the sTTA-UC system under study (data not shown). This is
most likely due to the slightly higher triplet energy of the
former metal complex (by ~0.1 eV).”” Hence, the detailed
study was performed with [Ru(phen);]*".

In general, there are several prerequisites for the mediator
to be useful for the performance enhancement of sTTA-UC
systems. First, both energy transfer steps need a slightly exer-
gonic driving force enabling fast bimolecular energy transfer
quenching constants (~10°-10'° M™' s7') and consequently
high TTET efficiencies at millimolar or even micromolar con-
centrations of energy acceptors, while ensuring minimal
energy loss. Hence, the mediator ideally has a triplet energy
in-between the triplet energy of the sensitizer and the annihila-
tor for an energy transfer cascade. Indeed, triplet energy esti-
mations from 77 K emission measurements in frozen ethanol-
methanol (4 :1) matrix clearly show an energetically downhill
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Fig. 2 (a) Concept for sensitized triplet—triplet annihilation upconversion using an energy mediator with [Ru(phen)s]** as sensitizer, pyrene-1-sulfo-
nate (PMS) as energy mediator and 9,10-diphenylanthracene (DPA) as annihilator. The key elementary reaction steps including (1) triplet—triplet
energy transfer (TTET) from the sensitizer to the mediator, (2) TTET from the mediator to the annihilator and (3) triplet—triplet annihilation (TTA) are
distinguished with differently colored cycles. The alternative direct triplet—triplet energy transfer from [Ru(phen)s]>* to DPA is included in gray as
step 1b. (b) UV-vis and emission spectra of DPA and PMS. Vertical dotted lines indicate the maximum wavelengths at which filter effects are less pro-
nounced because the extinction coefficients for re-absorption are below 1000 M~ cm™. (c) Lifetime of **[Ru(phen)s]>* (50 uM) in the absence
(orange trace) of PMS and of 3*PMS after TTET from 3*[Ru(phen)s]2* (2.5 mM PMS, kinetic transient absorption detection at 525 nm, blue trace) upon
excitation at 532 nm. The triplet decay of PMS (50 pM) in the absence of the sensitizer is provided in pale gray (excitation at 355 nm, kinetic transient
absorption detection at 425 nm, a similar initial **PMS concentration to that after sensitization was obtained). (d) Energy transfer cascade (top) and
corresponding triplet emission spectra at 77 K in 4 : 1 ethanol-methanol solvent mixtures (bottom). Further details are provided in section 4.1.1 of the
ESL+
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process from [Ru(phen);]** (~2.2 €V) to PMS (~2.1 eV) and
finally the anthracene-based annihilator. Due to the absence
of any phosphorescence of DPA under these conditions, its
triplet energy was estimated from the phosphorescence of
unsubstituted anthracene in frozen matrix (~1.9 eV). The esti-
mated triplet energy is reasonably close to the literature value
for DPA (~1.8 eV)* and it is clearly suitable for the intended
energy transfer cascade (Fig. 2d). Second, the excited state life-
time of the mediator should be significantly longer compared
to that of the sensitizer, ensuring high TTET efficiencies at
lower annihilator concentrations. Organic chromophores
lacking heavy atoms are typically explored as mediators (see
Fig. 1) due to their triplet state lifetimes in the microsecond or
even millisecond time range.** In our case, the unquenched
triplet lifetime of the organic mediator (~476 ps, ESI section
4.41%) is almost three orders of magnitude longer than that of
[Ru(phen);]*" (728 ns, Fig. 2, ocher trace). At higher triplet
concentrations the observed **PMS lifetime upon direct exci-
tation is on the order of ~90 ps (gray trace in Fig. 2¢) and also
a sensitized population of **PMS results in a significantly pro-
longed lifetime (~55 ps, blue trace in Fig. 2c). Analyzing the
quenching efficiencies (7 = 1 — (1 + 7ok [Q]) "), the second
TTET step from the mediator to the annihilator (step 2 in
Fig. 2a) is expected to require significantly reduced concen-
trations of DPA to reach the same quenching efficiency n com-
pared to a direct quenching of the sensitizer (step 1b) assum-
ing the same rate constant ko.”® As discussed in the next
section in more detail, the thoughtful choice of the mediator
even allows an enhanced energy transfer quenching rate con-
stant krpgr from **[Ru(phen);** to the anionic mediator PMS
compared to the neutral annihilator DPA. Overall, this offers the
possibility to use very small concentrations of the annihilator
(~100 pM, see below). In fact, the small Stokes shift of DPA
makes the annihilator concentration crucial to prevent the reab-
sorption of the high-energy photons in the emission spectrum
(section 4.4.5 in the ESIf). With lowered concentrations the
intrinsic inner filter effect of the annihilator is prevented or sig-
nificantly minimized (Fig. 2b), which is highly beneficial when
the UC emission is used as light source for the excitation of a
secondary absorber such as a photocatalyst. Third and related to
that point, the mediator should not absorb the upconverted
light. Indeed, the combination of pyrene derivatives as
mediators with anthracene-based annihilators is extremely
promising in this regard as even at high mediator concentrations
the filter effects caused by the mediator for the upconverted
emission are negligibly small (Fig. 2b). PMS is therefore well
suited for a closer analysis as mediator to enhance sTTA-UC with
[Ru(phen);]** as sensitizer and DPA as annihilator.

