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ABSTRACT: Triplet−triplet annihilation photon upconversion
(TTA-UC) is a process in which triplet excitons combine to form
emissive singlets and holds great promise in biological applications
and for improving the spectral match in solar energy conversion.
While high TTA-UC quantum yields have been reported for, for
example, red-to-green TTA-UC systems, there are only a few
examples of visible-to-ultraviolet (UV) transformations in which the
quantum yield reaches 10%. In this study, we investigate the
performance of six annihilators when paired with the sensitizer
2,3,5,6-tetra(9H-carbazol-9-yl)benzonitrile (4CzBN), a purely or-
ganic compound that exhibits thermally activated delayed
fluorescence. We report a record-setting internal TTA-UC quantum
yield (ΦUC,g) of 16.8% (out of a 50% maximum) for 1,4-
bis((triisopropylsilyl)ethynyl)naphthalene, demonstrating the first
example of a visible-to-UV TTA-UC system approaching the classical spin-statistical limit of 20%. Three other annihilators, of which
2,5-diphenylfuran has never been used for TTA-UC previously, also showed impressive performances with ΦUC,g above 12%. In
addition, a new method to determine the rate constant of TTA is proposed, in which only time-resolved emission measurements are
needed, circumventing the need for more challenging transient absorption measurements. The results reported herein represent an
important step toward highly efficient visible-to-UV TTA-UC systems that hold great potential for driving high-energy
photochemical reactions.

■ INTRODUCTION

Unconventional strategies for expanding the use of solar
energy have attracted significant attention in recent years.1,2

Using photon upconversion (UC), in which low-energy
photons are combined to form high-energy light, it is expected
that the conventional limits in photovoltaics can be shifted
upward.3 This process has also been utilized in contexts of, for
example, optogenetics,4,5 targeted drug-delivery,6 photocatal-
ysis,7 and photochemistry.8,9

For solar applications, the mechanism called triplet−triplet
annihilation photon UC (TTA-UC) is of specific interest as
this process functions under low-intensity, noncoherent
light.10,11 By using a donor, or sensitizer, species in conjunction
with a fluorescent annihilator, triplets generated by the
sensitizer from incident long-wavelength light may be
converted into a highly energetic singlet state within the
annihilator species in a spin-allowed TTA process. This
scheme has been demonstrated for many different spectral
ranges and with a variety of compounds,12 spanning purely
organic systems,13,14 nanocrystals,15−19 metallic com-
plexes,20−24 and metal−organic frameworks,25 to name a few.

The most success in terms of UC efficiencies has been
obtained in the visible region. In particular, red-to-blue TTA-
UC systems have been reported with UC quantum yields
(ΦUC) as high as 42% (out of a theoretical maximum of 50%
owing to the two-to-one nature of the UC process),26 while
other spectral regions have proven more challenging.a

Upconverting near-infrared or infrared light to the visible
region, which is especially important for biological and
photovoltaic applications, have seen much lower efficiencies
with a ΦUC of 8% at best.27 Similarly, the performance of
visible-to-ultraviolet (vis-to-UV) TTA-UC systems suffers from
limited efficiencies. Significant progress has however been
made recently, with reports on a ΦUC of around 10% for three
different systems.28−30 Still, there is no fundamental reason as
to why much higher efficiencies would not be possible.
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Only a few UV-emitting species have been employed in
TTA-UC to date, with 2,5-diphenyloxazole (PPO) arguably
gaining the most attention.14,30−35 Pioneering work by the
Castellano group dating back to 2009 employed PPO together
with biacetyl, albeit with very low efficiencies.14 It is only as of
2021 that a system employing PPO surpassed 10% in ΦUC,
which was achieved by pairing PPO with a cadmium sulfide
nanocrystal sensitizer decorated with 3-phenanthrene carbox-
ylic acid.30 The 10% limit has also been surpassed by pairing an
iridium complex or a ketocoumarin derivative with 1,4-
bis((triisopropylsilyl)ethynyl)naphthalene (TIPS-Naph), sys-
tems which also demonstrate low threshold excitation
intensities (Ith).

28,29 Other annihilators previously investigated
include other naphthalene and oxazole derivatives,8,30,36

species from the terphenyl family,13,37 and as of recently also
a biphenyl derivative with the capability to emit light beyond 4
eV.38

The spin-statistical factor, f, gives the probability that an
excited annihilator triplet state ultimately ends up as a singlet
excited state following TTA. In an annihilator species in which
the second triplet excited state (T2) is energetically accessible
during TTA, f takes the value of 2/5 for strongly exchange-
coupled triplet pairs, which caps the internal ΦUC to 20%.39

Annihilators yielding significantly higher ΦUC, such as a few
based on perylene,26,40 have been shown to have f ≈ 1 since T2
has too high energy to be populated following TTA. This
classical way of approaching the spin-statistical factor has
recently been questioned, suggesting that a broader range of
values could be achieved, which depends on, for example, the
nature of the initially formed triplet pair states.39

In this study, we aim to shine light on the fundamental
aspects currently limiting vis-to-UV TTA-UC. A thorough and
systematic investigation of both known, relatively efficient,
annihilator species as well as two compounds that have not
been used in this context previously has been performed. The
six annihilators used here are paired with a high triplet energy
thermally activated delayed fluorescence (TADF)-type sensi-
tizer, allowing for efficient population of also highly energetic
annihilator triplet states. We show that also vis-to-UV TTA-
UC systems may approach the spin-statistical limit of 20%.
Specifically, employing TIPS-Naph as the annihilator species
yields a record-setting internal ΦUC of 16.8% (out of a 50%
maximum), which is a significant improvement on the
previously best performing vis-to-UV TTA-UC systems.28−30

High internal ΦUC values are also obtained for PPO (14.0%),
2,5-diphenylfuran (PPF, 13.0%), a compound never used for
vis-to-UV TTA-UC before, and for p-terphenyl (TP, 12.6%), a
compound which emits much deeper in the UV region. The
performances of the remaining systems are also evaluated, and
the intrinsic properties governing the TTA-UC process are
obtained and analyzed. Further, we discuss what implications
these findings have and what obstacles still need to be
overcome in order to improve these systems for future
application in photochemical settings.

