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Abstract
Triplet–triplet annihilation photon upconversion (TTA-UC) is a process in which low-energy light is transformed into light 
of higher energy. During the last two decades, it has gained increasing attention due to its potential in, e.g., biological appli-
cations and solar energy conversion. The highest efficiencies for TTA-UC systems have been achieved in liquid solution, 
owing to that several of the intermediate steps require close contact between the interacting species, something that is more 
easily achieved in diffusion-controlled environments. There is a good understanding of the kinetics dictating the performance 
in liquid TTA-UC systems, but so far, the community lacks cohesiveness in terms of how several important parameters are 
best determined experimentally. In this perspective, we discuss and present a “best practice” for the determination of several 
critical parameters in TTA-UC, namely triplet excited state energies, rate constants for triplet–triplet annihilation ( k

TTA
 ), 

triplet excited-state lifetimes ( �
T
 ), and excitation threshold intensity ( I

th
 ). Finally, we introduce a newly developed method 

by which k
TTA

 , �
T
 , and I

th
 may be determined simultaneously using the same set of time-resolved emission measurements. 

The experiment can be performed with a simple experimental setup, be ran under mild excitation conditions, and entirely 
circumvents the need for more challenging nanosecond transient absorption measurements, a technique that previously 
has been required to extract k

TTA
 . Our hope is that the discussions and methodologies presented herein will aid the photon 

upconversion community in performing more efficient and manageable experiments while maintaining—and sometimes 
increasing—the accuracy and validity of the extracted parameters.

Keywords Photon upconversion · Triplet–triplet annihilation · Time-resolved emission · Rate constant · Threshold intensity

1 Introduction

Photon upconversion by triplet–triplet annihilation (TTA-
UC) is a photophysical process where the energy of two low-
energy photons is combined to create one photon of higher 
energy. The phenomenon of TTA was first described in the 
1960s [1] but it was not until 4 decades later that it started to 
gain more attention because of its potential for increasing the 
solar energy conversion efficiency of photovoltaics beyond 
the Shockley–Queisser limit [2, 3]. The research field of 
photon upconversion has evolved tremendously the past 

years and the upconversion community has grown to include 
many research groups around the world. For a description of 
the progress and the current state of the research field, we 
refer to recent review articles [4–8].

The process of TTA-UC relies on the interaction of two 
types of chromophores, called the sensitizer and the annihi-
lator. The sensitizers absorb the incoming photons, and by 
undergoing intersystem crossing (ISC), they reach the triplet 
excited state. By a Dexter type interaction with an annihila-
tor in its ground state, the excitation energy is transferred 
to the annihilator by triplet energy transfer (TET) [9]. Two 
triplet excited annihilators can then undergo triplet–triplet 
annihilation (TTA), which is an interaction where one of the 
annihilators is elevated to an excited state of higher energy 
and the other returns to the ground state. If the high-energy 
excited state is of singlet multiplicity, the annihilator can 
return to the ground state by emitting a photon, i.e., the 
upconverted fluorescence. In total, two low-energy pho-
tons have been absorbed by sensitizers and one photon of 

 * Fredrik Edhborg 
 edhborg@chalmers.se

 * Bo Albinsson 
 balb@chalmers.se

1 Department of Chemistry and Chemical Engineering, 
Chalmers University of Technology, 412 96 Gothenburg, 
Sweden

http://orcid.org/0000-0001-5168-2935
http://orcid.org/0000-0003-1202-7844
http://orcid.org/0000-0002-5991-7863
http://crossmark.crossref.org/dialog/?doi=10.1007/s43630-022-00219-x&domain=pdf


 Photochemical & Photobiological Sciences

1 3

higher energy has been emitted by an annihilator. By that, 
the upconversion emission can be regarded as being shifted 
“anti-Stokes” relative to the excitation light. The overall 
quantum yield of photon upconversion, ΦUC , is the product 
of the quantum yields of each sub-step in the process, as 
written in the following equation:

Here, Φisc , ΦTET , ΦTTA , and Φ
f
 are the quantum yields of 

ISC, TET, TTA, and annihilator fluorescence, respectively. 
f  is a spin-statistical factor taking into account the frac-
tion of annihilation events that results in an emissive singlet 
excited state. Since each TTA event consumes two triplet 
excited annihilators to produce one singlet excited annihila-
tor (in the case when f = 1 ), the maximum value of ΦTTA , 
and thereby also of ΦUC , is 0.5 or 50%. The upconversion 
quantum yield depends on the excitation intensity—it first 
increases with higher excitation intensity until it reaches a 
plateau of constant quantum yield. Therefore, it is relevant 
to define a threshold intensity, Ith , that describes the excita-
tion intensity at which ΦUC approaches its high efficiency 
limit. The upconversion quantum yield, the degree of anti-
Stokes shift, and the threshold intensity are parameters that 
often are used as figures of merit when comparing the per-
formance of upconversion systems. The definition of these 
parameters and the appropriate way of measuring and report-
ing them have been discussed in previous articles [10, 11]. 
These parameters are essential when comparing the perfor-
mance of the overall upconversion system on material or 
device level. However, to get insights as to why and how 
the upconversion system performs the way it does as well 
as to identify bottlenecks and areas of improvement, other 
fundamental parameters are essential. In this perspective, 
we discuss the influence of such parameters as well as the 
experimental methods to determine them.

The key parameters that are discussed are the triplet 
energy of the sensitizer and annihilator, the triplet excited 
state lifetime of the sensitizer and annihilator, the rate 
constant of TTA ( kTTA ), Ith , and ΦTTA . We discuss various 
methods to determine these key parameters, including a dis-
cussion of how they have been measured traditionally as 
well as the accuracy of the methods. Based on theory and 
experimental experience, we propose a new and, relative to 
other methods, simple method for simultaneous determina-
tion of annihilator triplet lifetime ( �T ), kTTA , Ith , and ΦTTA 
from one measurement series of time-resolved upconver-
sion emission, using only standard commercially available 
equipment and instruments. Our new method is enabled by 
the nowadays commercially available, easily operated diode 
lasers, that can be run as a continuous wave (CW) laser as 
well as time modulated to produce laser pulses with good 
control over pulse shape, intensity, and frequency. The dual 

(1)ΦUC = fΦiscΦTETΦTTAΦf.

modes of these lasers enable a direct comparison of experi-
ments performed under CW excitation with experiments of 
time-resolved measurements performed with pulsed excita-
tion. Further, our new method circumvents the need of using 
more advanced high power ns Q-switched lasers, which tra-
ditionally have been used to determine some of the discussed 
parameters.

This perspective is organized as follows: first comes a 
general description of how the key parameters of triplet 
energy, triplet lifetime, and rate constant of TTA influence 
the performance of the upconversion system. The excita-
tion threshold intensity as a figure of merit for an upconver-
sion system is then discussed. Methods typically applied 
to determine these parameters are described and evaluated 
with respect to accuracy, simplicity, and necessary assump-
tions. Finally, we present the new experimental method for 
simultaneous determination of annihilator �T , kTTA , Ith , and 
ΦTTA from one measurement series of time-resolved upcon-
version emission.

2  Sensitizer and annihilator triplet energies

Accurate determination of triplet energies is of pivotal 
importance in TTA-UC since all critical energy exchanges 
occurs between the triplet states of the interacting 
compounds.

For efficient triplet energy transfer (TET) to occur, it is 
beneficial if the annihilator first triplet excited state (T1) lies 
lower in energy than that of the sensitizer, thus creating a 
thermodynamic driving force for this event. Even though 
endothermic TET has been reported, this often comes at 
the expense of substantially slower TET rate constants [12, 
13]. In addition, a small positive or even negative driving 
force for TET might enable detrimental back-TET (bTET) 
from the annihilator to the sensitizer, which will effectively 
lower the obtainable TET efficiency in the TTA-UC system 
[14, 15].

The  T1 energy of the sensitizer is also important to con-
sider when analyzing the intersystem crossing (ISC) event 
following low-energy light absorption. Most heavy-metal 
containing sensitizers have substantial singlet-to-triplet 
energy splitting ( ΔEST ) of several hundreds of meV, effec-
tively preventing any reverse ISC (rISC) in such molecules. 
In later years, materials exhibiting thermally activated 
delayed fluorescence (TADF) have been employed for sen-
sitizing purposes [16–18], in which ΔEST can take much 
smaller values down to only tens of meV. The small ΔEST 
enables increased anti-Stokes shifts which is beneficial to 
minimize energy losses during TTA-UC. However, such 
molecules exhibit pronounced rISC that compete with TET 
between sensitizer and annihilator, potentially causing the 
achievable TET efficiency to be lower compared to systems 
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in which rISC is absent, even if the driving force for TET 
is substantial. The accurate determination of first excited 
singlet state (S1) and T1 energies of the sensitizer are, thus, 
needed to properly analyze the TET event, especially when 
TADF materials are used as sensitizers.

Perhaps even more critical are the singlet and triplet ener-
gies of the annihilator compound. Again, it is beneficial to 
have a thermodynamic driving force for the TTA such that 
[2 × E(T1) − E(S1)] > 0, and efforts have aimed at finding 
new potential annihilators based on this specific prerequisite 
[19]. The TTA event may also lead to depopulation through 
the second triplet excited state (T2) or the first quintet excited 
state. The latter is typically too high in energy to be popu-
lated, but the former is commonly formed to an appreci-
able extent in the TTA event since [2 × E(T1) − E(T2)] > 0 
for most annihilators. The impact of this competing path-
way has recently been discussed to some depth, with the 
main conclusion being that the energy of T2, and its rela-
tion to the energies of S1 and T1, is critical to understand 
the spin-statistical factor, f  , which dictates what fraction of 
annihilator triplets that are ultimately converted into emis-
sive singlets [20]. For f to approach unity the relationship 
[2 × E(T1) − E(T2)] < 0 likely must be fulfilled.

Several different methods are available for measuring 
the T1 energy. Many metal-containing sensitizers exhibit 
room-temperature phosphorescence, and the peak position 
of this emission band has commonly been used to estimate 
the T1 energy, which is suitable for structured phosphores-
cence emanating from 3��∗ states. The energies of triplet 
states with significant charge transfer (CT) character should, 
however, not be evaluated at the peak of their broad room-
temperature emission band, but using the high-energy onset 
of the emission is believed to yield a more accurate value 
[21]. One must, thus, consider the triplet state character to 
make the best estimation of the T1 energy when using emis-
sion emanating from triplet states.

Many sensitizers, and most annihilators, do not exhibit 
room-temperature emission from their triplet states due to 
either slow ISC, fast non-radiative decay from the T1 state, 
bimolecular quenching, or a combination thereof. To detect 
the phosphorescence, it is then necessary to incorporate the 
compound of interest in a material which upon cooling to, 
e.g., 77 K forms a glassy matrix. This effectively turns off 
the bimolecular non-radiative relaxation pathways from the 
triplet state and, in many cases, allows for phosphorescence 
to be detected even in materials where ISC is slow. Alter-
natively, one can in some cases use direct singlet-to-triplet 
(S–T) absorption to populate the triplet and subsequently 
observe the phosphorescence [22]. Heavy atom solvent 
additives, such as ethyl iodide, can be added to enhance 
spin–orbit coupling, which in turn further promotes ISC/S–T 
absorption, facilitating the detection of still relatively weak 
emission signals [23, 24].

Great care must be taken during experiments to ensure 
that the detected emission is in fact phosphorescence from 
the compound of interest. With respect to this, the direct 
S–T absorption method has a few advantages. First, the 
direct population of the triplet state results in emission 
only from the triplet, meaning that steady-state spectra 
may in some cases be collected without using any time-
gated detection. If normal singlet-to-singlet (S–S) absorp-
tion plus ISC is instead used, one must have a sufficiently 
long gating time to exclude any short-lived fluorescence 
from being collected by the detector. Second, S–T absorp-
tion takes place at longer wavelength than S–S absorption, 
and it can often be expected that any impurities in the sam-
ple absorbs less of a longer wavelength excitation light. 
However, if in doubt one should validate the origin of the 
emission signal, e.g., by the use of excitation spectra.

Examples of phosphorescence spectra measured by each 
of the above discussed methods are presented in Fig. 1 for 
zinc octaethylporphyrin (ZnOEP) dissolved in 2-methyl-
tetrahydrofuran (MeTHF) as a model compound. Figure 1a 
shows the room-temperature steady-state absorption spec-
trum as well as a gated emission spectrum at 85 K. ZnOEP 
is slightly fluorescent at room temperature, but once the 
sample is cooled to 85 K, where the solvent has formed a 
solid glass, also phosphorescence can be extracted from 
ZnOEP in a gated emission spectrum. For collecting a 
gated emission spectrum, a pulsed excitation light source 
is used and the emission from the sample is collected for 
a certain detection time with a time delay after the end of 
the excitation pulse. By that, the long-lived emission of 
phosphorescence can be isolated from the short-lived fluo-
rescence and other background signals, such as scattering 
and stray light from the excitation source. By choosing a 
short (or negative) delay time, both the fluorescence and 
phosphorescence signal can be obtained in the same spec-
trum, as seen in Fig. 1a. With a longer delay time, the fluo-
rescence can totally be excluded so that only the long-lived 
phosphorescence is obtained in the emission spectrum, as 
seen in Fig. 1b. The same spectral profile of the phospho-
rescence spectrum was also obtained with S-T excitation 
at 660 nm (Fig. 1c), even though the phosphorescence 
intensity was much lower. Phosphorescence decay upon 
excitation at 405 and 660 nm (Fig. 1d, e) show that the 
same phosphorescence lifetime is obtained independent of 
excitation wavelength, confirming that the emission spec-
trum obtained with S–T excitation origins from the same 
species as with S–S excitation. The black line in Fig. 1c 
shows a steady-state emission spectrum upon 660 nm exci-
tation. The signal in this spectrum originates partly from 
the weak ZnOEP phosphorescence but is overlayed with 
scattering, straylight, and emission from minor impurities. 
A comparison of this spectrum with the gated emission 
spectrum in the same graph shows the power of using time 
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gating to filter out small signals of long-lived emission 
components that otherwise are hidden in the steady-state 
background signal.

Using phosphorescence measurements at low tempera-
ture will only give an estimate of the true T1 energy at 
room temperature. One must consider, e.g., rotational flex-
ibility of the molecule as it is known that low-temperature 
phosphorescence of rotationally flexible molecules typi-
cally underestimates the room-temperature T1 energy [25]. 
Instead of using phosphorescence measurements, one can 
employ triplet sensitization protocols to determine the T1 
energy of a compound. While phosphorescence measure-
ments are somewhat more feasible, the triplet sensitization 
approach allows for determination of T1 at room-temper-
ature and likely yields a value that is more relevant for 
applications involving room-temperature TET in solution.

Assuming dynamic quenching that follows Stern–Vol-
mer kinetics, the Sandros equation (Eq. 2) can be used to 
determine the  T1 energy of a compound [26]:

Here, kTET is the rate constant for TET  (M−1  s−1), kdiff 
is the rate constant of TET at the diffusion limit, ET,D and 
ET,A are the donor and acceptor T1 energies, respectively, 
kB is the Boltzmann constant, and T  is temperature. To 
obtain the T1 energy, a series of measurements is per-
formed in which the compound of interest interacts with 
a chosen number of different molecules with known T1 
energies. One can use the compound of interest either as 
the donor or the acceptor. If the compound shows phos-
phorescence it is best used as a donor since then any type 
of triplet quencher with known T1 energies (emissive 

(2)kTET =
kdiff

1 + exp
(
−(ET,D − ET,A)∕kBT

) .

Fig. 1  Normalized absorption and emission spectra of ZnOEP in 
MeTHF. a Steady-state room-temperature absorption spectrum 
together with 85  K gated emission spectrum showing both fluores-
cence and phosphorescence (gating parameters: population time 
21 ms, delay time − 1 ms, detection time 20 ms). b, c Gated emission 
spectrum at 85 K, excited using a modulated CW laser with S–S exci-

tation at 405 nm (population time 20 ms, delay time 0 ms, detection 
time 20 ms) and S–T excitation at 660 nm (population time 20 ms, 
delay time 5 ms, detection time 30 ms), respectively. Black line in c 
shows a corresponding steady-state emission spectrum recorded using 
660 nm CW laser excitation. d, e Phosphorescence decay with S–S 
and S–T excitation, respectively
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or not) can be employed. If the investigated compound, 
which may or may not show phosphorescence, is used 
as an acceptor, then the used series of donors need to be 
emissive if one wants to avoid using transient absorption 
to determine kTET for the different donor/acceptor pairs.

Following the determination of kTET for all donor/accep-
tor pairs these may be visualized and analyzed in a San-
dros plot. An example of a Sandros plot is shown in Fig. 2 
where the rate constant of TET from biacetyl to a series 
of triplet acceptors is analyzed. The data are here plotted 
with the T1 energy of the acceptors on the abscissa and the 
logarithm of kTET on the ordinate, and the data are then 
fitted to the following equation:

Figure 2 shows the data from Sandros’ seminal 1964 
paper where the triplet state of biacetyl was investigated 
using phosphorescence quenching [26]. The data have 
been fitted to Eq. 3, yielding a  T1 energy of 2.43 eV, which 
is very close to that obtained from room-temperature 
phosphorescence in benzene [27]. Interestingly, the value 
obtained from the quenching experiments is slightly higher 
than that obtained using the room-temperature phospho-
rescence peak, but significantly lower than if the onset of 
phosphorescence is used, thus highlighting how different 
methodologies indeed yield quite different results (see ref. 
[27] for the room-temperature phosphorescence spectrum 
of biacetyl). Situations where more elaborate kinetics than 

(3)log(kTET) = log

(
kdiff

1 + exp
(
−(ET,D − ET,A)∕kBT

)
)
.

those developed by Sandros must be used may arise, which 
has been exemplified in later works [28, 29].

3  Sensitizer and annihilator triplet lifetime

As mentioned earlier, many sensitizers exhibit room-tem-
perature phosphorescence or TADF. These processes both 
involve the T1 state and measurements of time-resolved 
emission decay of such signals may be used to measure the 
triplet lifetime, �T , of many sensitizer compounds. Alterna-
tively, nanosecond transient absorption (nsTA) may be used, 
in which the time-resolved decay of triplet–triplet absorption 
signals are probed.

When determining �T of sensitizers one should not use 
too high concentrations or excitation intensities. Many sen-
sitizers may undergo TTA themselves, resulting in increased 
non-radiative decay. This leads to an observed (apparent) 
lifetime shorter than the real intrinsic lifetime. Such effects 
may be hard, or impossible, to avoid in nsTA due to the 
need for high excitation intensity and high concentration. 
For this reason, we recommend that time-resolved emission 
should preferentially be used to determine �T when possible. 
For time-resolved emission, a concentration of some few 
μM is typically enough for decently emitting compounds. 
Sensitizer TTA might be hard to avoid entirely during such 
measurements as well, but the second-order channel can be 

Fig. 2  Sandros plot obtained from phosphorescence quenching of bia-
cetyl (inset) with a series of triplet acceptors in benzene. Data points  
adapted from ref [26]

Fig. 3  Phosphorescence ( �
em

 = 650  nm) decay of 10  μM PtOEP 
in deaerated toluene at different intensities of ns pulsed excita-
tion ( �

exc
 = 532  nm, < 10  ns pulse length), excitation intensity 0.03–

0.6 mJ/pulse. Solid lines are global fits to Eq. 4 with �
T
 as a shared 

global fitting parameter and � as a free fitting parameter, n = 1. Inset: 
PtOEP emission decay at high and low excitation intensities with best 
fit to Eq.  4 with � as a free fitting parameter (blue lines) or with � 
fixed to zero (red/green lines), n = 1. Only the later parts of the decays 
are used to obtain the green line fits, yielding lifetimes more similar 
to that of the global fitting procedure
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accounted for during the fitting procedure. One example of 
this is shown in Fig. 3 where the phosphorescence lifetime 
of platinum octaethylporphyrin (PtOEP) is investigated with 
respect to excitation intensity ( IEX ), using a ns Q-swiched 
laser as excitation source. As can be seen, the decay kinetics 
of PtOEP phosphorescence is slightly shortened at higher 
IEX , owing to TTA between PtOEP triplets. To extract �T 
while taking the effect of TTA into account, the emission 
decay traces recorded at various excitation intensities are 
analyzed using the following equation (the derivation of this 
equation is described in Sect. 6):

Here, I(t) is the time evolution of the measured emis-
sion signal, 

[
3
E
∗(t)

]
 is the triplet concentration of the emit-

ting species at time t  , 
[
3
E
∗
]
0
 is the triplet concentration at 

time zero, �T is the triplet lifetime, and � is a dimensionless 
parameter indicating what fraction of triplets that initially 
decay by second-order channels. n is a parameter describing 
how the emission intensity depends on the concentration of 
molecules in the triplet excited state. For phosphorescence, 
the emission intensity is directly proportional to the con-
centration and n = 1. If the studied emission is upconver-
sion resulting as a subsequent event following TTA between 
two triplet excited annihilators, the emission intensity is 
proportional to the square of the triplet excited annihilator 
concentration, i.e., n = 2. By fitting the emission decays in 
Fig. 3 in a global fit, i.e., all decays share the same global 
�T , the PtOEP triplet excited state lifetime was determined 
to �T = 95 μs. Here, each decay is fitted to individual values 
of � , since the influence of TTA on the decay kinetics will 
vary with IEX . � may take values between 0 and 1, with 0 
indicating no initial TTA (Eq. 4 then takes the form of a 
single exponential decay) and 1 indicating that all triplets 
initially decay by TTA.

As seen from the inset of Fig. 3, the global fitting pro-
cedure results in a different �T than if Eq. 4 (with n = 1) is 
used for single traces only: the high and low-intensity excita-
tion decays result in shorter and longer �T , respectively. The 
comparison highlights that different experimental settings 
can yield different results if the global fitting procedure is 
not employed. Best fits to single exponentials ( � = 0) are 
included for comparison as well, which become increasingly 
inaccurate at higher IEX , yielding shorter �T . An alterna-
tive fitting procedure is to do a tail fit using only the later 
parts of the decay when most of the bimolecular events have 
occurred. Such a fit is included in the inset in Fig. 3 and 
gives a slightly shorter or longer lifetime than the global 

(4)I(t) ∝
�
3
E
∗(t)

�n
=

⎛
⎜⎜⎜⎝

�
3
E
∗
�
0

1 − �

exp
�

t

�T

�
− �

⎞
⎟⎟⎟⎠

n

.

fit, depending on the excitation intensity used during the 
measurement. Since bimolecular decay processes never can 
be totally excluded, the triplet lifetime obtained from a tail 
fit should be regarded as a low-end estimate of the actual 
lifetime in cases where only one excitation intensity is used.

Even more important for TTA-UC is arguably �T of the 
annihilator, a parameter commonly determined from time-
resolved emission of upconverted light. The fitting proce-
dures to determine �T , however, vary significantly, but typi-
cally Eq. 4 is the starting point. Since two triplet annihilators 
must interact to form emissive singlets, n = 2 must be used. 
Many times, only the tail of the measured decay (where the 
influence from TTA on the kinetics is smaller) is used during 
the fitting procedure, and Eq. 4 with � = 0 is then used [30, 
31]. The measured time constant (often referred to as �UC ) 
will then equal �T/2. Alternatively, a similar procedure to 
that we propose for the determination of �T of the sensitizer 
has been used, in which �T is determined by globally fitting 
UC emission decays acquired at varying excitation intensi-
ties [15, 32].

In the example shown in Fig. 4, PtOEP and 9,10-diphe-
nylanthracene (DPA) are used as the sensitizer and annihila-
tor, respectively. The sample was excited using a modulated 
CW diode laser giving a square-shaped excitation pulse, see 
Sect. 6 for further description. The decays of upconverted 
emission recorded at various excitation intensities are glob-
ally fitted to Eq. 4 with n = 2 with a shared global �T , yield-
ing a triplet lifetime of 8.0 ms. This value stand in contrast to 
that achieved by other means of fitting, as can be seen from 
Fig. 4b. The exponential tail fits consistently yield shorter 
�T than that of the global fit, with �T almost cut in half at 
higher excitation intensity. Using a single decay and fit this 
to Eq. 4 with n = 2 also yields slightly different values from 
that obtained by the global fitting, as was also the case in 
Fig. 3. As can be seen, the global fitting procedure yields 
a �T value (8.0 ms) in between those from the single trace 
fits (7.6 and 8.9 ms, respectively) measured at high and low 
excitation intensity, which is to be expected.

To summarize, the influence from TTA on emission 
emanating from reactions on the triplet surface can, in most 
cases, not be disregarded during transient analysis. We urge 
the field to, when applicable, move away from the simple 
but incorrect way of using exponential tail fits to a single 
decay to determine the triplet lifetime of sensitizer and, more 
importantly, annihilator species. Instead, we propose that 
several decays at varying excitation intensities should be 
collected, which is followed by a global fitting procedure in 
which the influence of the TTA event is accounted for. We 
note that the annihilator �T in certain (quasi) solid-state sys-
tems, such as those based on polymer nanodroplets, has been 
reported to not show any dependence on excitation inten-
sity due to nano-confinement [33]. Either way, performing 
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excitation intensity dependent measurements will yield valu-
able information about the system at hand.

Different methodologies are causing reported �T to vary 
a lot, and as an example you can find reports for DPA from 
around 1 to almost 10 ms in liquid solution [32, 34–36]. 
Another reason for these discrepancies is that it is inevi-
table that the  O2 concentration will vary between samples 
from different studies.  O2 is an excellent quencher of tri-
plet states and to afford TTA-UC, as much  O2 as possible 
should be removed (at least for liquid samples). Several dif-
ferent methods for degassing samples exist, and although 
no method can remove all  O2 from a sample, we argue that 
(liquid) samples for TTA-UC should be prepared either by 
freeze–pump–thaw or in a glovebox. Simply bubbling with 
 N2 or argon is—in our experience—insufficient to properly 
degas the sample, and the reproducibility of such procedures 
is much lower compared to freeze-pumping or glovebox 
preparation.

The observed �T of the annihilator might also be affected 
by back-TET (bTET) from annihilator to sensitizer and is of 
significance especially when high sensitizer concentrations 
are used. As an example, �T of DPA has been determined to 
be only 140 μs when [PtOEP] = 1 mM, which is explained 
in full by the presence of 1 mM PtOEP [15]. This effect can, 
however, be disregarded if the sensitizer concentration is 
low enough or if the energy gap between the triplet states of 
sensitizer and annihilator is large enough, further emphasiz-
ing the need for the proper determination of these values.

We also want to highlight that systems using transmitter-
bound nanocrystal sensitizers (NCs) based on, e.g., per-
ovskites or chalcogenides, typically exhibit much shorter 
annihilator �T than those using molecular sensitizers. For 
instance, �T of DPA has been measured to 150 μs using gold-
doped CdSe NCs [37] and �T of the UV-emitting species 
2,5-diphenyloxazole (PPO) has been measured to around 
50 μs [38] using CdS NCs as sensitizers, as compared to 
1.3 ms when using an organic sensitizer [13]. The reason 
for this discrepancy is unclear but is potentially related to 
observations of thermally activated bTET from the bound 
transmitter to the NCs [39]. Nonetheless, the shorter �T most 
likely contributes to the lower TTA-UC efficiencies typically 
found in NC-based systems.

4  The triplet–triplet annihilation rate 
constant, kTTA 

Following TET from sensitizer to annihilator, the upcon-
verted emission is created by means of TTA between two 
triplet excited annihilators. Similar to TET, this is a diffu-
sion-controlled process in liquid samples, but the kinetics 
of the TTA event has gained relatively scant attention so 
far despite its obvious importance for TTA-UC systems. 
The determination of kTTA has typically been achieved by 
means of nanosecond transient absorption (nsTA) measure-
ments, in which the kinetics of annihilator triplet absorption 
have been monitored to extract this rate constant [40–43]. 

Fig. 4  a Upconverted emission decay of a DPA/PtOEP sample in 
deaerated toluene at different intensities of pulsed 532  nm excita-
tion (modulated CW laser excitation, 35 ms population time). Solid 
lines are global fits to Eq. 4 with n = 2 and a shared �

T
 . b Upconverted 

emission decay of a DPA/PtOEP at the highest and lowest excitation 
intensities, respectively, with best fit to Eq. 4 with �

T
 and � as fitting 

parameters (blue lines) or tail fitted to Eq. 4 with �
T
 as fitting param-

eter and � fixed to zero (red lines), n = 2
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In a few studies, the emission of upconverting samples has 
been probed in addition to the triplet absorption to extract 
kTTA [32, 36]. Using nsTA for determining kTTA  requires the 
accurate determination of molar extinction coefficients of 
the annihilator triplet excited states in addition to the pos-
sibility to perform accurate measurements of weak triplet 
absorption signals. It is typically performed using a short 
(ns) and intense laser excitation pulse, which can be difficult 
to control and give rise to, e.g., significant sensitizer-sensi-
tizer annihilation. In addition, the high optical density that 
typically is required at the excitation wavelength in order to 
yield a proper TA signal potentially leads to inhomogeneous 
excitation and thereby inhomogeneous TTA kinetics within 
the sample volume that is probed.

Our group has recently reported a method in which kTTA 
can be extracted using only measurements of time-resolved 
emission [13]. We will return to the full description of this 
method in Sect. 6, but instead of using a short (< 10 ns), 
high-energy laser pulse, we used a commercially available 
CW diode laser in modulated mode, allowing for much 
lower excitation intensities and excellent temporal control 
of the pulse. This recent report studied UV-emitting annihi-
lators for which no kTTA values (except PPO [40]) had been 
reported so far. Interestingly, the value previously obtained 
for PPO using nsTA (5 ×  109  M−1  s−1) is approximately 
three times higher than that obtained using our new method. 
As will be shown below, the same trend appears for DPA: 
the kTTA values obtained using nsTA (ca 2.5 ×  109  M−1  s−1) 
are about three times higher than those extracted herein 
(vide infra).

5  The threshold intensity, Ith

Because of the bimolecular nature of TTA, the rate of TTA 
depends quadratically on the concentration of triplet excited 
annihilators, and thereby also on the excitation intensity. 
At low excitation intensities, the probability of two triplet 
excited annihilators encountering each other and undergo 
TTA within its excited state lifetime is low, but it increases 
quadratically with excitation intensity. At high enough exci-
tation intensity, the concentration of triplet excited anni-
hilators can be so high that most annihilator triplets find 
an annihilation partner within their excited state lifetime, 
which makes the probability of triplet depopulation by TTA 
approach unity. This behavior gives rise to a complex exci-
tation intensity dependence of the upconversion emission 
intensity, which increases quadratically at low excitation 
intensities but switch to a linear increase at high excita-
tion intensities [44]. This can be seen as a shift from slope 
2 to slope 1 in a double logarithmic plot, as illustrated in 
Fig. 5a. This behavior is also reflected in the quantum yield 
of upconversion, which increases at low excitation intensi-
ties but converges to a plateau of constant quantum yield at 
high excitation intensities, as seen in Fig. 5b. A parameter 
that often is used to characterize an upconversion system is 
the threshold intensity, Ith . Ith is defined as the steady-state 
excitation intensity at which half of the annihilator triplet 
population depopulates by TTA. An equivalent definition is 
the excitation intensity at which the upconversion quantum 
yield reaches half of its maximum value [45]. It should be 
noted that the threshold intensity is not a parameter of the 
upconversion chromophores but should rather be seen as 
a figure of merit of the upconversion sample as a whole 
because the threshold intensity depends on the concentration 
of both sensitizer and annihilator, the oxygen content (which 

Fig. 5  Schematic illustration of the excitation intensity dependence of 
upconversion emission intensity (a) and upconversion quantum yield 
(b). The threshold intensity is identified in accordance with the tradi-

tional method in (a) and by the formal definition in (b). Note that the 
threshold intensity identified in (a) corresponds to half the value of 
the threshold intensity defined in (b), as discussed in the text 
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affects the triplet excited state lifetimes), and viscosity etc. 
Therefore, when reporting Ith , care should be taken to always 
report the composition of the upconversion sample and the 
experimental conditions under which it was measured.

The most common way to determine the threshold inten-
sity is by measuring the upconversion emission intensity at 
various excitation intensities, plot the data in a graph with 
logarithmic scales, and find the intersect between the straight 
lines fitted to slope 2 and 1 in the low and high excitation 
regimes, respectively, as illustrated in Fig. 5a. However, in 
a recent publication by Murakami et al. it has been shown 
that the threshold intensity achieved using this method,  Ith', 
does not represent the threshold intensity by the formal defi-
nition,  Ith [44]. In fact, it is in this publication concluded 
that the excitation intensity where the lines of slopes 2 and 
1 intersect corresponds to half the value of  Ith, a conclusion 
that has been verified by us. That the upconversion emis-
sion intensity asymptotically approaches slope 2 and 1 in 
the double logarithmic excitation intensity plot is based on 
theoretical arguments and holds for both pulsed and CW 
excitation [45–47]. However, its derivation is based on a 
couple of assumptions that not necessarily always are valid. 
For example, slope l is not necessarily achievable if the anni-
hilator concentration or the annihilator triplet lifetime is too 
low/short. Further, other competing processes can become 
prominent at high excitation intensities or high sensitizer 
concentration, such as sensitizer-sensitizer self-annihilation, 
which competes with sensitizer-to-annihilator TET and 
reduces the effective upconversion quantum yield [15, 48, 
49]. It has also been shown that some specific upconver-
sion materials have other excitation intensity dependencies 
due to effects of nano-confinement and inhomogeneous size 
of the upconversion sites, for which an alternative expres-
sion for the excitation intensity dependence can be derived 
mathematically [33, 50]. There are several examples in the 
literature where the reported value of Ith is obtained by fit-
ting the upconversion emission intensity at low and high 
excitation intensities to lines with slope approximately 2 
and approximately 1 in the double logarithmic plot. This 
may yield a better fit to the experimental data but is not 
correct from a theoretical view on how Ith is defined. For 
cases in which the upconversion emission intensity for any 
reason does not reach a fully quadratic and linear behavior 
in the low and high excitation intensity regimes, we instead 
suggest using our new method to determine the threshold 
intensity, described in the next section. We argue that this 
new method is more correct from a theoretical perspective 
and more accurate in an experimental perspective compared 
to the traditional methods for measuring threshold intensity. 
This is because it is not based on the assumption that the 
upconversion emission follows the idealized behavior with 
a quadratic and linear region, as discussed as follows.

6  New method for simultaneous 
determination of kTTA , τT,  Ith, and 8

���

Based on the discussions above and in light of the nowadays 
commercially available easily operated diode lasers, we pro-
pose a new method for experimentally determining kTTA , �T , 
Ith , and ΦTTA from only one series of time-resolved upcon-
version emission measurements. The method has already 
been used in our group and is briefly described in a recent 
publication [13]. We will here give a more detailed descrip-
tion of the method, the assumptions it is based upon, and 
compare it to previously used procedures with respect to 
accuracy and simplicity.

Our new method is an extension to the protocol for deter-
mining �T of an annihilator by globally fitting upconversion 
emission decay traces measured at various excitation intensi-
ties, as described in Sect. 3. The experimental setup of the 
new method is shown schematically in Fig. 6a and the data 
acquisition procedure is illustrated in Fig. 6b, c. Instead of 
using a ns pulsed laser, a modulated CW diode laser is used 
to excite the sample with a square-shaped pulse. The time of 
the laser-on/off cycles is controlled using a pulse generator 
that triggers the laser. The emission from the sample is passed 
through a short-pass filter or a monochromator so that only 
the upconversion emission reaches the detector, from which 
the emission signal is read by an oscilloscope. For each pulse 
cycle, the sample is excited with constant intensity during the 
laser-on time and the subsequent decay of the upconversion 
emission signal during the laser-off time is recorded. With this 
experimental setup, UC emission decay traces can be achieved 
where the excitation pulse is controlled with high precision in 
both duration time and intensity. Further, one and the same 
laser can be used as excitation source for both time-resolved 
and steady-state experiments, a feature that will be important 
later to extract Ith and ΦTTA.

The key instrument in this experimental setup is the modu-
lated CW laser that must be able to be modulated fast enough 
for the experiment. Modern diode laser can often be modulated 
with frequencies up to several kHz or MHz, which is orders of 
magnitude higher frequencies than what is needed for this type 
of experiment. The most important parameter for our experi-
ment is the fall time of the laser, i.e., how fast the excitation 
intensity can switch off from full power when turning from 
laser-on to laser-off cycle. This (together with the detector and 
the oscilloscope) sets the response time of the experimental 
setup. For the laser used in our setup, the fall time is specified 
in the data sheet to < 2 μs and other laser models in the same 
family have both rise times and fall times specified to some 
few tens of ns. By this, this class of lasers exceeds the require-
ments for probing upconversion emission signals on the time 
scale of 10 μs–10 ms.
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To describe the fitting procedure from which kTTA will be 
extracted, we start from the beginning with the rate equations 
that eventually lead to an expression for the time-resolved 
upconversion emission. Values of �T , ΦTTA , and Ith will fall 
out as byproducts from the fitting procedure, as described as 
follows. The concentration of triplet excited annihilators within 
the excitation volume of the upconversion sample, 

[
3
A
∗
]
 , at 

time, t , is given by the rate equation in the following equation:

Here, kgen is the rate of generation of triplet excited anni-
hilators by triplet sensitization from the sensitizer. The term 
kT

[
3
A
∗
]
 is the rate of depopulation of triplet excited annihila-

tors by spontaneous decay to the ground state, including all 
(pseudo) first-order kinetics decay mechanisms ( kT = 1∕�T ). 
The term 2kTTA

[
3
A
∗
]2 is the rate of depopulation by TTA. 

This equation can be written in a number of ways and is here 

(5)
d
[
3
A
∗
]

dt
= kgen − kT

[
3
A
∗
]
− 2kTTA

[
3
A
∗
]2
.

written with the unit mol·dm−3·s−1. The rate constants kT 
and kTTA , thus, have the units  s−1 and  s−1·M−1, respectively. 
The factor 2 in front of kTTA is here explicitly written out to 
take into account that two annihilator triplets are annihilated 
in each annihilation event. Equation 5 is a simplified ver-
sion of the system of rate equations necessary to accurately 
describe the time evolution of the triplet excited annihila-
tor. The full system of rate equations can be found in the 
Supporting Information and the assumptions made to derive 
Eq. 5 are discussed as follows. When the laser turns off after 
an excitation cycle, kgen becomes zero and the annihilator 
triplet population starts to decay. The decay profile of the 
annihilator triplet concentration is given by the analytical 
solution to the decaying part of Eq. 5 [46, 51]:

(6)
[
3
A
∗
]
(t) =

[
3
A
∗
]
0

1 − �

exp
(

t

�T

)
− �

.

Fig. 6  The principles of our new method for determining k
TTA

 , k
T
 , 

and I
th

 . a Schematic outline of the experimental setup. b The time 
evolution of the upconversion emission signal relative to the phase of 
the modulated CW laser. c Decay traces of the upconversion emission 

during the laser-off cycle in a semilogarithmic plot at various exci-
tation intensities. d Identification of I

th
 in a semilogarithmic graph 

of � obtained from a global fit of upconversion decay traces, plotted 
against excitation intensity



Photochemical & Photobiological Sciences 

1 3

Here, �T = 1∕kT is the triplet lifetime of the annihilator. [
3
A
∗
]
0
 is the concentration of triplet excited annihilators at 

time zero, that is, at the moment when the laser is turned off. 
Note that Eq. 6 describes the time profile of the triplet excited 
annihilator concentration. The upconversion emission inten-
sity, which is the quantity that is observed experimentally, 
is described by Eq. 4 (with n = 2 ) [46, 52]. As described in 
Sect. 3, kT and � can be obtained by globally fitting upcon-
version emission decay traces recorded at various excitation 
intensities to Eq. 4. � , which was not considered explicitly in 
Sect. 3, is defined in the following equation:

From Eq. 7 it can be seen that if 
[
3
A
∗
]
0
 was known, then 

also kTTA could be extracted from the global fit of upconver-
sion emission decay traces. If a ns pulsed laser was used as 
excitation source in an upconversion emission experiment, 
it would be difficult to estimate 

[
3
A
∗
]
0
 because of the very 

short and intense excitation pulse. In comparison, if a CW 
laser is used as excitation source, the population of triplet 
excited annihilators will after some few milliseconds of exci-
tation reach a steady-state concentration where the genera-
tion rate of annihilator triplets equals the rate of depopula-
tion. Excitation using a square-pulse modulated CW laser 
can be regarded as an intermediate between pulsed and CW 
excitation; it enables measurements of emission decay kinet-
ics after an excitation pulse with the very important feature 
that the sample can be in a well-defined state at time zero 
of the decay. By making the laser-on cycle long enough, 
the population of excited species will have reached the 
steady-state concentration when the laser-off cycle starts 
and the emission decay is recorded. In that case, 

[
3
A
∗
]
0
 can 

be identified as the steady-state concentration at the given 
excitation intensity and be calculated from Eq. 5 by setting 
d
[
3
A
∗
]
∕dt = 0:

Here, the rate of annihilator triplet generation has been 
defined as kexcΦiscΦTET , where kexc is the rate of excitation 
of sensitizers (that is, mole of photons absorbed by sensitiz-
ers per time and volume) and Φisc and ΦTET are the quan-
tum yields of ISC of the sensitizer and TET from sensitizer 
to annihilator, respectively. kexc can be calculated from the 
ground state absorbance of the sample at the excitation 
wavelength together with the laser cross section area and 
laser power during the laser-on time. ΦTET can typically be 
obtained from a separate phosphorescence quenching exper-
iment. By this, Eqs. 7 and 8 constitutes a solvable equation 
system where kTTA and 

[
3
A
∗
]
0
 are the only unknown param-

eters. Thus, kTTA and kT can be obtained as the global fitting 

(7)� =
2kTTA
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kT + 2kTTA
[
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]
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.

(8)0 = kexcΦiscΦTET − kT
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0
− 2kTTA
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3
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0
.

parameters when a series of upconversion emission decay 
traces, obtained at various excitation intensities, are fitted to 
Eq. 4 (with n = 2) in combination with Eqs. 7 and 8.

As stated in the introduction to this section, Ith can also be 
extracted from the experiment described above. The deriva-
tion of this requires a closer look at the parameter � . Com-
paring the numerator and denominator of Eq. 7 with the two 
right hand terms in Eq. 5 it can be seen that � describes the 
initial relative rate of triplet decay by TTA in relation to the 
total initial rate of triplet decay [51, 52]. Since Ith is defined 
as the steady-state excitation intensity at which half of the 
annihilator triplet population decays by TTA (see Sect. 5), 
it can be concluded that Ith must be equal to the excitation 
intensity at which � = 0.5 , provided that the sample has 
reached the steady-state concentration during the laser-on 
excitation cycle. Hence, Ith can easily be obtained from a plot 
of the fitted value of � as a function of excitation intensity, 
as illustrated in Fig. 6d.

Another interesting property of � is its relation to the 
quantum yield of TTA, ΦTTA [37, 53]. In the steady-state 
approximation, the quantum yield of a process equals the 
rate of the process divided by the rate of all other competing 
processes. Since � here is calculated from the upconversion 
emission decay from a sample initially in steady state, it can 
with the same argument as above be concluded that ΦTTA 
and � are related by the following equation:

The factor 1∕2 is here included to account for the theo-
retical maximum quantum yield of TTA being 0.5. With a 
known value of ΦTTA it is possible to calculate the spin-sta-
tistical factor, f  , from the observed upconversion emission 
quantum yield using Eq. 1. In the literature, it is common 
that f  is calculated with a ΦTTA that is assumed to be 0.5 in 
the high excitation intensity regime. With our new method, 
f  can be determined using purely experimentally determined 
quantum yields without the need for such assumptions [13]. 
This is possible because the same laser that is used modu-
lated for the time-resolved experiments, populating the 
upconversion sample to steady state, can also be used as 
a CW excitation source when measuring the upconversion 
quantum yield in a steady-state experiment. An accurately 
determined value of f  enables a more in-depth analysis of 
the spin statistics of TTA, a factor that so far is not well 
understood but is critical for the design of new more efficient 
annihilators [20].

To show the versatility of our new method for deter-
mining kTTA , kT , and Ith , it is here illustrated with an 
example using the very well-known upconversion system 
with PtOEP as sensitizer and DPA as annihilator (5 μM 
PtOEP + 1 mM DPA in degassed toluene). The inset in 
Fig. 7a shows the upconversion emission decay traces 

(9)ΦTTA = �∕2.
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(same data as in Fig. 4a) and how the decay of the upcon-
version emission signal depends on excitation intensity. 
The excitation laser was in this experiment modulated with 
a frequency of 15 Hz, the laser-on time was set to 35 ms 
to ensure that the sample was populated to steady state, 
and the emission decay was recorded during the remain-
ing ~ 32 ms of the modulation cycle. From the fit with both 
kT and kTTA as global parameters, the rate constants of 
annihilator triplet decay and TTA were obtained as kT = 
124  s−1 and kTTA = 7.2 ×  108  s−1  M−1, which are similar 
to what previously has been reported [32, 35, 36]. The 
obtained triplet lifetime ( �T = 1∕kT ) of 8.1 ms is very simi-
lar to what was extracted in Fig. 4a, where the same emis-
sion decay data were used but fitted with only kT as global 
parameter. In the global fit in Fig. 7a, Φisc and ΦTET were 
set to unity. For this upconversion sample, these are rea-
sonable assumptions considering that the heavy platinum 
atom in the sensitizer yields strong spin–orbit coupling 
and virtually quantitative ISC [54], and the high annihila-
tor concentration and a relatively long sensitizer triplet 
lifetime (~ 95 μs) results in virtually quantitative TET. It 
should once again be highlighted that the exact value of 
kT depends on the oxygen concentration in the sample, so 
values reported in the literature can vary depending on 
how well the sample was degassed. Further, the definition 

of kTTA varies in the literature and the factor of 2, written 
explicitly in Eq. 5, is sometimes included in the value of 
kTTA , so care must be taken when comparing values from 
different studies. It should also be noted that the extracted 
values of kT and kTTA may depend on the relative weight 
that is put on each decay in the global fit. To yield a uni-
form weighting, the decay traces can be normalized prior 
to fitting. However, care should then also be taken dur-
ing the measurements to ensure that all decay traces have 
reasonably uniform signal-to-noise ratio, in order to avoid 
unintentionally putting too much weight on the noisier 
decay traces in the global fit. For the data shown in Fig. 7a, 
a constant signal-to-noise ratio was achieved by adjusting 
the number of averages on the oscilloscope used to record 
each decay trace so that the PMT signal intensity (in volt) 
multiplied with the number of averages was kept constant 
throughout the measurement series.

The threshold intensity for the upconversion sample was 
determined to Ith = 13.6 mW/cm2, as obtained from the fit-
ted values of � in Fig. 7a. As seen in Fig. 7a, � follows 
approximately a sigmoidal curve when plotted against the 
excitation intensity with logarithmic scale on the abscissa. 
� approaches asymptotically zero and unity at low and high 
excitation intensities, respectively, which corresponds to 
the convergence towards slope 2 and slope 1 in the double 

Fig. 7  Threshold intensity for 
PtOEP (5 μM) + DPA (1 mM) 
in deaerated toluene determined 
using a the new proposed 
method, in comparison to b 
using the traditional method. 
Note that the definition of  Ith in 
(a) differs from the definition 
of I'th in (b), as described in the 
text. Inset in a shows a selection 
of the upconversion emission 
decay traces with the global fit 
from which � was obtained (the 
upconversion emission decay 
traces are the same as shown in 
Fig. 4a, but here fitted with both 
k
T
 and k

TTA
 as global param-

eters). Black connecting line in 
a) is a guide to the eye. Black 
lines in b show fit of slope 2 
and slope 1 for the low and high 
excitation intensity regions, 
respectively
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logarithmic plot of steady-state upconversion emission 
intensity versus excitation intensity (Fig. 7b) [55]. Using the 
traditional method to find the threshold intensity, i.e., graphi-
cally identifying the intersect of the two fitted lines of slope 
2 and 1 in the plot of upconversion emission intensity versus 
excitation intensity, the threshold intensity was determined 
to 14.1 mW/cm2.   A note should be made that the traditional 
method to determine the threshold intensity has been ques-
tioned and reassessed in a recent publication theoretically 
investigating the excitation intensity dependence of upcon-
version emission, as discussed in Sect. 5 [44]. It is in this 
article stated that Ith , which formally is defined as the exci-
tation intensity at which the upconversion quantum yield is 
half of its maximum quantum yield, corresponds to twice the 
excitation intensity where the fitted lines of slope 2 and slope 
1 intersect. By that, the   Ith = 13.6 mW/cm2 achieved with 
our new method (Fig. 7a) should be compared to 2 × 14.1 
= 28.2 mW/cm2, as achieved with the traditional method    
(Fig. 7b). The difference between these two values mainly 
reflects the arbitrariness and subjectiveness of the traditional 
method that is based on a manual fitting of two lines. 

There are many benefits from using our new method for 
characterizing an upconversion system. The most obvi-
ous benefit is the simplicity of the method: With only one 
experiment that easily can be performed spending less than 
one day in the lab, all the parameters of kTTA , kT , ΦTTA , 
and Ith can be obtained from time-resolved emission data. 
The benefit of using only time-resolved emission data is 
that emission kinetics is independent on inner filter effects, 
which otherwise may complicate the analysis when other 
methods based on quantification of emission intensity from 
samples with high optical density are used [56]. Further, for 
determining kTTA , our new method only requires that the 
absorbance of the sample and the intensity of the excitation 
source can be measured, parameters that typically are easy 
to access with high accuracy in comparison to the molar 
absorptivity of an excited state that is required if kTTA is 
determined from transient absorption data. For determining 
Ith , our new method has the great benefit that it can be found 
by only scanning the upconversion emission kinetics within 
a narrow range of excitation intensities. This is in contrast 
to the traditional method where the excitation intensity typi-
cally must be varied over four or five orders of magnitude to 
clearly identify the regions where the upconversion emission 
intensity is assumed to depend quadratically and linearly on 
excitation intensity. By that, identification of Ith directly from 
the excitation intensity where � = 0.5 does not require the 
assumption that the upconversion emission intensity shows 
a truly quadratic and linear dependence in the low and high 
excitation intensity regime, assumptions that are not always 
valid, as discussed in Sect. 5.

Measuring time-resolved upconversion emission can be 
challenging at low excitation intensities where the emission 

signal and � is low. Therefore, when using our new method it 
could be tempting to only measure the emission decay traces 
at higher excitation intensities where � is higher. In theory, 
it could work to extract kTTA from such fitted decay traces 
and identify Ith by extrapolation down to � = 0.5. However, 
it should be emphasized that the fit is most accurate for the 
decay traces with � value close 0.5, i.e., far away from the 
extreme points of � = 0 and � = 1 . Therefore, it is important 
that the upconversion emission decay traces that are used in 
the global fit to determine kTTA and Ith are measured under 
excitation intensities close to and around Ith.

As for all methods where experimental data are used to 
extract a physical parameter, our new method for determin-
ing kTTA , kT , and Ith from time-resolved upconversion meas-
urements is based on a couple of assumptions and simplifi-
cations. It is important to be aware of these assumptions to 
understand when the method is applicable and when it is not. 
First, for Eq. 4 to describe the upconversion emission kinet-
ics, the upconversion sample must consist of a homogeneous 
material. Otherwise, a more complex expression must be 
derived, for example by modeling the upconversion emis-
sion as originating from a distribution of non-homogeneous 
upconversion sites [50]. Further, when using Eq. 4 to fit the 
upconversion emission decay traces it is assumed that the 
rate of triplet sensitization of the annihilator is fast com-
pared to the time scale of TTA. Only then can the generation 
of triplet excited annihilators by TET from the sensitizer, 
which is described by the complicated set of rate equations 
presented in the Supporting Information, be replaced by the 
simple factor kgen in Eq. 5. In other words, the TET event 
should be fast enough so that the triplet excited annihilator 
can be regarded as being generated directly from the pho-
toexcitation. In practice, this means that the upconversion 
emission intensity starts decaying immediately when the 
laser is turned off without delay caused by the sensitizer tri-
plets continuing to generate annihilator triplets. In a typical 
upconversion system, the annihilator concentration is two or 
three orders of magnitude higher than the sensitizer concen-
tration, enabling fast TET. If this assumption is not fulfilled, 
the upconversion emission decay traces must be fitted to the 
full set of rate equations describing all the relevant species 
in the system. The second assumption is that the volume 
element in the sample that is photoexcited and viewed by 
the detector is homogeneously excited. This is an important, 
but rarely considered, assumption that applies to all types of 
upconversion experiments where a parameter is to be quanti-
fied in relation to the excitation intensity, e.g., upconversion 
emission intensity, quantum yield, or upconversion kinet-
ics. The intensity of the excitation light attenuates when it 
travels through a sample, as described by Lambert–Beer´s 
law. Therefore, the concentration of excited chromophores, 
and thereby also the rate of bimolecular TTA, varies within 
the sample. Because of this, it is not trivial to relate, for 
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example, the upconversion emission intensity to a certain 
excitation intensity if the optical density is too high. To 
ensure a homogeneous excitation volume, we recommend 
adjusting the thickness or concentration of the sample to 
keep its optical density at the excitation wavelength well 
below 0.1, which means that the attenuation of excitation 
light through the sample is below ~ 20%. In addition to these 
assumptions, it should be noted that, to determine kTTA with 
this new method, it must be possible to accurately measure 
the absorbance of the sample. This is typically not a problem 
for upconversion systems of dissolved chromophores in solu-
tion, but it can be an issue for non-transparent upconversion 
samples that scatters light. However, we want to highlight 
that kT,� , and Ith can be determined with the new method 
even without knowing the absorbance of the sample.

7  Conclusion

In this perspective, several parameters important in TTA-
UC experiments have been discussed and analyzed. Tri-
plet state energies may be extracted from phosphorescence 
measurements, and we highlight that this can be achieved 
by excitation into either the singlet or the triplet manifold, 
using ZnOEP as a model compound. The triplet energy 
may also be extracted from bimolecular quenching experi-
ments, and we argue that this methodology might be more 
accurate and relevant in some situations. Triplet lifetimes 
( �T ) are preferably measured using time-resolved emis-
sion of either phosphorescence/delayed fluorescence (for 
sensitizers) or of upconverted light (for annihilators). A 
comparison between different strategies to extract �T is 
undertaken. Using PtOEP/DPA as a model system, we 
show that the most accurate values are obtained by investi-
gating the excitation intensity dependence of the observed 
kinetics and then employ a global fitting procedure. Using 
a square-pulse excitation and by modifying the global fit-
ting procedure used to determine �T , the same measure-
ments can also be used to extract the somewhat elusive 
rate constant for TTA—which previously has relied on 
challenging nanosecond transient absorption measure-
ments—as well as to determine the excitation threshold 
intensity ( Ith ). All of this is achieved using a versatile 
experimental setup where the only crucial components are 
excitation sources in the form of commercially available 
CW laser diodes that can be modulated, and an emission 
detector. We show that the new method yields similar Ith 
to the method based on steady-state measurements that 
is commonly used. The new method also benefits from 
that a smaller range of excitation intensities can be used 
while still obtaining an accurate value. This method also 
serves to accurately estimate the TTA quantum yield, a 
parameter that is important for further analysis of, e.g., the 

spin-statistical factor. The collection of methods presented 
herein provide an experimental framework that will hope-
fully aid the TTA-UC community in the strive for efficient, 
facile, and accurate determination of the important param-
eters discussed herein.
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