2.2. Mediated triplet-triplet energy transfer

As explained in the preceding section, the usage of the
mediator should enhance the overall energy transfer efficiency
from **[Ru(phen);]** to **DPA. This approach holds great
promise for DPA as it is clearly among the most efficient anni-
hilators regarding achievable efficiencies,”*”"** but its poor
solubility in most solvents does not allow quantitative energy
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transfer in several conventional (i.e. non-mediated) UC
systems.>*®>6%7%8% To demonstrate the feasibility of our key
idea, we investigated our system by transient absorption spec-
troscopy to gain insights into the formation of the annihilator
triplet state (Fig. 3). [Ru(phen);]*" (50 pM) in the presence of
100 uM DPA was excited with a 532 nm laser pulse. Right after
the laser pulse the characteristic ground-state bleach corres-
ponding to [Ru(phen),;]*" is visible (negative signals around
450 nm in gray spectra in Fig. 3a).>® Over time a weak positive
transient absorption band with an absorption maximum at
445 nm is observable (e.g. red spectrum in Fig. 3a), and this
species can be assigned to **DPA based on several studies in
the literature.****®* In line with a long-lived triplet excited
state, this absorption feature decays over several hundreds of
microseconds (Fig. 3a/c). Performing the same measurements
with additionally added PMS (500 pM), the initial ground state
bleach of [Ru(phen),;]** is still present (Fig. 3b), but shortly
after the laser pulse new transient absorption signals with
maxima at 425 nm and around 525 nm are formed. This
clearly provides evidence for the formation of **PMS as transi-
ent intermediate after (predominantly dynamic) triplet energy
transfer from the sensitizer (TTET;).*> On a timescale of a few
microseconds the signals from **PMS disappear again while
the characteristic absorption band from 3*DPA starts to
increase. After a post-pulse delay of about 10 ps the **DPA
signals are essentially the only remaining characteristics in the
TA spectrum (purple spectrum in Fig. 3b). These observations
are in perfect agreement with the expectation for a stepwise
energy transfer from the ruthenium-based sensitizer to DPA
via the formation of **PMS as intermediate. Importantly, the
>*DPA signal intensity is higher by almost one order of magni-
tude in the presence of PMS as mediator in comparison to the
measurement without mediator under otherwise identical con-
ditions. This is also confirmed by kinetic measurements at the
TA maximum of **DPA (445 nm), where the trace in the pres-
ence of PMS shows a much higher intensity (compare purple
and red trace in Fig. 3c). In fact, due to the spectral overlap
between **PMS and **DPA around 445 nm the kinetic trace
with mediator present has a more rapid initial change followed
by a slower growing of the signal intensity and therefore this
dataset also points towards a stepwise energy transfer cascade
(further information in section 4.2.6 of the ESIf). Hence, the
results of this section clearly demonstrate that the additional
mediator can strongly enhance the population of the desired
annihilator triplet state in solution, eventually leading to a
superincrease of the UC performance at low annihilator con-
centrations and negligible filter effects accordingly.

The determined bimolecular rate constants for the main
steps in the mechanism under investigation (Fig. 2a) are sum-
marized in Table 1 and the corresponding measurements are
discussed in the following section.

2.3. Coulomb interactions for accelerated triplet-triplet
energy transfer

After providing spectroscopic evidence that the mediator can
increase the concentration of **DPA in solution, we investi-

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Transient absorption measurements of the conventional or
mediated formation of 3*DPA via sensitization. (a) [Ru(phen)sl(PFe),
(50 pM) in de-aerated dimethylformamide was excited with a constant
laser pulse energy (~30 mJ) at 532 nm in the presence of DPA (100 pM)
and transient absorption (TA) spectra were measured with different time
delays after the laser pulse. (b) TA measurements with additionally
added PMS (500 pM) as energy transfer mediator under otherwise iden-
tical conditions. All spectra were time-integrated for 50 ns and the
specific delay times are indicated in the figure. The traces detected 10 ps
after the laser pulse are highlighted in red (nhon-mediated energy trans-
fer) and purple (mediated energy transfer). The TA spectrum with the
highest **PMS concentration is highlighted in green. (c) Kinetic traces at
445 nm on short (main plot) and long (inset) timescales for the above-
mentioned solutions together with a reference containing [Ru(phen)s]
(PFg), (50 pM) and PMS (500 pM) in the absence of DPA (shown in gray).
Further details are discussed in the ESI in section 4.2.6.F

gated the different elementary steps in more detail. A Stern-
Volmer study analyzing the energy transfer step from
[Ru(phen);]*" to PMS (step 1 in Fig. 2a) and DPA (step 1b in
Fig. 2a) by time-resolved emission quenching gave bimolecular
energy transfer rate constants of 9.1 x 10° M™" s™' and 2.0 x
10° M™" s7', respectively (Table 1). The quenching rate con-
stant with the mediator is even slightly higher than the tabu-
lated diffusion limit in DMF (7.6 x 10° M~" s7"),** which is cal-
culated for uncharged reaction partners with identical mole-

This journal is © The Royal Society of Chemistry 2024
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Table 1 Rate constants (k) for different sensitizers and quenchers as

well as reference measurements for the individual elementary processes
illustrated in Fig. 2. All values for de-aerated DMF at 20 °C

Step no. Description of step KMt s
1 TTET from **[Ru(phen);]** to PMS 9.1 x 10°
1 with Py” TTET from ** [Ru(phen);]** to Py 1.4 x 10°
2 TTET from **PMS to DPA 2.4 x 10°
1b TTET from **[Ru(phen);]** to DPA 2.0 x 10°
3 TTA-UC of DPA 2.4 x 10°

“Time-resolved measurements. Steady state data (Table S3t) and
further details are given in section 4.2 of the ESLt ” Pyrene serves as
uncharged reference compound of the mediator.

cular radii.®®

Interestingly, the apparent rate constant with
PMS measured by steady-state emission spectroscopy was sig-
nificantly smaller (6.1 x 10° M~ s™', ESI section 4.2.31) than
the value determined by time-resolved spectroscopy, while
there is essentially no difference for DPA when comparing
Stern-Volmer data sets based on steady-state and time-
resolved measurements. The triplet energy difference between
the sensitizer [Ru(phen);]** (~2.2 eV, Fig. 2) and PMS
(~2.1 eV) is sufficiently small for a thermal repopulation of
3*[Ru(phen);]*" via back energy transfer and consequently
there is an excited-state equilibrium between the sensitizer
and the mediator. As additional support for this interpret-
ation, the sensitized triplet state lifetime of PMS is slightly
diminished compared to the value determined by direct exci-
tation and intersystem crossing (Fig. 2c). Delayed emission of
3*[Ru(phen);]*" is detectable by time-resolved spectroscopy at
longer delay times, which is in line with this observation (ESI,
section 4.2.5%). Interestingly, this closely resembles the pro-
perties of molecular dyads with (covalently) permanently
linked chromophores, but without the need to synthesize the
tailor-made bichromophores (Fig. 1).>>>® The rate constant for
back energy transfer is estimated to amount to ~4 x 10 M™' s7*
(section 4.2.5 in the ESIf), which is slower than the forward
energy transfer by more than one order of magnitude. The life-
time of **PMS obtained via TTET is on the order of 50 ps under
our typical conditions. This is longer than what is typically
observed for most ruthenium complex-pyrene dyads.>®8877%°
We regard the absence of efficient ion-pairing (see below) and
the possibility to use PMS in large excess over [Ru(phen);]** as
the main reasons for these favorable properties of our mediator
system. In the presence of the annihilator, the equilibrium in
our dyad-like combination is disturbed. Hence, even with
similar concentrations of sensitizer and mediator, the energy
transfer to the annihilator is highly favored. This is also con-
firmed by a Stern-Volmer analysis for the triplet-triplet energy
transfer step from **[Ru(phen);]** to PMS in the presence of
DPA, where the rate constants from steady-state measurements
and time-resolved measurements are more similar than in the
absence of DPA (ESI section 4.2.77).

As indicated above, we expected that the negatively charged
PMS as mediator might permit beneficial coulombic effects on
the energy transfer step from the dicationic sensitizer. Hence,
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unsubstituted pyrene (Py) was chosen as uncharged reference
energy acceptor to gain further insights into the role of ionic
interactions. The rate constant determined with Py amounts to
1.4 x 10° M~ s~ (section 4.2.8 in the ESI{) and therefore this
TTET is almost one order of magnitude slower than observed
for the sulfonated pyrene analogue PMS. The triplet energy
difference between [Ru(phen);]>" and PMS is relatively small
and in principle the observed effect on the TTET kinetics
might also be caused small changes in the energy transfer
driving force. However, the triplet energy of pyrene (2.1 eV)** is
expected to be very similar to PMS. Hence, it seems natural to
assume that the TTET rate constant enhancement is mainly
caused by the introduction of the charged sulfonate group,
resulting in coulombic attraction and faster diffusion.”’ To
obtain a better understanding of the interplay between sensi-
tizer and mediator, different spectroscopic techniques were
used. In principle, an association through ion pairing between
the charged compounds eventually leading to static quenching
contributions could be present in solution.’>** An NMR titra-
tion of PMS to [Ru(phen);]** in DMF-d, was performed, the
data were analyzed by the Benesi-Hildebrand method®*°® and
an association constant K, of 30 (+2) M™' was estimated for
the aggregation between [Ru(phen);]** and PMS (Fig. 4a) with
a 1:1 stoichiometry (ESI, section 4.5.1%). Similar experiments

a) Coulomb interactions
K, =~30 (£2) M
[Ru(phen);]** + PMS == [Ru(phen);]?*.....PMS
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in DMSO-ds gave an almost identical association constant
(~35 (+ 4) M, see ESI section 4.5.17). Re-evaluating the time-
resolved Stern-Volmer data (blue traces in Fig. 4b) revealed
that also small contributions from static quenching are deter-
mined (details in section 4.5.2 of the ESIf) and a slightly
higher (but still low) association constant is estimated.
Evidently, TTET through static quenching is in all investigated
cases a minor contribution; with 2.5 mM PMS as used in the
upconversion experiments, the static contribution can be cal-
culated as follows, using the association constant obtained
from NMR measurements: 7 =1 — (1 + K [Q]) ™' =1 — (1 + 30
M x 2.5 mM)" ~ 7%.%° To obtain further evidence for
Coulomb-enhanced energy transfer rates, the influence of
ammonium hexafluorophosphate as additional salt to increase
the ionic strength in solution was investigated. The bi-
molecular rate constant for the excited state quenching of
3x[Ru(phen);]** with PMS was determined with an excess of
external salt (20 mM) in solution (Fig. 4b). The energy transfer
rate constant is significantly smaller with a higher ionic
strength. In fact, the value of 2.6 x 10° M~ s™* is much closer
to the rate constant for unsubstituted pyrene (1.4 x 10° M " s7%)
than to the value determined for PMS in neat DMF (9.1 x 10°
M~' s71). This pronounced kinetic salt effect decelerating the
diffusion between the oppositely charged reaction partners is
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Fig. 4 Investigations of the molecular interactions between [Ru(phen)s]>* and PMS by different spectroscopic techniques. (a) *H NMR titration of
different concentrations of PMS to a solution of [Ru(phen)s](PFg), (500 uM) in DMF-d; and the corresponding Benesi—Hildebrand plot (bottom) fol-
lowing the signals of [Ru(phen)s]>* at different chemical shifts 5. A singlet corresponding to non-deuterated solvent traces at 8.03 ppm is marked in
gray. Kinetic emission traces (b) and Stern—Volmer analysis (c) of [Ru(phen)s]** (50 uM) were analyzed with PMS as quencher at different concen-
trations. Measurements were performed in the absence (blue traces) and presence of 20 mM ammonium hexafluorophosphate (NH4PFg).
Comparison of the UV-vis absorption (d) as well as time-resolved (e) and steady-state emission spectra (inset) of the synthesized salt dyad
[Ru(phen)s](PMS), with the results obtained for the mixture of commercially available salts with photochemically inactive counterions and
[Ru(phen)s](PF¢), alone in de-aerated DMF. Color code and concentrations are given in the figure and the overlapping traces are presented as dotted
lines. Further details are provided in the ESI in section 4.2.14 and 4.5.1.
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in perfect agreement with our hypothesis of coulombic inter-
actions between sensitizer and mediator. Control experiments
with pyrene and DPA acting as quenchers in the presence of
the salt indicated only minor effects caused by changing the
ionic strength (Table 2). The absorption band shape in UV-vis
and transient absorption spectra of PMS and [Ru(phen),]** are
completely unaffected by salt addition, pointing towards an
influence of the charge and not a change of the energy levels.
Additional quenching experiments with PMS using mono-cat-
ionic and neutral iridium complexes as sensitizers result in
quenching constants of 5.7 x 10° M s™ and 2.5 x 10° M * s7*
respectively (Table 2). Taking into account the increased
driving force for energy transfer to PMS with these two com-
plexes, an effect caused by TTET driving force changes is un-
likely, while a pronounced effect of the overall charge of the
complex for coulombic interactions with the anionic mediator
is in line with this observation. All these experiments strongly
support our hypothesis that coulombic interactions enhance
the first energy transfer step from the ruthenium-based sensi-
tizer to the charged mediator.

Looking on the nanoscale and taking the abovementioned
results into account, the combination of cationic sensitizer
and anionic mediator in principle allows the direct synthesis
of a salt with 1 : 2 stoichiometry, [Ru(phen);](PMS),. This strat-
egy avoids the presence of additional non-chromophoric coun-
terions that could potentially influence the coulombic inter-
actions and change the bimolecular quenching rate constant.
Hence, the direct sensitizer-mediator salt was synthesized and
spectroscopically characterized (section 3.1.1 in ESI{). The
expected ratio between sensitizer and mediator was confirmed
by '"H NMR. Furthermore, the UV-vis absorption is essentially
a superposition of one [Ru(phen);]”” and two PMS units
(Fig. 4d), although the extinction coefficient is slightly below
that of the expected value. We attribute this to remaining
crystal water in the new sensitizer-mediator salt. Recording
the steady-state emission spectra and the time-resolved emis-
sion lifetimes for both the synthesized [Ru(phen);](PMS), and
a freshly prepared solution with the commercial salts pos-
sessing identical ground-state absorption properties (as the
[Ru(phen);](PMS), solution) results in essentially two identical
datasets (Fig. 4d and e). The low concentrations of the non-

Table 2 Rate constants (k) with different sensitizers or salt additives. All
values for de-aerated DMF at 20 °C

k’ITET/ k’ITET/ kTTET/
Mts™?t Mtst M1's

Sensitizer” Er/eV PMS pyrene DPA
Ru(phen);]** 2.2 9.1x10° 1.4x10° 2.0x10°
[Ru(phen);]*" + NH,PFs? 2.2 2.6x10° 1.6x10° 1.4x10°
[Ir(dFppyCF;),(bpy)]* 2.7%7 57x10°  3.4x10° —
Sfac-{1r(ppy)s] 2.57%%  25x10° 3.5x10° —

“Hexafluorophosphate counter anions are present for cationic com-
plexes. ?The concentration of ammonium hexafluorophosphate
(NH,4PFg) is 20 mM. Further details are given in section 4.2.9 and
4.2.14 of the ESL.}
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chromophoric counterions obviously do not cause detrimental
kinetic salt effects. Hence, it is not necessary to synthesize sen-
sitizer-mediator salts and a direct combination of the com-
mercially available compounds is similarly well suited for
exploiting our new approach.

Next, the energy transfer from of the dark triplet state
3*PMS to DPA was analyzed by transient absorption spec-
troscopy. In a Stern-Vomer-type analysis, a bimolecular rate
constant of 2.4 x 10° M~" s~ was found and, together with the
long excited-state lifetime of the mediator under the con-
ditions suitable for upconversion (>50 ps), quenching efficien-
cies above 90% are achievable with DPA concentrations as low
as 100 pM. Also, the rate constant for triplet-triplet annihil-
ation for DPA was determined by a power-dependent triplet
state decay analysis under our conditions (section 4.4.1 in ESI{
for details), resulting in a value of 2.4 x 10° M~" s™" (Table 2).
This is reasonably close to the krra values obtained for DPA in
other solvents.””*%'% The detailed kinetic insights from this
section will allow us to select meaningful conditions for
photon upconversion experiments.

2.4. Triplet-triplet annihilation upconversion

As our study is especially focused on minimizing filter effects
(ESIL, section 4.4.5%), especially the concentration of DPA is
important to prevent intrinsic reabsorption. Initial screening
experiments for the mediated UC system revealed a reasonably
good correlation between the predicted energy transfer
efficiencies based on the rate constants determined above and
the measured upconverted emission intensity upon variation
of the mediator or annihilator concentration (details in ESI
section 4.4.2%). To study the influence of the mediator in
detail a PMS concentration of 2.5 mM and a DPA concen-
tration of 100 pM was chosen. This PMS concentration permits
not only highly efficient (94%) initial quenching but it also
shifts the excited-state equilibrium between **[Ru(phen);]**
and **PMS towards the latter. UC experiments without DPA
revealed that **PMS undergoes annihilation with mixed
monomer and excimer emission, which is why PMS itself can
be regarded as poor annihilator while being an excellent
mediator in our system. Interestingly, PMS excimer emission
does not occur in the prompt emission spectrum upon direct
excitation ruling out (i) pre-aggregation effects of ground-state
PMS molecules and (ii) a diffusion-mediated mechanisms
between singlet-excited PMS and PMS in its ground state at
our selected concentration (see section 4.2.5 of the ESIT and
corresponding text for details). However, the PMS excimer can
also be observed in the delayed emission spectrum even in the
absence of [Ru(phen);]*", indicating that the special geometry
of the triplet pair is (partially) responsible for the observed
excimer formation.'®* In any case, excimer formation is rather
inefficient and it is regarded to be unimportant in the pres-
ence of DPA under our conditions used for upconversion (the
triplet population is almost completely DPA-localized).

Under the standardized conditions mentioned above, the
threshold intensity and upconversion quantum yields as two
main figures of merit for upconversion systems were investi-
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Fig. 5 Upconverted emission with different conditions sensitized by [Ru(phen)s]?* ([Ru], 50 uM) in de-aerated DMF at 20 °C. Excitation occurred
with a 514 nm cw laser in all cases. (a and b) The power dependence at various excitation conditions in the presence of PMS (2.5 mM) and DPA
(100 pM). With a beam size of 3 mm? a threshold intensity of ~60 mW cm™2 is calculated. (c—e) Upconversion quantum yields ®¢rra-uc with DPA
(100 pM) in the (c) presence and (d) absence of PMS (2.5 mM) determined relative to the unquenched [Ru(phen)s]®* emission (ocher spectrum,
Dy = ~6.8(+0.1)%). (e) Additional measurement with high concentrations of DPA (5 mM) in the absence of mediator. The gray spectra in (d) and
(e) are reference spectra for the mediated system taken from (c). All quantum yields were measured in triplicate with a constant laser intensity in the

linear regime (30 mW, corresponding to 1 W cm™2). Further details are given in section 4.4 of the ESL.1

gated (Fig. 5). The threshold intensity I;, for a DMF solution
containing 50 pM [Ru(phen);]*" was measured with a 514 nm
continuous-wave (cw) laser by a variation of the laser power
and a value of ~60 mW cm™ resulted after converting the total
laser output to power densities (see Fig. 5 and ESIf for details).
This value compares favorably with many other upconversion
systems,” and is quite close to current state-of-the art
reports.®>'°*71% Egpecially the long-lived triplet state intro-
duced by the mediator plays a crucial role here.'*'*?®8
The relative emission quantum yield @, of ~6.8(x0.1)% for
**[Ru(phen);]*" in de-aerated DMF determined with our
steady-state setup is very close to the literature value of 6.3% in
the same solvent.** Therefore, all upconversion quantum
yields were measured against the unquenched [Ru(phen),]**
phosphorescence in de-aerated DMF with the same absor-
bance at the excitation wavelength of the cw laser as used for
the upconversion sample. A standardized laser intensity
(30 mW, 1 W ecm™?) in the linear region of the upconversion
system was selected. The upconversion quantum yield of a
solution with sensitizer, mediator and annihilator under these
conditions is 3.2(+0.15)% based on a theoretical maximum of
50% (Fig. 5¢) and this value is more than six times higher than
obtained in the absence of the mediator (0.5(+0.03)%, Fig. 5d).
In fact, the increase in the upconversion quantum yield by a
factor of ~6.4 strongly resembles the expected value based on

130 | Nanoscale, 2024, 16, 123-137

the relative quenching efficiencies in the presence and
absence of mediator (~6.9, details in the ESI section 4.4.37).
Taking the laser wavelength and the global maximum of the
UC emission, a moderate anti-Stokes shift of ~0.6 eV with
mediator in solution can be calculated, but with more sophisti-
cated systems using a mediator concept we expect that this
could also help to improve this property due to the detection
of the most highly energetic emission. A reference system with
5 mM of DPA in the absence of PMS - where according to the
different quenching constants a similar **DPA concentration
is reached - clearly demonstrates the filter effects caused by
the intense ground state absorption of DPA. Consequently, the
detected emission quantum yield is with ~2.4(x0.1)% about
one third smaller than the value for the mediated upconver-
sion system (Fig. 5d). Notably, the high-energy vibrational
emission band is not even resolved anymore and overall, the
emission maximum is red-shifted by 19 nm, which corres-
ponds to ~0.14 eV in that spectral region. These results clearly
demonstrate that the introduction of a mediator can almost
completely prevent filter effects caused by the annihilator and
drastically increase the number of emitted photons. While
the usefulness of the mediator approach has been demon-
strated clearly, all upconversion quantum yields for the
[Ru(phen);]**—DPA pair presented in our paper are signifi-
cantly lower than what can be achieved with highly optimized

This journal is © The Royal Society of Chemistry 2024
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sensitizer—DPA couples. This is a result of efficient optical
losses in our system, because the sensitizer absorption maximum
is very close to the emission maximum of the annihilator.*

As expected from the reasonably low threshold intensity,
also LEDs as light sources instead of cw laser setups are in
principle usable to achieve upconverted emission from DPA.
Indeed, the measured threshold intensity (~40 mW em ™) and
upconversion quantum yield of ~1.6(+0.05)% is in line with
the expectation based on the maximum output of the LED
light source and the modified measurement setup (details in
section 2 of the ESI}). Interestingly, the inner filter effects are
more pronounced with an LED as light source. We observed an
emission intensity increase by more than one order of magni-
tude caused by the mediator, and also for the reference system
with 5 mM DPA, an upconversion quantum yield as low as
~0.5(+0.03)% was detected. The significant differences
between laser and LED measurements are attributed to the
illumination of the full cuvette with the LED: the average reab-
sorption path length is longer compared to the laser experi-
ments, in which the irradiation volume close to the detector is
illuminated. Taking into consideration the strongly distance-
dependent power density of the used LED, a small distance
between the light source and the cuvette would be required,
but this is challenging for our experimental setup used for UC-
driven photoreactions (see below). Hence, we decided to
employ the green cw laser as light source for investigating
different applications in an overall standardized fashion.

Owing to the introduction of a mediator with a long-lived
triplet state, the influence of the second energy transfer rate
constant is expected to be smaller for the overall efficiency
compared to the direct quenching of sensitizers with sub-
microsecond excited state lifetimes. Hence, this concept offers
the opportunity exchange the annihilator in a straightforward
manner with other annihilators having similar or lower triplet
energies. Indeed, anthracene-based annihilators such as 9,10-
dimethylanthracene (DMAn) or unsubstituted anthracene (An)
instead of DPA were successfully investigated for mediated
STTA-UC. While the upconversion quantum yield with 100 uM
of DMAn (~3.4(+0.003)%, Fig. 6) is very similar to the value
with DPA (~3.2(£0.15)%), the detected emission with An is sig-
nificantly smaller (~0.68(+0.02)%, Fig. 6). This can be clearly
attributed to the lower fluorescence quantum yield of anthra-
cene (0.27 in ethanol)** compared to the values near unity for
the other anthracene-based annihilator structures (section
4.1.1 in the ESIf). Correcting this emission quantum yield
difference and assuming an identical spin-statistical factor for
simplicity,”'°”'%® we estimated very similar quantum yields
(~2.9%) for the generated singlet states. Furthermore, the
roughly six-fold emission enhancement in the presence com-
pared to the absence of the PMS mediator is very similar with
all three annihilator structures (Fig. 6). These measurements
clearly show how versatile our system is and that this
mediator-enhanced upconversion might help to use different
annihilator structures in a more straightforward design, e.g., to
pave the wave for using hardly soluble annihilator structures
or for expensive annihilators with tailored redox properties.®®

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Sensitized upconversion with different anthracene-based annihi-
lator structures. [Ru(phen)s]®* (50 pM) in DMF was excited at 514 nm
with a cw laser (30 mW, 1 W cm™2) in the presence of PMS (2.5 mM) and
different annihilators (100 uM). Upconversion quantum yields ®@¢rra-uc in
the absence (red) and the presence (purple) of the mediator were
measured using the unquenched emission of [Ru(phen)s]** as reference
(ocher spectrum, @, = ~6.8(+0.1)%). All quantum yields were measured
in triplicate.

2.5. Application of mediated sTTA-UC system for photo
(redox) catalysis

In recent years, triplet-triplet annihilation has received
some  attention in  light-driven  photoredox cata-
lysis,,01:0%71,72,109 113, 114115 15 demonstrate the practical
usability of our upconversion system and to compare the per-
formance with and without mediator, a setup consisting of
two chambers was chosen.”>!'®''” A schematic presentation
of the irradiation setup is provided in Fig. 7b. The spatial sep-
aration with two chambers allows the use of different solvents
or the addition of reagents that would interfere with the
upconversion system. We selected two photoreactions from the
literature that are known to be fast. This ensures that our UC
systems are sufficiently stable during photoirradiation (stabi-
lity measurements can be found in section 4.4.4 of the ESIY),
allowing us to exclude pronounced contributions of decompo-
sition effects in the analysis. Both investigated reactions rely
on molecular oxygen as reagent for a substrate activation by
energy or electron transfer in the reaction mixture. Molecular
oxygen strongly interferes with sTTA-UC systems and special
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Fig. 7 Phosphine oxidation via green-to-blue sTTA-UC (in argon-saturated solution) and subsequent excitation of 9,10-dicyanoanthracene (DCA)
by upconverted light (under aerobic conditions). (a) Reaction conditions under cw laser excitation. Further details and a mechanistic scheme are pro-
vided in sections 3.1.2 and 4.6.2 of the ESI.7 (b) Schematic representation of the irradiation setup exploiting a two-chamber approach.

reaction conditions and sophisticated concepts are needed to
allow the coexistence of both in the same reaction
flask?* 61141187122 The physical separation introduces an
additional approach that permits the possibility of an individ-
ual optimization of the upconversion system and the photo-
catalytic mixture. The first investigated reaction is the light-
driven oxygenation of triphenylphosphine with 9,10-dicya-
noanthracene as photocatalyst and naphthalene as redox
mediator (Fig. 7a)."**”"*° Our UC system serves as light source
for photocatalyst excitation. The irradiation of a stirred
upconversion solution with [Ru(phen);]*" (50 pM), PMS
(2.5 mM) and DPA (100 pM) in de-aerated DMF for
20 minutes under green cw laser irradiation (800 mW) gener-
ated enough light for a triphenylphosphine conversion of
90% in the second aerated reaction chamber. Without PMS as
energy transfer mediator the yield is reduced to 26% and also
with a high DPA concentration (5 mM) lower yields of 76%
were found based on '"H NMR analysis. These results are in
line with the observed UC quantum yield increase caused by
the mediator and they underline the importance of the most
highly energetic emission for the spectral overlap between UC
emission and photocatalyst absorption (see ESI section 4.6.2F
for details). The proposed reaction sequence for the mecha-
nism is provided in the ESI} (section 4.6.2). Briefly, after exci-
tation of the sensitizer and the energy transfer sequence and
subsequent TTA-UC with DPA as annihilator, the emitted
light is absorbed by DCA and with the help from a naphtha-
lene redox mediator, the triphenylphosphine substrate is oxi-
dized. Triphenylphosphine (1.9 x 10" M™" s™" in 2 : 98 water/
acetonitrile," 2.7 x 10'"® M™' s7' in acetonitrile)"*® and
naphthalene (1.5 x 10'® M™" s7! in acetonitrile)*>'*” quench
excited DCA with almost diffusion-limited rate constants, and
it has been shown previously for light-driven catalysis with
DCA that a higher cage escape with the mediator enables a
faster overall product formation.®>'**"*° Electron transfer
from the radical anion of DCA (DCA'™) to molecular oxygen
closes the catalytic cycle and overall, the phosphine is oxi-
dized to its phosphine oxide. With the different reaction
chambers, it is possible to scale the reaction volume without
diluting the wupconversion solution. Turnover numbers

132 | Nanoscale, 2024, 16, 123-137

exceeding 1500 with respect to the ruthenium sensitizer and
over 750 for the annihilator can be calculated with the actual
amounts employed in this initial test reaction (see ESI sec-
tions 3.1.2 and 4.6.2 for details¥).

Finally, we investigated a model reaction that enables a
straightforward comparison of the different upconversion
conditions. In this case, the generation of singlet oxygen by a
thioxanthone derivative (MeOTX)"""? with a long-lived
triplet state was selected as model reaction for energy transfer
(Fig. 8) in combination with DMAn as well-established actin-
ometer substrate for singlet oxygen to form the corres-
ponding endoperoxide.'*> While DMAn has distinct absorp-
tion bands with a fine structure characteristic for anthra-
cenes, the resulting endoperoxide does not absorb above
300 nm."** Hence, a rapid quantification through the
decreasing absorption intensity in the UVA range is possible.
The use of 2 mm cuvettes allowed the direct analysis of an
aerated DMAn solution with an initial concentration of 1 mM
by UV-vis absorption spectroscopy without further dilution.
Taking into consideration the shape and the position of the
long-wavelength absorption band of MeOTX, significant
photocatalytic performance differences for the upconversion
systems are expected (Fig. 8b). Irradiation with the mediated
upconversion system for 150 minutes led to 71% conversion
of the DMAn starting material (Fig. 8a). In striking contrast,
the yields in the absence of the mediator (21%) or with high
concentrations of DPA (28%) were significantly lower.
Analyzing the spectral changes over time clearly highlights
the differences between the upconversion systems (Fig. 8b).
Surprisingly, even in the absence of the upconversion system
a slow degradation of DMAn is detectable (details in section
4.6.3 of the ESI{). However, this background reaction
amounts to about 10% conversion after 120 minutes of
irradiation (gray line in right panel of Fig. 8b). It is thus sig-
nificantly slower than the conversion with any upconversion
system investigated herein. As a 495 nm longpass filter did
not prevent the background reaction, we speculate that a
weak direct singlet-triplet absorption band of MeOTX or
DMAn or a green-light absorbing impurities (with essentially
undetectable concentrations) might cause the observed back-
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Fig. 8 9,10-Dimethylanthracene (DMAn) endoperoxide formation via singlet oxygen generation (*O,) by 2,7-dimethoxy-9H-thioxanthen-9-one
(MeOTX) under aerobic conditions in a two-chamber system using green-to-blue sTTA-UC. (a) General reaction scheme and concentrations in
both chambers for the endoperoxide formation from 9,10-dimethylanthracene (DMAn). A 514 nm cw laser (800 mW) was used as light source.
(b) Spectral overlap between the photosensitizer (MeOTX, black) absorption and the normalized upconverted emission resulting from solutions of
[Ru(phen)s](PFe), in de-aerated DMF as sensitizer in the absence (red) or presence of 2.5 mM PMS (purple) or with 5 mM of DPA (green) corrected
for illumination in the middle of the cuvette. (c) UV-vis absorption spectra of the 9,10-dimethylanthracene solution measured in 2 mm cuvettes after
different times of exposure to upconversion solutions with the same conditions as described in (b). The different components in the upconversion
cuvette are indicated as insets. (d) The change of DMAn concentration was monitored following the absorption at 358 nm over time together with a
reference measurement without any upconversion system present (gray trace). The same color code as in panel (c) was used. Details are provided in

section 4.6.3 of the ESI.{

ground reactivity.*® Gratifyingly, after correcting the time-

resolved conversion for the upconversion-independent back-
ground reaction, the ratios of the initial reaction rates are in
good agreement with the estimated (relative) overlap integral
between MeOTX absorption and upconverted emission.
Specifically, the reaction rate for the mediated UC system so
obtained is about ~6.4 times faster than for the non-
mediated system, and almost the same factor was obtained
for the overlap integral. Using high DPA concentrations
without mediator results in reaction rates as well as overlap
integrals in-between these two scenarios with a much more
pronounced performance decrease (factor of ~3.6) than what
would be expected from the slight absolute quantum yield
differences shown in Fig. 5. Hence, this model reaction
clearly highlights the advantages that can be achieved by
minimizing inner filter effects when upconversion systems
are exploited as light source for photocatalytic reactions.
Furthermore, it is worth mentioning, that for both investi-
gated reactions either the substrate (DMAn) or the organic
photocatalyst (DCA) would interfere with the upconversion
system due to their accessible triplet energies on the order of
(~1.8 eV)** and significantly higher concentrations compared
to that of the annihilator. Notably, while using a metal-con-
taining sensitizer for light-harvesting, the photocatalytic
systems spatially separated from the upconversion system are
purely organic in our case, avoiding heavy metal contami-
nations in the product.

This journal is © The Royal Society of Chemistry 2024

3. Conclusions

In summary, we report here a three-component upconversion
system that exploits a triplet energy transfer cascade to enhance
the population of the triplet state of the annihilator and the
upconversion quantum yield accordingly. In addition to the
general photophysical properties, the important role of the ionic
charges of the sensitizer and the mediator are thoroughly investi-
gated. Different spectroscopic measurements indicate that accel-
erated diffusion resulting from coulombic attraction rather than
static quenching plays a crucial role in our system to enhance
the bimolecular rate constant for the initial energy transfer step,
while avoiding fast deactivation through static back energy trans-
fer. Starting from a short-lived ruthenium sensitizer triplet, the
organic mediator introduces a long-lived triplet state and offers
the possibility to lower the annihilator concentrations to the
micromolar range. Hence, our study demonstrates that intrinsic
filter effects caused by the ground state absorption of the annihi-
lator, reabsorbing the most highly energetic upconverted
photons, can be minimized by the introduction of a long-lived
mediator triplet in solution. We have demonstrated the modular-
ity of our approach that permits the opportunity to exchange
annihilators with similar triplet energies easily.”>"**"*® As a
further scientific question related to this study, the mediator
approach can potentially be developed into (underexplored)
hetero TTA systems™*>'*® when a charge-adapted annihilator is
used as well, i.e. a cationic DPA derivative in our case.
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Furthermore, the improved emission output of our mediated
STTA-UC system (regarding both its intensity and photon
energy) is capable of activating a secondary photosensitizer/
photocatalyst in physically separated reaction containers. Two
proof-of-principle reactions highlight the combination of
STTA-UC with photocatalysis under aerobic conditions using a
secondary absorber for energy or electron transfer. From a con-
ceptual viewpoint, this facilitates the individual tuning of UC
system and photocatalytic reaction mixture, and prevents optim-
ization side effects that are typically observed when UC system
and photocatalyst are in the same phase, such as divergent
solvent effects on key reaction steps or solubility
issues.®>” 1110113141 Our work complements recently reported
concepts to exploit sensitized triplet-triplet annihilation upcon-
version in solution under air (ESI, section 4.6.11)%"118121,142-146
that have also in some cases received attention for applications
in photo(redox) catalysis.®™'**''* While our work demonstrates
a straightforward way to improve an upconversion system that is
in a non-mediated version suitable to learn sTTA-UC in under-
graduate courses,* the general concept is potentially important
for developing more efficient upconversion systems and new
applications thereof in the future.*>*'%'!*
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