■ RESULTS

Photophysical Characterization. The annihilators under
investigation herein are presented in Figure 1A alongside their
respective absorption and fluorescence spectra. PPO, TIPS-
Naph, TP, and 2,5-diphenyl-1,3,4-oxadiazole (PPD) have all

Figure 1. (A) Normalized absorption spectra in THF (dashed) and steady-state fluorescence spectra in toluene (solid) of the investigated
annihilators and their respective molecular structure. (B) Normalized absorption (dashed) and steady-state fluorescence (black solid) at 295 K in
toluene, normalized phosphorescence (solid purple) at 77 K in 2-methyl-THF (MTHF), and molecular structure of sensitizer 4CzBN. (C)
Jablonski diagram depicting the different photophysical processes within a TADF compound alongside the additional steps necessary to afford
TTA-UC.
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been used for TTA-UC previously, while PPF and 2-
phenylindene (2PI), to the best of our knowledge, are
demonstrated as annihilators for the first time. These
compounds all emit UV light efficiently, albeit with nonunity
quantum yields (Table 1), but their respective first singlet and

triplet excited state energies are quite different, spanning 3.5−
4.0 eV (singlets) and 2.1−2.8 eV (triplets, Table 1). Even
though this study is primarily conducted in toluene as the
solvent, the absorption spectra in Figure 1A are measured in
tetrahydrofuran (THF) since toluene absorption interferes
with the spectral shape of annihilator absorption below 290
nm. To make comparison between annihilator species as
feasible as possible, we chose to use only one sensitizer. While
cadmium sulfide nanocrystals have previously been used to
sensitize high triplet energy annihilators such as PPD,30 their
notoriously complex photophysics,44 the need for additional
mediating compounds,32,33 and suboptimal performance when
paired with annihilators with elevated triplet energies30 caused
us to search for molecular sensitizers with the capability to
sensitize all annihilators used herein.
We focused our attention on the recently emerging group of

TADF sensitizers13,37,45−51 and found that purely organic blue-
emitting 2,3,5,6-tetra(9H-carbazol-9-yl)benzonitrile (4CzBN),
developed by the Zhang group,52 was able to sensitize all
annihilators efficiently. TADF molecules exhibit small singlet−
triplet energy splittings (ΔES−T, typically below 0.3 eV), which
results from a high degree of intramolecular charge transfer
(CT) character in the singlet and triplet excited states. In
4CzBN, this is manifested by the CT absorption band with an
onset at around 430 nm (Figure 1B), and the covalent linkage
between electron donor and acceptor units further enhances
the CT character.53

The photophysics of organic TADF compounds has been
thoroughly investigated by others,53−58 and the key processes
of a conventional TADF compound are depicted in the left
part of Figure 1C. Upon excitation, the first singlet excited
state can decay either nonradiatively or by prompt
fluorescence. Because intersystem crossing (ISC) is quite
strong in these purely organic molecules, TADF compounds
also populate their triplet state efficiently via ISC. ΔES−T then
dictates how fast reverse ISC (rISC) proceeds, which together
with the rates for nonradiative triplet decay and phosphor-
escence dictates the lifetime of the triplet state. The recycling

of singlet and triplet states ultimately results in TADF from the
singlet state, typically on the microsecond timescale. If
molecular oxygen (O2) is present, the triplet state will be
efficiently quenched, and no TADF will be observed.54

4CzBN exhibits both prompt fluorescence and TADF in
toluene. The fluorescence quantum yield (ΦF) and lifetime (τ)
of the prompt (PF) component were determined from
measurements in air-saturated samples, while the delayed
(DF) component was readily observed in oxygen-free samples.
The total ΦF of 4CzBN was determined to be 0.64, with ΦPF
and ΦDF being 0.11 and 0.53, respectively, well in accordance
with previous studies on 4CzBN.52,58 τPF showed minor
susceptibility to the presence of oxygen, decreasing from 2.34
ns in oxygen-free solution to 2.22 ns upon exposure to air. The
lifetime of the delayed component, τDF, is of particular
importance in TTA-UC since it corresponds to the triplet
lifetime. τDF of 4CzBN was determined to be 62 μs, which is
sufficiently long to promote diffusion-controlled Dexter-type
triplet energy transfer (TET)60 upon the addition of an
annihilator species. This relatively long lifetime is the result of
a rather large ΔES−T of 0.28 eV, thus impeding the rate of
rISC. The ISC efficiency can be estimated as 1 − ΦPF, yielding
ΦISC = 0.89. The most important photophysical parameters of
4CzBN are summarized in Table 2.

UC Characteristics. To achieve TTA-UC, it is beneficial if
the intermolecular TET process between the sensitizer and
annihilator outcompetes all intramolecular processes proceed-
ing from the triplet state of the sensitizer. Different versions of
the Stern−Volmer equation have previously been used when
estimating TET efficiencies from TADF compounds, and
examples include using the difference between the quenched
and unquenched donor total fluorescence quantum yield13 or
delayed component lifetime.49 Given that the equilibrium
between the singlet and triplet state in a TADF compound is
perturbed upon the addition of a quencher, the methods
mentioned above are riddled with assumptions that are valid
only for certain compounds. To ensure that the chosen
method was valid for 4CzBN, we performed simulations
(Figure S2). The results indicate that probing the changes in
τDF upon quenching of 4CzBN yields excellent agreement with
the true TET efficiency, as given by eq S1E. Note that the
definition for TET efficiency used herein includes the ISC
event, that is, the maximum value for ΦTET = ΦISC (eq S1E, for
a more detailed discussion, see the Supporting Information,
Section S2.1).
The quenching behavior was analyzed by titration series

with each annihilator species, and the obtained TET rates were
calculated using eq S2. The resulting kTET are found in Table 3
(see Figure S3 for Stern−Volmer plots). As expected, kTET are
typically higher for the annihilators with lower-lying triplets

Table 1. Photophysical Properties of the Investigated
Annihilators

S1
a (eV) T1

b (eV) ΦF
c

PPD 3.99 2.82d 0.88
TP 3.98 2.62e 0.92
2PI 3.71 2.22e 0.85
PPO 3.67 2.40e 0.78
PPF 3.59 2.28 0.79
TIPS-Naph 3.53 2.12f 0.77

aFirst singlet excited state energy, determined from the intersection of
normalized absorption and fluorescence spectra. bFirst triplet excited
state energy, determined from the highest energy peak position of
phosphorescence collected at 77 K in MTHF or collected from the
literature when applicable. cFluorescence quantum yield of optically
dilute samples. λexc = 300 nm, determined relative to TP in deaerated
cyclohexane (ΦF = 0.93).41 dReference 42. eReference 43. fReference
28.

Table 2. Photophysical Properties of 4CzBN

ΦF
a τPF (ns)

τDF
(μs) ΦISC

T1
b

(eV) ΔES−T (eV)

4CzBN 0.11c/
0.53d

2.34e/
2.22f

62.2 0.89 2.71 0.28

aFluorescence quantum yield of optically dilute samples. λexc = 405
nm, determined relative to Coumarin 153 in aerated EtOH (ΦF =
0.53).59 bFirst triplet excited state energy, determined from the
highest energy peak position of phosphorescence collected at 77 K in
MTHF. cPrompt component. dDelayed component. eIn oxygen-free
solution. fIn air-saturated solution.
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(see Table 1 for triplet energies and Figure S4 for the
phosphorescence of PPF), but fortunately, endothermic TET
from 4CzBN is also possible, yielding kTET on the order of 108

M−1 s−1 to the high-triplet energy annihilator PPD. We note
that using phosphorescence spectra of rotationally flexible
molecules typically underestimates the triplet energy,43 so the
energy commonly referenced for TP (2.53 eV)13,37 is therefore
likely underestimated. We choose instead a value of 2.62 eV,
which was obtained from quenching experiments43 and which
better correlates with the relatively slow TET (kTET = 4.1 × 108

M−1 s−1) observed from 4CzBN to TP.
With these results at hand, we investigated the TTA-UC

performance of the different systems. The concentrations
employed for UC measurements were 25 mM of 4CzBN and
10 mM (1 mM for 2PI and TIPS-Naph, vide inf ra) of the
annihilator, resulting in systems with endothermic TET (i.e.,
TET from 4CzBN to PPD) also having ΦTET close to 89% (as
calculated by eq S4). Delayed UC fluorescence could be
observed from all systems upon 405 nm excitation, and the UC
emission spectra of TIPS-Naph and TP are presented in Figure
2A,B. The spectral shapes are marred by the secondary inner
filter effect at the high-energy end of the spectrum, which is
caused by the overlap of UC emission and sample absorption.
This is typically an issue in vis-to-UV UC especially, even
though there are examples of sensitizers with limited UV
absorption, thus somewhat mitigating this issue.28,29 The low-
energy band peaking at around 440 nm is residual prompt
fluorescence from 4CzBN, which is an inevitable loss-channel
in all these systems. Interestingly, this feature can act as an
approximate internal quantum yield reference since the prompt
component of 4CzBN (with ΦPF = 0.11) should be virtually
unaffected by the addition of annihilator species. Unfortu-
nately, sensitizer degradation during measurements (vide inf ra)
allows only approximate ΦUC values to be obtained using the
prompt component. Coumarin 153 (ΦF = 0.53)59 was
employed as an external quantum yield reference instead,
ensuring high reliability when evaluating ΦUC.
When evaluating the annihilators, it is the intrinsic ability to

effectively convert low-energy to high-energy light that is of
specific interest. The internal, or generated, UC quantum yield
(referred to as ΦUC,g)

61 was determined alongside that of the
external quantum yield (ΦUC). The difference between these
mainly lie in that secondary inner filter effects are accounted
for when calculating ΦUC,g, which affect both the spectral shape
and the peak intensities (Figure S5). There is some confusion
in the literature regarding the use of ΦUC and ΦUC,g, despite
recent efforts by in particular Zhou et al. to clarify this issue
and standardize the way of reporting, and using, these
parameters.61 The analysis of intrinsic TTA-UC system

parameters is often (erroneously) based on values of ΦUC,
even though ΦUC,g must be used to determine, for example, the
spin-statistical factor. ΦUC,g is often considered as the product
of the efficiency of all steps leading up to the emission of UC
light (eq 1)

fUC,g TET TTA FΦ = × Φ × Φ × Φ (1)

where f is the spin-statistical factor, ΦTET is the TET efficiency
(ISC included), ΦTTA is the TTA quantum yield, and ΦF is the
annihilator fluorescence quantum yield. Since two low-energy
photons are needed to afford one highly energetic singlet,
ΦTTA (and subsequentially ΦUC,g) has a theoretical maximum
of 50%. Reabsorption is accounted for by using the output
coupling yield, Φout, with ΦUC = ΦUC,g × Φout.

61 A lower value
for Φout indicates stronger reabsorption of UC emission by the
sample. Another factor that had to be dealt with was that of
sensitizer degradation. This is a common issue in vis-to-UV
UC systems36 and a challenge also faced by the organic light-
emitting diode (OLED) community when working with TADF
materials in general.62 Upon 405 nm continuous wave (cw)
excitation, 4CzBN suffered from degradation, which man-
ifested itself both in changes of the absorption spectrum and in
loss of fluorescence over time (Figure S6). When paired with
an annihilator species, the UC emission intensity typically went
down over time, even though efficient TET attenuated the
sensitizer degradation (Figure S7).
To determine ΦUC,g, a fitting procedure that accounts for

reabsorption was employed, and it is explained in detail in
Section S2.3 of the Supporting Information. To our delight, all
systems investigated yielded relatively high ΦUC,g, with the
system consisting of 4CzBN/TIPS-Naph in particular yielding
a high value of 16.8% (out of a 50% maximum, see Figure 2A
for the UC spectrum). This value is to the best of our
knowledge the highest vis-to-UV ΦUC,g reported to date and a
significant improvement on the previous record.28−30 The
remaining systems yielded ΦUC,g values ranging from 4 to 14%,
and full results are presented in Figure 2C and Table 3. It
should be noted that the values achieved for TP (12.6%) and
PPD (5.8%), which both emit from singlet states just shy of 4
eV, are multifold improvements on that previously re-
ported30,63 and likely result from more efficient TET and,
subsequently, more efficient TTA between triplets. The
external ΦUC measured for our specific setup yielded Φout
between 0.7 and 0.85, resulting from significant reabsorption of
the samples. In TIPS-Naph and PPF, this results from very
small Stokes shifts (Figure 1A), causing ground-state
annihilators to reabsorb the UC light to a larger extent than
in systems with larger Stokes shifts. In PPD and TP, relatively
low Φout instead results from the pronounced absorption

Table 3. Measured Values of Yields and Rates Important in TTA-UC

ΦUC,g | ΦUC
a kTET

b (×109 M−1 s−1) τT
c (ms) Ith

d (mW cm−2) kTTA
e (×109 M−1 s−1) βmax

f f g

PPD 0.058 | 0.044 0.18 0.18 4900 2.87 0.67 0.22
TP 0.126 | 0.091 0.41 0.31 1700 3.30 0.77 0.40
2PI 0.044 | 0.039 2.1 0.075 >25,000 0.69 0.27 0.43
PPO 0.140 | 0.124 2.0 1.3 210 1.75 0.91 0.44
PPF 0.130 | 0.102 3.6 0.75 600 1.77 0.85 0.44
TIPS-Naph 0.168 | 0.131 0.80 2.2 220 0.62 0.91 0.54

aUC quantum yield (out of a 0.5 maximum) upon 405 nm cw excitation, determined relative to Coumarin 153 in aerated EtOH (ΦF = 0.53).59
bRate constant for TET from 4CzBN. cLifetime of the first triplet excited state. dThreshold excitation intensity evaluated at β = 0.5. eRate constant
for TTA. fMaximum β value as defined by eq 3, estimated at a laser fluence of 18 W cm−2. gSpin-statistical factor, calculated using eq 1 with ΦTET =
0.89 and ΦTTA = βmax/2.
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feature of 4CzBN between 300−350 nm (Figure 1B), which is
part of the spectral region where these annihilators emit.
Measurements on all annihilators were also performed in THF,
typically yielding lower ΦUC,g and much more pronounced
sample degradation (Table S1 and Figure S7).
TIPS-Naph was synthesized in accordance with a literature

procedure,28 and during experiments, a fluorescent contami-
nation, which has not been reported previously, was
discovered. As detailed in Section S2.5 of the Supporting
Information, the removal of this contamination by additional

cycles of recrystallization lead to a substantial increase in ΦUC,g.
This could potentially explain why we see a higher external
ΦUC (13.1%) than that in other studies using TIPS-Naph
(ΦUC ≈ 10%), in which ΦTET is reported to be close to
unity.28,29

Our group has previously investigated the locked t-stilbene
compound 5,10-dihydroindeno[2,1-a]indene (I2),30 a highly
fluorescent compound that unfortunately suffers from very low
solubility in toluene. 2PI was chosen as a potentially more
soluble equivalent to I2, and the solubility was indeed much
higher. When samples containing 10 mM 2PI were used for
TTA-UC, however, some light scattering was evident in the
absorption. Additionally, the UC signal increased strongly over
time during 405 nm excitation, reaching a maximum value after
approximately 30 min (Figure S8A). The measured ΦUC,g for
2PI was low (1.0%), which is a lower estimate given that the
extended laser exposure not only causes the UC emission
signal to increase but also the sensitizer to degrade. Upon
lowering the 2PI concentration to 1 mM, the scattering
decreased significantly, indicating that the observed behavior
was due to 2PI not being fully solvated at 10 mM. At 1 mM,
ΦUC,g went up to 4.4%, and no signal increase was observed
over time (Figure S8B).

Probing Triplet Kinetics Using Time-Resolved Emis-
sion. To understand the differences in ΦUC,g between the
annihilators, we examined the kinetics of the UC samples.
There are several important rate constants and parameters
needed to properly evaluate TTA-UC systems, for example, the
annihilator triplet excited state lifetime, the TTA rate constant
(kTTA), and the excitation threshold intensity (Ith). In the
following section, we show that these can be determined from
the same series of time-resolved UC emission measurements,
thus circumventing the need for more challenging transient
absorption measurements altogether.
A key factor dictating TTA-UC performance in solution is

the annihilator triplet lifetime (τT). A long τT is needed to
allow annihilator triplets to diffuse and encounter, resulting in
the creation of emissive singlet states via TTA. τT was
measured using a previously developed method23,64 where the
excitation intensity (IEX) dependence on the UC emission
kinetics is used (eq 2).
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Here, I(t) is the time-dependent UC emission intensity, [3A*]
is the annihilator triplet concentration, t is the time, and β is a
dimensionless parameter indicating the fraction of triplets that
initially decay by second-order channels, as defined by eq 3. In
other words, β represents a system’s TTA efficiency (with a
possible maximum of 100%), and ΦTTA may be calculated as
β/2 given that these are evaluated at identical experimental
conditions.
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Here, kT (=1/τT) is the intrinsic first-order rate constant of
annihilator triplet decay and [3A*]0 is the initial annihilator
triplet concentration. Lowering IEX impedes triplet formation
and subsequent TTA, thus lowering β. kTTA could be extracted
from eq 3 if [3A*]0 could be estimated. The rate constants
used above also relate to the Ith (eq 4), which represents where

Figure 2. Steady-state emission spectrum of 25 mM 4CzBN and (A)
1 mM TIPS-Naph or (B) 10 mM TP upon 405 nm cw excitation in
deoxygenated toluene. The short wavelength feature is UC
fluorescence from TIPS-Naph/TP and the low-energy band is
residual prompt fluorescence from 4CzBN (with ΦPF ≈ 0.11). (C)
Internal (solid) and external (striped) UC quantum yields for each
annihilator when paired with 4CzBN, evaluated at a laser fluence of
18 W cm−2. Standard deviations based on the results of three
independent samples are indicated by black error bars.
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the steady-state UC emission makes a transition from a
quadratic dependence on IEX, indicating that the intrinsic decay
of annihilator triplets dominate, to a linear dependence on IEX,
indicating that TTA instead dominates.11,65

I
k

k2 Sth
T

2

TTA
1

TETα
=

[ ]Φ (4)

Here, α and [1S] are the absorption cross-section and ground-
state concentration of the sensitizer, respectively.
Our group has previously determined kTTA for compounds

based on 9,10-diphenylanthracene (DPA) using a method
where both time-resolved emission and transient absorption
measurements are needed.23,66,67 While the same method in
principle is applicable to any system, the spectral overlap
between the prompt fluorescence of 4CzBN and the T1 → Tn
absorption of, for example, PPO30 complicates matters
considerably for the systems used here. A new method has
instead been developed, which relies solely on time-resolved
emission measurements of the UC samples, thus circum-
venting the need for transient absorption.
Instead of using a nanosecond pulsed laser for excitation, we

used a 405 nm modulated cw laser diode, which we coupled to
a pulse generator. This way, we could control the exact length
of the excitation pulse such that the sample emission had
reached a quasi-steady-state before the excitation light was
turned off and the UC emission started to decay (Figure 3A).
This means that [3A*]0 can be estimated to be equal to the
steady-state triplet concentration ([3ASS]) at a given IEX. The
steady-state rate expression for [3ASS] is given by eq 5
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The excitation rate, kexc, is easily estimated from the sample
absorbance at the excitation wavelength and the excitation
power (eq S8). Setting [3A*]0 = [3ASS], a simple and solvable
equation system with only two unknowns, kTTA and [3ASS], is
obtained from eqs 3 and 5.
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Consequently, it is possible to estimate kTTA using the exact
same measurements that were used to determine τT (=1/kT) of
the annihilators. An additional benefit is that it is now possible
to directly relate Ith and β. Since β is evaluated at [3ASS], Ith is
the excitation intensity that yields β = 0.5.68 Ith may, thus, be
estimated from only a few measurements of the UC emission
decay, in which the excitation intensity is varied to yield values
of β slightly above and below 0.5.
Measurements of the UC decay kinetics at different IEX

values were performed, followed by a global fitting procedure
in which τT was fitted to a global constant value while allowing
β to vary (Figure 3B, see Supporting Information Section S2.4
for more details). The results show that PPO has a lifetime of
1.3 ms, which is substantially longer than that previously
reported for UC systems employing PPO14,30,34 but close to
that obtained from flash photolysis experiments.69 The longest
lifetime was found for TIPS-Naph at 2.2 ms, resonating well
with its impressive performance in terms of ΦUC,g. The
remaining lifetimes span from 0.075 to 0.75 ms (Table 3),
which are much shorter than those often found in visible
emitters based on anthracene, where lifetimes on the order of

several milliseconds are common.23,67 At high IEX, most
annihilators still show β values relatively close to unity,
indicating that the TTA pathway dominates at high IEX (Figure
S9).

Figure 3. (A) Example of kinetic traces of the UC emission. The
population time (laser on) was chosen such that the UC intensity
plateaued before decaying (laser off). (B) Normalized excitation
intensity-dependent kinetics of the UC emission of PPO (i.e., the
decay during the “laser off” state from panel A). Some measurements
are omitted for clarity purposes. (C) Evaluation of threshold
excitation intensity (Ith) at β = 0.5 for PPO. The solid line is
included as a guide to the eye. (D) Conventional method of
determining Ith for PPO.
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To utilize TTA-UC with sunlight, it is beneficial if the
system works efficiently at the solar flux at Earth’s surface,
which is only a few milliwatts per squared centimeter in the
wavelength region of interest here. For this purpose, all
investigated systems show unsatisfactory high Ith, with values
above 200 mW cm−2 (Figures 3C,D and S10). This emanates
from the fact that τT is quite short in these annihilators,
combined with a relatively low molar absorptivity of 4CzBN at
the excitation wavelength of 405 nm (ε ≈ 7000 M−1 cm−1).
Comparison between Ith obtained by evaluation at β = 0.5
(Figure 3C) and the traditional evaluation of Ith obtained from
fitting the steady-state intensity to slopes 1 and 2 (Figure 3D)
yields good agreement between the methods.
The kTTA rates were determined from the same measure-

ments as those detailed in the Supporting Information, and the
obtained rates are presented in Table 3. Interestingly, TIPS-
Naph shows the lowest kTTA of the annihilators investigated
here (6.2 × 108 M−1 s−1); PPO and PPF show similar rates of
around 1.75 × 109 M−1 s−1; while, for example, TP has an
almost 2 times higher rate constant of 3.3 × 109 M−1 s−1. We
note that the measured value of kTTA for PPO is approximately
3 times lower than that reported previously.14 These results
indicate that while the rate of the TTA event itself obviously
affects the UC efficiency, it is the annihilator triplet lifetime
that preferentially dictates the outcome. This is hardly
surprising but worth reiterating, and great care should be

given when evaluating especially the triplet lifetime of the
annihilator.

■ DISCUSSION

TADF Sensitizers: Drawbacks and Opportunities. As is
evident from this study, using TADF compounds as the
sensitizers in TTA-UC holds great promise. The most obvious
advantage compared to other sensitizers yielding decent ΦUC
in vis-to-UV TTA-UC (i.e., Ir complexes and quantum dots
containing heavy metals such as Cd and Pb)28,30 is that TADF
compounds are purely organic, consisting only of earth-
abundant, nontoxic elements. They are, thus, well-suited for
future large-scale operation, which is not the case for Ir
complexes, despite possessing promising photophysical proper-
ties otherwise. Additionally, due to the OLED community’s
increasing interest in TADF compounds during the last
decade, there is a huge variety of available molecules with
different energy levels and triplet excited state lifetimes, of
which the latter in many cases are orders of magnitude longer
than those found in, for example, Ir complexes.70

Making the best use of existing TADF compounds in TTA-
UC schemes is, however, not straight-forward. The sought-
after qualities for use in OLEDs differ significantly from what is
needed in a typical sensitizer, meaning that current TADF
design in many cases has gravitated toward compounds not
suitable for TTA-UC. One crucial benefit in both contexts is

Figure 4. Comparison between the functionality and properties of TADF compounds as (A) emitters in OLED devices and (B) sensitizers in TTA-
UC. Processes that should be promoted in the respective settings are highlighted.
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the access to small singlet-triplet energy splittings (ΔES−T). In
OLEDs, the excited states are created by means of electricity,
and the resulting distribution is dictated by spin statistics,
leading to 75% triplets and 25% singlets (Figure 4A).55 Highly
efficient rISC to generate a higher fraction of emissive singlets
is, thus, one of the most important properties of TADF
compounds in the context of OLEDs and is a process that is
sped up in molecules with small ΔES−T (generally, krISC ∝
exp[−ΔES−T/kBT]).

53 In TTA-UC, a small ΔES−T enables
larger apparent anti-Stokes shifts since the initial energy loss
during the ISC event is smaller than that in typical sensitizers
containing heavy metals.13 Once the triplet has been
populated, it is instead beneficial if rISC is inefficient since
the generated exciton should be transferred to the annihilator
instead of returning to the singlet manifold. A too small ΔES−T
might therefore inhibit efficient TET even if the annihilator
concentration is kept high.13,38 An intermediate ΔES−T (0.1 eV
< ΔES−T < 0.2 eV), enabling relatively large apparent anti-
Stokes shifts and slow rISC simultaneously, should be favored.
Even smaller ΔES−T could potentially be used by invoking
strategies in which the rISC process is slowed down by clever
molecular design.71 The TET event is further limited by the
amount of prompt fluorescence in systems with TADF-type
sensitizers. Contrary to what is wanted for OLED applications,
the prompt fluorescence quantum yield should be as low as
possible in TTA-UC settings to promote efficient TET (Figure
4B).
Recently, some progress in this area has been made. Wei et

al. reported two new multiresonance TADF sensitizers, which
when paired with TIPS-Naph or a derivative thereof afforded
green-to-UV TTA-UC for the first time.45 While a relatively
modest ΦUC value of 3.8% is reported, they managed to reach a
low Ith of 9.2 mW cm−2. Part of the success is ascribed to the
high molar extinction that was determined for these sensitizers
(ε > 105 M−1 cm−1), enabled by limiting their structural
flexibility and by including electron-deficient boron covalently
bonded to the donor units.
4CzBN possess several of the sought-after properties of a

sensitizer, with weak prompt fluorescence, a long-lived delayed
component, and slow rISC (Figure 4B). Its major drawback is
the (for most systems) unnecessarily high singlet and triplet
energies, which forbid excitation at wavelengths >430 nm,
leading to significant energy loss during ISC and TET.
Additionally, some photo instability of the UC samples was
detected, which was ascribed to the degradation of 4CzBN, an
issue that can be alleviated by the addition of bulky
substituents.52 Finding complementary compounds with
similar characteristics to 4CzBN but with lower excited state
energies will be needed to further improve green-to-UV UC,
which is especially interesting for solar applications given the
vast amounts of green light in the solar spectrum.
Considerations on Annihilator Design. Novel TADF

sensitizers can contribute to the improvement of vis-to-UV
TTA-UC systems, but what is perhaps even more crucial is the
pursuit of new annihilators.28,38,45 Design principles that hold
true for annihilators in general must obviously be upheld, such
as high ΦF and a long τT, but for UV-emitting systems,
additional considerations should be taken into account. As
touched upon previously, many vis-to-UV TTA-UC systems
suffer from low photostability, which follows from the relatively
high energy of the states involved. This aspect has recently
been investigated in greater detail by Murakami et al., gaining
important insights into how the energy levels of the sensitizer

and annihilator affect the photostability of TTA-UC systems in
solution.36 They observed a correlation between the main
degradation pathway and the energy difference between the
LUMO levels of the annihilator and solvent. In our study, we
found no evidence of annihilator degradation during UC
experiments, and we primarily ascribe the slight decrease in
UC emission over time to sensitizer degradation.
Another aspect that is especially relevant for vis-to-UV TTA-

UC is the exaggerated thermodynamic driving force for TTA
typically found in UV-emitting species. This is the case for the
compounds investigated herein: [2 × E(T1) − E(S1)] ≥ 0.7 eV
for all species, with PPD in particular having a driving force of
almost 1.6 eV. If this substantial energy loss could be mitigated,
substantially larger apparent anti-Stokes shifts could be
realized. The relative lowering of the triplet energies should
perhaps be the primary focus as this would enable excitation at
longer wavelengths than those currently possible. A few studies
have investigated substituent effects on the energetic landscape
of polyacene emitters,67,72 with the study by Fallon et al.
specifically showing that the first excited singlet state can be
lowered by adding TIPS substituents while keeping the first
triplet excited state relatively constant.72 Such modifications
may be useful for other spectral ranges, but the effect is the
opposite of what is required to improve vis-to-UV TTA-UC. A
recent study by Zaḧringer et al. reported a new annihilator with
a highly energetic S1 state at 4.04 eV.38 Surprisingly, this
compound also exhibits a relatively low-lying T1 state
calculated to lie at 2.48 eV, enabling excitation with 447 nm
light. It was not detailed by the authors why T1 had such a low
energy, but their results indicate that substituent effects still
could be of interest when modulating excited-state energies for
vis-to-UV TTA-UC.
Controlling not only the energy of T1 but also that of T2 is

of significance. In molecules, such as perylene and rubrene, in
which the spin-statistical factor f has been determined to lie
above the commonly encountered value of 2/5,40,73 with the
energy difference [2 × E(T1) − E(T2)] < 0. In perylene, this
difference is strongly negative, efficiently shutting down the
creation of the T2 state upon TTA, causing f to approach
unity.40 In rubrene, however, f is reported to lie around 0.6 in
solution,73 and the creation of T2 during TTA is only slightly
endothermic.39 A recent study by Bossanyi et al. verifies that
T2 is formed during TTA in rubrene but that the energy
alignment between T2 and S1 allows fast high-level rISC (HL-
rISC) from T2 to S1 to occur, outcompeting nonradiative decay
from T2 to T1.

39 HL-rISC has also been found in anthracene
derivatives (not DPA however)74 and should be considered as
a potential avenue to increase f beyond 2/5. This pathway is
very sensitive to the precise alignment of S1, T1, and T2
energies, and the study by Bossanyi et al. suggests that in cases
where [2 × E(T1) − E(T2)] approaches zero, f may in fact
approach unity in molecules where HL-rISC occurs. Finally,
from simulations, the same study states that intermolecular
geometry can affect f, with parallel geometries giving rise to
higher values. For the annihilators used herein, [2 × E(T1) −
E(T2)] is expected to be much greater than zero. Additionally,
S1 is expected to lie several hundreds of millielectron volts
above T2 for most annihilators (Table S2), suggesting that HL-
rISC is inefficient in these molecules. Most of the investigated
annihilators show an expected value of approximately 0.4, but
our results also indicate that f takes a larger value than 2/5 in
TIPS-Naph (0.54) but a lower value for PPD (0.22, Table 3).
While the reason for this is unclear, we note that the calculated
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S1 energy of TIPS-Naph lie approximately 100 meV below that
of T2 (Table S2). This energy alignment could potentially
enable exothermic HL-rISC from T2 to S1 in TIPS-Naph,
which would explain the higher f value. Regardless, it is obvious
that the spin-statistical factor is still not fully understood and
that efforts to elucidate the true nature of it will be needed to
predict and design efficient annihilators.

■ CONCLUSIONS
In this work, we show that the internal UC quantum yield of
visible-to-UV TTA-UC systems may approach the often-
encountered spin-statistical limit of 20%. We do so by pairing
six different annihilators with the purely organic, high triplet
energy sensitizer 4CzBN that exhibits efficient ISC and a long
triplet lifetime. The results show that the TTA-UC pair
4CzBN/TIPS-Naph achieve a record-setting 16.8% internal
UC quantum yield (out of a 50% maximum), and high internal
quantum yields are reached when using PPO (14.0%), PPF
(13.0%), or TP (12.6%) as annihilators as well. We also show
that the same set of time-resolved emission measurements can
be used to determine the annihilator triplet lifetime, the rate
constant of TTA, and the threshold excitation intensity, all of
which are important parameters to probe when evaluating
TTA-UC systems. The importance of having long-lived
annihilator triplets is reinforced as our results show that both
the TTA-UC quantum yield and the threshold excitation
intensity benefits from this. Using 4CzBN as the sensitizer
limits the achievable anti-Stokes shifts, and our results are
discussed in the context of extending the excitation wavelength
further into the visible region. The development of high-
efficiency vis-to-UV TTA-UC systems will require both new
sensitizer and annihilator compounds, and finding avenues to
control and alter the singlet and triplet energy levels of these
will be crucial in order to combine high efficiencies with, for
example, excitation with green light.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c13222.

Detailed description of experimental setups, additional
spectroscopic and modeling data, calculation details,
synthesis details, and proton and carbon NMR spectra
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
Bo Albinsson − Department of Chemistry and Chemical
Engineering, Chalmers University of Technology, 41296
Gothenburg, Sweden; orcid.org/0000-0002-5991-7863;
Email: balb@chalmers.se

Authors
Axel Olesund − Department of Chemistry and Chemical
Engineering, Chalmers University of Technology, 41296
Gothenburg, Sweden; orcid.org/0000-0003-1202-7844

Jessica Johnsson − Department of Chemistry and Chemical
Engineering, Chalmers University of Technology, 41296
Gothenburg, Sweden

Fredrik Edhborg − Department of Chemistry and Chemical
Engineering, Chalmers University of Technology, 41296
Gothenburg, Sweden; orcid.org/0000-0001-5168-2935

Shima Ghasemi − Department of Chemistry and Chemical
Engineering, Chalmers University of Technology, 41296
Gothenburg, Sweden

Kasper Moth-Poulsen − Department of Chemistry and
Chemical Engineering, Chalmers University of Technology,
41296 Gothenburg, Sweden; Institute of Materials Science of
Barcelona, ICMAB-CSIC, 08193 Barcelona, Spain; Catalan
Institution for Research and Advanced Studies ICREA,
08010 Barcelona, Spain; orcid.org/0000-0003-4018-
4927

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c13222

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We are grateful to The Swedish Energy Agency (contracts
46526-1 and 36436-2) for providing financial support.

■ ADDITIONAL NOTE
aIn the literature, both external and internal UC quantum
yields are reported, of which the latter compensates for
secondary inner-filter effects. The difference between these is
further discussed in the Results section.

■ REFERENCES
(1) Singh-Rachford, T. N.; Castellano, F. N. Photon upconversion
based on sensitized triplet-triplet annihilation. Coord. Chem. Rev.
2010, 254, 2560−2573.
(2) Smith, M. B.; Michl, J. Recent Advances in Singlet Fission. Annu.
Rev. Phys. Chem. 2013, 64, 361−386.
(3) Trupke, T.; Shalav, A.; Richards, B. S.; Würfel, P.; Green, M. A.
Efficiency enhancement of solar cells by luminescent up-conversion of
sunlight. Sol. Energy Mater. Sol. Cells 2006, 90, 3327−3338.
(4) Meir, R.; et al. Photon Upconversion Hydrogels for 3D
Optogenetics. Adv. Funct. Mater. 2021, 31, 2010907.
(5) Sasaki, Y.; et al. Near-Infrared Optogenetic Genome Engineering
Based on Photon-Upconversion Hydrogels. Angew. Chem., Int. Ed.
2019, 58, 17827−17833.
(6) Wang, W.; et al. Efficient Triplet-Triplet Annihilation-Based
Upconversion for Nanoparticle Phototargeting. Nano Lett. 2015, 15,
6332−6338.
(7) Ravetz, B. D.; et al. Photoredox catalysis using infrared light via
triplet fusion upconversion. Nature 2019, 565, 343−346.
(8) Pfund, B.; et al. UV Light Generation and Challenging
Photoreactions Enabled by Upconversion in Water. J. Am. Chem.
Soc. 2020, 142, 10468−10476.
(9) Huang, L.; et al. Long wavelength single photon like driven
photolysis via triplet triplet annihilation. Nat. Commun. 2021, 12, 122.
(10) Baluschev, S.; et al. Up-Conversion Fluorescence: Noncoherent
Excitation by Sunlight. Phys. Rev. Lett. 2006, 97, 143903.
(11) Haefele, A.; Blumhoff, J.; Khnayzer, R. S.; Castellano, F. N.
Getting to the (Square) root of the problem: How to make
noncoherent pumped upconversion linear. J. Phys. Chem. Lett. 2012,
3, 299−303.
(12) Gray, V.; Dzebo, D.; Abrahamsson, M.; Albinsson, B.; Moth-
Poulsen, K. Triplet−triplet annihilation photon-upconversion:
towards solar energy applications. Phys. Chem. Chem. Phys. 2014,
16, 10345−10352.
(13) Yanai, N.; et al. Increased vis-to-UV upconversion performance
by energy level matching between a TADF donor and high triplet
energy acceptors. J. Mater. Chem. C 2016, 4, 6447−6451.
(14) Singh-Rachford, T. N.; Castellano, F. N. Low power visible-to-
UV upconversion. J. Phys. Chem. A 2009, 113, 5912−5917.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c13222
J. Am. Chem. Soc. 2022, 144, 3706−3716

3714

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c13222/suppl_file/ja1c13222_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c13222?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c13222/suppl_file/ja1c13222_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Albinsson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5991-7863
mailto:balb@chalmers.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Axel+Olesund"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1202-7844
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jessica+Johnsson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fredrik+Edhborg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5168-2935
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shima+Ghasemi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kasper+Moth-Poulsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4018-4927
https://orcid.org/0000-0003-4018-4927
https://pubs.acs.org/doi/10.1021/jacs.1c13222?ref=pdf
https://doi.org/10.1016/j.ccr.2010.01.003
https://doi.org/10.1016/j.ccr.2010.01.003
https://doi.org/10.1146/annurev-physchem-040412-110130
https://doi.org/10.1016/j.solmat.2005.09.021
https://doi.org/10.1016/j.solmat.2005.09.021
https://doi.org/10.1002/adfm.202010907
https://doi.org/10.1002/adfm.202010907
https://doi.org/10.1002/anie.201911025
https://doi.org/10.1002/anie.201911025
https://doi.org/10.1021/acs.nanolett.5b01325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01325?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-018-0835-2
https://doi.org/10.1038/s41586-018-0835-2
https://doi.org/10.1021/jacs.0c02835?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02835?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-20326-6
https://doi.org/10.1038/s41467-020-20326-6
https://doi.org/10.1103/PhysRevLett.97.143903
https://doi.org/10.1103/PhysRevLett.97.143903
https://doi.org/10.1021/jz300012u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz300012u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c4cp00744a
https://doi.org/10.1039/c4cp00744a
https://doi.org/10.1039/c6tc01816e
https://doi.org/10.1039/c6tc01816e
https://doi.org/10.1039/c6tc01816e
https://doi.org/10.1021/jp9021163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9021163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c13222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(15) Imperiale, C. J.; Green, P. B.; Hasham, M.; Wilson, M. W. B.
Ultra-small PbS nanocrystals as sensitizers for red-to-blue triplet-
fusion upconversion. Chem. Sci. 2021, 12, 14111−14120.
(16) Gray, V.; Allardice, J. R.; Zhang, Z.; Rao, A. Organic-quantum
dot hybrid interfaces and their role in photon fission/fusion
applications. Chem. Phys. Rev. 2021, 2, 031305.
(17) VanOrman, Z. A.; Conti, C. R.; Strouse, G. F.; Nienhaus, L.
Red-to-Blue Photon Upconversion Enabled by One-Dimensional
CdTe Nanorods. