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Chen Ye,® Bo Albinsson,*® and Karl Bérjesson*®

Triplet-triplet annihilation is a promising method to convert low
energy photons to high energy ones. Due to the long time-
scales and the bimolecular nature of the process, the overall
efficiency of triplet-triplet annihilation greatly depends on the
excitation type and intensity. Upconversion efficiencies are
usually measured using continuous wave conditions. Here we
develop an analytical and experimental method to investigate
how the excitation modulation affects the triplet-triplet annihi-
lation efficiency. The simulated and experimental results
demonstrate high consistency. The triplet-triplet annihilation
efficiency drops as expected with increasing excitation fre-
quency at a fixed average power density, which our simulations
accurately predicts. The method described here allows to relate
efficiencies measured at pulsed conditions with those measured
at continuous wave conditions.

Triplet-triplet annihilation photon-upconversion (TTA-UC) pro-
vides the possibility of converting low-energy to high-energy
photons, and is thus a promising method to promote solar
energy harvesting." The phenomenon was discovered by
Hatchard and Parker in the 1960s, and involves the close
interaction between two triplet excited annihilators
(Scheme 1a).? In this exothermic process one of the triplet
annihilators is relaxed to the ground state, while the other is
excited to the first excited singlet state from where a photon
can be emitted.” TTA is a special example of Dexter energy
transfer, and requires a short interaction range (typically
<10 A" However, due to diffusion outcompeting triplet
relaxation, TTA can be efficient at non-coherent conditions.
Furthermore, unlike second-harmonic generation and two-
photon absorption, TTA-UC shows considerable efficiency even
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Scheme 1. (a) Schematic illustration of the TTA process. (b) Experimental
setup of TTA-UC under pulsed excitation.

at low photon flux. This advantage makes TTA-UC a promising
method for applications where solar and even sub-solar
conditions are required. Recently, TTA-UC has been successfully
incorporated into solar cells,” photocatalysis,® optical devices,”
as to increase solar energy utilization. The fast development of
TTA-UC requires continuous and fundamental research on both
system design and mechanisms. The upconversion efficiency
and threshold excitation energy are two main figures of merits
for TTA-UC. It is therefore important to be able to compare
these figures of merits between different experimental con-
ditions. Pioneering studies pointed out that with increasing
excitation intensity, the TTA efficiency changes from a quadratic
to a linear dependency on the excitation intensity.”

In this work, we derived a theoretical expression that relates
the TTA-UC efficiency with the mode of excitation. We used a
modulated laser to illuminate a benchmark TTA-UC combina-
tion in solution and measure the relationship between TTA-UC
efficiency and the excitation type (Scheme 1b). The TTA-UC
efficiency drops, as expected, with the excitation frequency
under a constant excitation power density, a drop that is here
quantitatively simulated. Thus, the result provides experimental
and analytical methods for analyzing the non-linear photo-

17 © 2020 The Authors. Published by Wiley-VCH GmbH
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chemical process of TTA-UC under different types of excitation
conditions.

Here we use 9,10-diphenylanthracene (DPA) as annihilator,
due to its high quantum yields of both fluorescence and TTA (SI
1) Annihilators in their first excited triplet state were
generated by triplet-triplet energy transfer (TTET) from a triplet
sensitizer (platinum octaethylporphyrin, PtOEP). After the initial
excitation to the first excited state of PtOEP, energy is rapidly
relaxed via intersystem crossing to the first excited triplet state.
PtOEP in this long-lived state collide with DPA and the energy is
transferred via TTET. Then two annihilators in their first excited
triplet state collide, and undergo TTA. The kinetics of TTA can
be described with the following ordinary differential equation
(eq.”:[w]

d
2 = G(t) — 2kp? — kep ()

where p is the concentration of triplet annihilators, t is the
time after excitation, k., is the second order TTA rate constant,
and k; is the pseudo first order (including the monomolecular
decay and the bimolecular decay with oxygen) intrinsic rate
constant of triplet annihilators. G is a time dependent
generation function of triplet annihilators, which contain
sensitizer excitation and TTET to annihilators. These kinetic
parameters can be determined from transient absorption
spectroscopy. The T, to T, transition of DPA induces an excited
state absorption signal at 410 nm, which is much longer-lived
than the ground state bleaching signal of PtOEP (Figure 1a).
The kinetics of triplet DPA can therefore be monitored by the
decay of the excited state absorption signal at long time ranges
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Figure 1. (a) Transient absorption map of 4 uM PtOEP and 100 uM DPA in
toluene after excitation at 537 nm (6.20 mW/cm?, 10 Hz). (b) Excited state
absorption decay and the corresponding global fit at 410 nm after excitation
at 537 nm with different power densities (4 uM PtOEP and 1 mM DPA).
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(Figure 1b). Nanosecond transient absorption spectroscopy uses
a Nd:YAG laser as excitation source and thus provides intensive
(~1 mJ per pulse) and short (around 10 ns) pulses. TTET from
the sensitizer to the annihilator is diffusion controlled, and
considering the large diffusion rate constants and high
concentration of the ground state annihilator, TTET can be fast
and efficient."” We can consequently consider the formation of
triplet annihilators as quasi-instant upon excitation. The initial
condition of eq. 1 is therefore:

al,,

Plio = wa (2)

where a is a pre-factor for triplet generation, /,, is the excitation
power density, and f is the excitation frequency. The energy
input by a single pulse equals to I,/f. The linear dependence of
the initial condition on the excitation intensity is based on the
pre-assumptions of an instant excitation and fast energy
transfer, and the pre-factor a encompasses the probabilities of
both excitation and energy transfer. By varying the excitation
intensity, we calculated the TTA kinetic parameters by global
fitting of eqgs. 1 and 2 to the long time (>1 ps) decay (Table 1
and Figure 1b)."?

The calculated kinetic parameters are used to simulate the
dynamics and the steady-state behavior of TTA-UC when the
excitation source is running at a frequency f with an average
power density, 1. Due to the linear relationship between
triplet generation and the average excitation powder density,
the triplet generation remains constant when the frequency is
changed. However, the peak intensity of a single pulse drops
with increasing excitation frequency at a constant average
power, and it will affect the TTA kinetics and efficiency. With an
ideal excitation pulse (i.e. a Dirac pulse), the TTA kinetics can be
treated as an array of ordinary differential equations with
periodic number i (eq. 3):

P = —2krpapli]? — krpl
(3)

(1

Pli]le=o = pli — 1]|r:1/f + =

where a period is defined as the time window between the
starting points of two adjacent pulses, plil is the time depend-
ent density concentration of triplet annihilators in period i, and
t is the time after the beginning of the corresponding period.
When the excitation frequency is low, the triplet annihilators
decay completely before the next excitation pulse occurs
(independent periods). All the TTA periods are then independ-
ent. However, when the excitation frequency increases, the

Table 1. TTA kinetic parameters of DPA in toluene.
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[a] Molar absorptivity of the excited state absorption peak of triplet DPA at
410 nm in deoxygenated toluene." [b] The value of the pre-factor is for a
1 cm light path length cuvettes with 4 uM PtOEP and T mM DPA.

18 © 2020 The Authors. Published by Wiley-VCH GmbH


https://doi.org/10.1002/cmtd.202000046

Chemistry

Communications Europe
doi.org/10.1002/cmtd.202000046

European Chemical
Societies Publishing

Chemistry—Methods

triplet decay time is longer than the period duration (Figure 2).
The concentration of triplet annihilators is non-zero at the end
of the period, and therefore affects the next period (correlated
periods). When the excitation frequency approaches infinite,
the TTA system can be approximated with a continues-wave
excitation mode (CW mode). Using the kinetic parameters from
Table 1, the TTA kinetics was simulated at a constant average
power but different excitation frequencies (Figure 2)

As seen in Figure 2, the systems can reach an equilibrium
state, where the kinetics is periodical number independent for
both correlated and independent periods. Eq. 3 can be analyti-
cally solved, leading to the following expression (S| 2):

B poe /! Uy
14 2mn(q —ehsty  f

Po (4)

where p, is triplet annihilator concentration at the beginning of
every period when equilibrium has occurred. Since /,, and f are
experimental parameters, eq. 4 reduces to a quadratic equation
in p,, with one positive root. At high excitation frequencies,
triplet annihilators do not decay completely within a single
period. Triplet decay is intervened by the next pulse, and the
triplet annihilators will accumulate with periods. When the
initial concentration of triplet annihilator reaches the constant
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Figure 2. Simulated concentration of triplet DPA as a function of time at
different excitation frequencies. The simulation is based on 4 uM PtOEP and
1 mM DPA ina1cmx1cm cuvette and a constant average excitation power
density of 6 mW/cm?.
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Po the TTA efficiency over time also becomes a constant. The
average TTA-UC intensity of the repeated excitation system at
the equilibrium state can be described by eq. 5:

lra = £ [3/" kpap?at
(5)
Ple=o = Po

For a TTA system under repeated excitation, the system will
reach the steady-state condition after an initial buildup of the
concentration of triplet annihilators (Figure 2). At this stage, the
average TTA-UC intensity of the system can be approximated
by the TTA-UC intensity at the equilibrium state. We solved
eq.4 and eq.5 over wide ranges of both excitation power
densities and excitation frequencies, and then simulated the
steady state TTA behavior under these conditions (Figure 3).
When the average excitation power density is constant, the
energy input into the TTA system is also a fixed value. However,
the TTA-UC intensity changes with the excitation frequency. At
the low frequency region, the TTA-UC intensity drops dramati-
cally with increasing excitation frequency. This is because the
density of triplet annihilators decreases and the probability of
monomolecular decay increases (Eq. 3). Further increasing the
excitation frequency leads to the intervening of triplet decay
kinetics over excitation periods. At this stage, the TTA efficiency
as a function of excitation frequency reaches a constant value,
which corresponds to the TTA efficiency under continuous
wave excitation."

The simulation describes the relationship between TTA-UC
efficiency and excitation type using an ideal pulse. Unlike the
ideal pulse, the real pulses generated by a modulated laser last
for a certain time window. To take the pulse width into account,
the triplet annihilators generated by the pulse in the initial
conditions of eq.3 is replaced with a generation factor Gft),
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Figure 3. Simulated TTA-UC parameters of DPA in toluene as functions of
excitation power density and excitation frequency: (a) initial triplet
concentration at the equilibrium state, p,. (b) average TTA-UC intensity, lra.
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which have the shape of the measured laser pulse. For a short
pulse, the triplet generation can be considered as fast and
instant. However, simulations show a negative correlation
between the TTA efficiency and the pulse duration when the
pulse length approaches the lifetime of triplet annihilators
(Figure S1). When the pulse duration is comparable to the
triplet decay time window, the TTA kinetics behave like the CW
model.

To support the theoretical analysis, we used a home-made
TTA-UC setup to test the TTA behaviour of PtOEP and DPA in
toluene solution under pulsed excitation conditions. A modu-
lated CW laser coupled to a pulse generator was used to
provide the pulsed excitation and a graded neutral density filter
(ND filter) was used to tune the excitation intensity to keep the
average power density constant (Scheme 1, SI 3). The TTA-UC
emission was passed through a monochromator and detected
by a photomultiplier tube (PMT). A notch filter was used to
remove scattered laser light. PtOEP was excited at 532 nm, and
the upconverted fluorescence from DPA was observed at
430 nm, providing a 0.55 eV anti-Stokes shifted emission (Fig-
ure 4a). The phosphorescence from the sensitizer at 650 nm
was strongly quenched, indicating an efficient and fast TTET
from sensitizer to annihilator. The pulse shape was recorded by
a PMT connected to an oscilloscope. The shape of the pulse
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Figure 4. (a) Photon upconversion emission spectra of a sample containing

4 uM PtOEP and 1 mM DPA in toluene under different excitation frequencies,
but with a constant power density of 6 mW/cm? (b) Simulated TTA reaction
intensity and the experimental data; (c) Correlation between simulated data
(real pulse) and the experimental data.
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provided the time dependent function of triplet annihilator
generation under real excitation conditions (G(t), Figure S2). We
finally set the average excitation power density to 6 mW/cm?
with a fixed pulse width of 20 ps. As shown in Figure 4b, the
TTA intensity drops continuously with increasing excitation
frequency from 50 Hz to 2000 Hz, and approaches a constant
value when the frequency is higher than 2000 Hz. Since the
average power density is constant, the TTA efficiency is
excitation frequency dependent. The experimental data follows
the simulated relationship for both an ideal pulse model and
the real pulse model (Figure 4b), without systematic deviations
between theory and experiment (Figure 4c). The high consis-
tency between experimental and simulated results show that
the TTA efficiency as a function of excitation type can be well
descried within a model of periodical excitation. The TTA-UC
quantum vyields were further calculated with cresyl violet in
methanol solution as the reference (Figure S4). The calculated
TTA-UC quantum yields are close to the simulated values,
showing the practical validity of the methodology.

In conclusion, we here present a method to simulate the
relationship between TTA efficiency and excitation modulation.
Kinetic parameters were obtained from transient absorption
spectroscopy, and the numerical simulations were achieved by
dividing the periodic kinetic function into a kinetic array
involving only a single pulse. Experimental results from a home-
made setup with a modulated laser as excitation source showed
excellent agreement with simulations. The triplet-triplet annihi-
lation efficiency drops as expected with increasing excitation
frequency, which our simulations accurately predicts. The
method described here allows the relation between efficiencies
measured at pulsed conditions with those measured at
continuous wave conditions, which needs high excitation
power density for a detectable signal.
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