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ABSTRACT: The triplet pair is the key functional unit in triplet—triplet

annihilation photon upconversion. The same molecular properties that stabilize
the triplet pair also allow dimers to form on the singlet energy surface, creating an
unwanted energy relaxation pathway. Here we show that excimer formation most
likely is a consequence of a triplet dimer formed before the annihilation event.
Polarity-dependent studies were performed to elucidate how to promote wanted
emission pathways over excimer formation. Furthermore, we show that the yield of
triplet—triplet annihilation is increased in higher-viscosity solvents. The results will
bring new insights in how to increase the upconversion efficiency and how to avoid

energy-loss channels.

B INTRODUCTION

Triplet—Triplet annihilation photon upconversion (TTA-UC)
provides the possibility to convert low to high energy photons
at low irradiation conditions.”” Tt is thus considered as a
promising method to increase the efficiency of solar energy
conversion systems like photocatalysis and solar cells.’”®
Insufficient utilization of the solar spectrum is one of the major
hurdles for further development of solar energy conversion
systems.”'? Moreover, TTA-UC enables photocatalysis with
low-energy photons, which increases selectivity and allows for
reactions to be performed in turbid environments.''~"?
Although the notion of triplet—triplet annihilation dates back
more than 60 years, this field has gone through a fast
development during the past decade.'*™*
TTA-UC needs two basic molecular components, a
sensitizer (S) and an annihilator (A). The sensitizer absorbs
low-energy photons and transfers the excited-state energy to
the annihilator via triplet energy transfer.”* Two annihilators,
both in their excited triplet state, form a so-called triplet pair,
where triplet—triplet annihilation (TTA) then occurs.”” As
the terminal execution unit of TTA-UC, the properties of the
annihilator are crucial for the overall system efficiency.”®
Perylene is a frequently used annihilator, for instance,
employed in TTA-UC schemes in light-emitting diodes, solar
cells, photocatalysis, and bioimaging.””~*’ Recently photo-
redox catalysis, using near-infrared light, has been demon-
strated using perylene as the annihilator.'” Perylene is an
effective annihilator due to its close to optimal energy level
alignments and high fluorescence quantum efficiency. A record
TTA-UC quantum yield of 38% has been recorded with this
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molecule.>® However, TTA-UC quantum yields ran§ing from 1
to 10% are typically reported in the literature.”’ ~° Different
solvents, sensitizers, concentrations, and excitation sources can
be the cause of this discrepancy. For practical high-efficiency
TTA-UC systems to be constructed, a deeper mechanistic
understanding of the processes occurring in the triplet pair is
needed.

Dover et al. recently demonstrated the conversion between
monomers and excimers during singlet fission and TTA-UC.””
Kinetic models were established, showing how excimers can be
formed in geminate systems that involve singlet fission and
TTA. The transformation of intermediate triplet pair species
has also been elucidated in related works.”*~*' Inspired by
these findings, we examine the effect of environment on the
excited states conversion in sensitized TTA-UC, which is
nongeminate. By experimental and modeling investigations, we
show that the solvent greatly effects the relationship between
annihilation and excimer formation. Furthermore, we found a
counterintuitive positive relationship between solvent viscosity
and upconversion efficiency, indicating that higher inertia
promotes TTA. These results give clear and practical insights
in how to increase the performance of TTA-UC systems.

B RESULTS

The process of triplet—triplet annihilation requires two
annihilator molecules, both in their excited triplet state, to
form a triplet pair. Typical annihilators like perylene, pyrene,
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rubrene, and diphenylanthracene have a large flat conjugated
structure, thus having the ability to form favorable 7—z and
electronic interactions stabilizing the triplet pair."”** However,
the same molecular properties that stabilize the triplet pair also
allow dimers to form on the singlet energy surface.””**~* The
excited dimer, consisting of one molecule in its ground state
and one in its excited singlet state, is usually referred to as an
excimer. Excimers can have high-emission quantum yields and
may not affect the overall TTA-UC quantum yield.*” However,
the lower photon energy of excimer emission reduces the
overall energy conversion eﬂiciency.31 Excimer formation in
TTA-UC is consequently considered as an unfavorable
process, especially when TTA-UC is applied in photocatalysis
and solar cells, which have excitation energy thresholds. Three
pathways are possible for the excimer formation. In the first
pathway, excimers are directly produced from the triplet pair
(mechanism 1; Scheme 1). In the second one, only monomers
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“(a) The proposed mechanism for excimer formation in TTA-UC.
(b) Proposed energy conversion diagram for excimer formation in
TTA-UC.

are formed from the triplet pair (mechanism 2; Scheme 1).
The excimers are then formed through molecular diffusion;
that is, an annihilator in its excited singlet state collides with
another annihilator in its ground state forming the excimer. As
such, the formation of monomer (S;...S;) and excimer (S;S,)
are competitive processes. A third alternative would be if a
stable dimer is already formed on the triplet surface (T,S,),
before the annihilation event occurs. This could be considered
as a special case of mechanism 1, with the difference being that
the preformed dimer is suitably oriented to also form an
excimer on the singlet surface after the annihilation event.
Considering that excimer formation is an unwanted process,
gaining knowledge of how this state is formed in TTA-UC
systems will enable the construction of new improved systems
with enhanced efficiencies.

9579

Perylene was used as annihilator, and two commercially
available metal porphyrin complexes, namely, palladium(1I)
octaethylporphyrin (PdOEP) and platinum(II) tetrabenzote-
traphenylporphyrin (PtTBTP), were used as sensitizers
(Figure la). Both molecules are excellent triplet sensitizers
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Figure 1. (a) Molecular structure of perylene, PAOEP, and PtTBTP.
(b) Normalized absorption and emission spectra of perylene, PAOEP,
and PtTBTP. (c) Normalized emission spectra of 10 yuM PdOEP
(excited at 532 nm) or PtTBTP (excited at 617 nm) and 1 mM
perylene in THF.

with high molecular extinction coefficients, intersystem-cross-
ing quantum yields near unity, and long triplet-state lifetimes.**
Figure 1b displays the absorption and emission spectra of
perylene and the two sensitizers. Perylene exhibits a structured
absorption and emits in the blue part of the electromagnetic
spectrum. PdOEP and PtTBTP have their lowest-energy
maxima centered at 547 and 613 nm, respectively, offering a
possible anti-Stokes shift of 0.54 and 0.79 eV (calculated from
the E,y_, splitting of sensitizers and annihilator). Perylene can
quench the phosphorescence of both these sensitizers,
suggesting that the triplet-state energy can be transferred
from either of these sensitizers to perylene (Figure S1). Figure
Ic displays the TTA-UC emission from a mixture of sensitizer
and acceptor, when the sensitizers are excited (in tetrahy-
drofuran, THF). Upconverted emission in the 400—500 nm
range is clearly seen (the deviation between the upconverted
emission and perylene emission in Figure 1b is due to inner
filter effects). However, a large amount of emission around 565
nm is evident. On the grounds that this emission is sensitizer-
independent, we exclude any sensitizer—annihilator complex
responsible for the emission, and instead attribute it to
emission from an excimer state.”””° Excitation-dependent
emission showed both linear and quadratic regions, indicating
that both the monomer and excimer emission obey the
dynamical model of TTA-UC (Figure $2).>! Furthermore,
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emission spectroscopy in the presence of oxygen showed
neither monomer nor excimer emission (Figure S3), indicating
that both emissive states are formed from the triplet state.
Molecular diffusion plays an important role in sensitized
TTA-UC. The solvent environment will affect the bimolecular
interaction and thus affect the TTA-UC performance. If both
excimers and monomers are formed directly from the triplet
pair (mechanism 1), the relative ratio between excimer and
monomer will be dependent on the excimer formation
possibility during annihilation. The relative ratio might
increase with solvent viscosity. This is because molecular
diffusion is slowed at high viscosities, enabling the two
annihilators from the triplet pair to be in close contact for a
longer period of time.”” The rate of dissociation is lower and
therefore increases the possibility of excimer formation.
However, if the excimer is formed due to an association of
the monomer with an annihilator molecule (mechanism 2),
which was not part of the original triplet pair, the excimer
intensity will be enhanced in a low-viscosity environment. As
the monomer needs to collide with a ground-state annihilator
by means of diffusion, the rate of association is increased in a
low-viscosity solvent, increasing the yield of excimers formed
by mechanism 2. A preassociation mechanism (mechanism 3)
is also proposed here, taking the possible association between a
triplet excited annihilator with a ground-state annihilator into
account. The solvent viscosity will affect bimolecular
interaction rate constants and, thus, both the rate of excimer
formation and the rate of annihilation in mechanism 3. The
increases of these two rates work in opposite direction, and the
influence of solvent viscosity on the excimer formation is
therefore low in mechanism 3. Kinetic models have been
constructed for the proposed mechanisms (see Note S1.6).
Figure 2 demonstrates the solvent dependence of monomer
and excimer emission from TTA-UC. Absolute quantum yields
were used to evaluate the photon upconversion efficiency
(theoretical limit thus 50%), with inner filter effect not taken
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Figure 2. Quantum yield of (a) monomer emission (®y;) and (b)
excimer emission (@) in different solvents with 10 uM PtTBTP and
1 mM perylene. Hex, Oct, CyHex, Dodec, Hexadec, Tol, and THF
stand for hexane, octane, cyclohexane, dodecane, hexadecane, toluene,
and tetrahydrofuran, respectively. Reported values are an average of
three individual measurements.
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into account (Note S1.7). The values of viscosities and relative
polarities were extracted from corresponding physical chem-
istry textbooks.””** Separated relationships of polarity versus
quantum yield and viscosity versus quantum yield are displayed
in Figure S4. From the sequence of alkane solvents, we found
that the absolute quantum yield of both monomer (®,,) and
excimer (®g) emission increases with viscosity. An increase in
excimer emission at higher viscosities is indicative of
mechanism 1. However, also the monomer emission is
increased at higher viscosities, indicating that the triplet pair
is more easily formed (note that a large rate constant of
diffusion in low-viscosity solvents should be kinetically
beneficial for the TTA step). The increase in monomer
emission will be further explored (vide infra). The ratio
between monomer and excimer emission is actually decreasing
slightly with viscosity, but not as much as expected for
mechanism 2 (Note S1.9). Thus, viscosity-dependent
upconversion reveals that TTA-UC counterintuitively is
more efficient at higher viscosities. Comparing to previous
upconversion work with the annihilator 9,10-bis-
(phenylethynyl)anthracene (BPEA) we note that in low-
viscosity solvents the highest upconversion yield is less than
2%, whereas in high-viscosity solvents (poly(ethylene glycol)
(PEG)) the yield is 15%.>>~>’ In this study, it was argued that
the extended lifetime of the triplet pair intermediate allowed
for a higher probability of obtaining a favorable geometry.*®

The monomer emission does not seem to be related to
solvent polarity, indicating that a possible charge-transfer state
is not rate limiting in the upconversion process. However, we
noticed that the excimer emission is strongly related to the
increase in polarity, indicating that the excimer formation is
favored compared to dissociative diffusion of the formed
singlet ground-state pair in higher polar solvents. Note that
direct excitation of perylene only shows a slight relationship
between excimer emission and solvent polarity (Figure SS,
Note S1.10). Earlier work has pointed out the possibility of
charge-transfer states in TTA-UC, which can be affected by the
solvent environment.”® Excimers of conjugated molecules like
perylene or gentacene are known to exhibit charge-transfer
character.””~°" Polar solvent can therefore stabilize the excimer
state and reduce the energy barrier of excimer formation.®>®?
Alternatively, the polarity dependence can be due to a
hydrophobic effect, explaining this observation.

To gain further insights into the mechanism of excimer
formation, we examined the TTA-UC efficiency at different
annihilator concentrations. Of excimer mechanisms 1 and 2,
only the latter should show a concentration dependence
between the ratio of monomer and excimer emission. The
higher the concentration, the lower the average annihilator—
annihilator distance becomes, promoting processes involving
diffusion. Studies of the concentration dependence of TTA-
UC were performed with a constant concentration of PtTBTP
and varying concentrations of perylene in THF (Figure 3).
The ratio between excimer and monomer emission quantum
yields is low but nonzero at low annihilator concentrations.
When the annihilator concentration is increased, a dramatic
increase of excimer emission intensity and a concurrent
decrease of monomer emission were observed. The relative
ratio between excimer and monomer emission is rather stable
at low annihilator concentrations, but it increases fast at a few
hundreds of micromolar of the annihilator. We also compared
the emission spectra of the TTA-UC system with the prompt
perylene emission of solutions of only annihilator having the
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Figure 3. (a) Emission spectra of mixtures of 10 uM of PtTBTP and
10, 20, 40, 100, 200, 400, 600, or 1000 M of perylene in
deoxygenated THF solution excited at 617 nm. (b) Quantum yield of
monomer and excimer emission. (c) Ratios between excimer and
monomer emission quantum yields. Experimental data are labeled
with circles (excited at 617 or 380 nm), and lines show modeling
using mechanisms 1-3.

same annihilator concentrations (Figure 3c). Stronger excimer
emission was observed when generating the singlet excited
state using TTA (Figure S6), indicating that excimer formation
in TTA is inherited from the closely bound triplet pair. To
start, the concentration-dependent data were fitted using
kinetic models based on mechanisms 1 and 2 (Figure 3¢; Note
S1.6). On the one hand, the model based on mechanism 1
captures the low concentration regime well, but it is unable to
describe any increase in excimer emission with concentration.
The model based on mechanism 2, on the other hand, suggests
that excimers do not form at low concentrations. This result is
not surprising, since excimers are formed through diffusion. At
higher concentrations, this model shows a slight increase in
excimer emission with concentration. But the increase is not as
large as the experimental result. However, this model
successfully explains the excimer emission when directly
exciting the annihilator (Figure 3c).

Neither mechanism 1 nor 2 successfully explains the
concentration dependence of the monomer—excimer emission
ratio when upconverting. Furthermore, an excitation power
dependence of the emission ratio was observed (Figure S7),
which is not captured by these two mechanisms. An excitation
power dependence indicates that the lifetime of the excited
triplet state of the annihilator is of importance when modeling
the emission ratio. The formation of an excited dimer on the
triplet surface would be dependent on both the concentration
and the lifetime of the excited triplet state. Furthermore, it can
easily be envisioned that such a dimer would place the two
annihilator molecules in a favorable geometry for excimer
formation also on the singlet surface. Indeed, assuming that
dimers can be formed on the triplet surface and that a triplet
dimer—triplet annihilator encounter complex results in an
excimer (note S1.6), both the concentration (Figure 3c) and
power (Figure S7) dependence can successfully be explained.
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To summarize, studies of the concentration dependence of the
excimer/monomer emission show that neither mechanism 1
nor 2 successfully explains the experimental results. However,
also considering the power dependence of the excimer/
monomer emission, it is likely that the excimer species
originates from dimers already formed on the triplet surface
before the annihilation event.

To show that the emission originates from the triplet pair,
the excited-state energy was tracked from the excitation of the
sensitizer to the final monomer and excimer emission. The
dynamic information on triplet energy transfer from the
sensitizer to the annihilator was obtained from the quenching
effect of the sensitizer phosphorescence (Figure S8). The
bimolecular quenching constant (the rate constant of triplet
energy transfer) kg was 1.38 X 10° M™" s™" in THF, which is
in line with expectations for a diffusion-controlled reaction.
Back energy transfer from excited singlet perylene to PtTBTP
was also confirmed, where a long component of PtTBTP
phosphorescence is present in the decay (Figure S9, Table S3).
The back energy transfer reduces the overall upconversion
quantum yield in TTA-UC systems, and strate%ies to minimize
the effect are discussed in recent publications.””*’

Because of the low quantum vyield of the radiative decay of
the triplet state of perylene, dynamic information cannot be
directly obtained from emission. However, the high molar
extinction coefficient of T; — T, transitions, allows the triplet
state of perylene to be monitored with transient absorption
spectroscopy. The comparison between sensitizer and
sensitizer/annihilator transient spectra are illustrated in Figure
4. Two ground-state bleach (GSB) peaks can be observed at
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Figure 4. Transient absorption spectra of (a) 10 uM PtTBTP or (b)
10 uM PtTBTP and 1 mM perylene in deoxygenated THF after
excitation at 617 nm.

430 and 610 nm for PtTBTP, which are in accordance with the
S1 and S2 energies. Furthermore, PtTBTP also shows excited-
state absorption at 460 and 512 nm due to T| — T, transitions
(Figure 4a).°* All the GSB and excited state absorption peaks
share the same decay kinetics, since all these transient signals
are based on the T, state of the sensitizer. In a sensitizer/
annihilator solution, the decay of the triplet state of PtTBTP is
dramatically accelerated (Figures 4b and S10). Furthermore, as
the signal from PtTBTP diminishes, a new ESA signal appears
at 485 nm (Figure 4b). This signal belongs to the absorption of
the perylene triplet state, and it was used to monitor the decay
of the triplet state of perylene.®”
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Perylene in its excited triplet state exhibits two possible
classes of decay channels, single- or bimolecular.”>®” The
intrinsic rate of relaxation (k) is characteristic for the single-
molecular decay channel, whereas the rate of triplet—triplet
annihilation (kyr,) is characteristic for the bimolecular decay
channel. The consumption rate of the annihilator in its excited
triplet state can then be written as

dPA™
at (1)

where [?A*] is the concentration of the annihilator in its
excited triplet state. The absorption of the annihilator in its
triplet state was observed with transient absorption spectros-
copy, and the concentration was calculated by the Beer—
Lambert law using 3T1_perylene(485 nm) = 13400 M~} cm™.%®
By solving the ordinary differential equation (eq 1), the rate of
triplet—triplet annihilation was determined (Figure S10),
resulting in a kpp, of 9.66 X 10° M™' s7' in THF, in line
with a diffusion-controlled reaction.”” Monitoring the delayed
fluorescence gave a similar value (Note S1.11).

To get further insights into the surprisingly efficient
upconversion in high-viscous solvents, transient absorption
was performed using a set of alkane solvents (Figure S). The
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Figure S. (a) Transient absorption decays at 485 nm of 2 uM
PtTBTP and 1 mM perylene in deoxygenated alkane solvents. (b)
The calculated intrinsic triplet perylene decay rate constants vs
solvent viscosity.

calculated TTA rate constant deceases as expected when the
solvent viscosity increases (Table S4). The TTA process is
controlled by molecular diffusion and will therefore be
restricted in viscous solvents. However, the TTA rate constant
does not decease as much as the diffusion coefficient (Note
S1.12, Table S4). This can be explained by a restriction of the
diffuse dissociation and orientational relaxation of the triplet
encounter complex in viscous solvents. Thus, the triplet pair
encounter complex is kept at a favorable geometry for a longer
time period. The intrinsic triplet decay rate constant of
perylene is also reduced in viscous solvents (Figure Sb) due to
a restriction of molecular vibrations.”” These effects will benefit
the TTA-UC efliciency, explaining the observed high TTA-UC
quantum yields in viscous solvents.
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B CONCLUSION

In conclusion, we have identified the mechanism of excimer
formation during perylene-based photon upconversion. The
excimer population is related to the annihilator concentration,
irradiation power, and polarity of the solvent, indicating that
the stability of the triplet pair and the excimer on both the
singlet and triplet surfaces are a key factor for the construction
of a high-efficiency upconversion systems. Furthermore, the
upconversion efficiency is higher in viscous solvents, which is a
surprising observation indicating that the rate of triplet pair
formation is not solely determined by the rate of molecular
diffusion. Further, we conclude from polarity-dependent
upconversion measurements that low-polarity solvents are
much preferred due to a lower amount of excimer emission. By
investigating the mechanism of excimer formation in TTA-UC,
we aim to bring more insight into the photophysical essence of
this process, providing guidelines for achieving more efficient
and reliable photon upconversion devices.
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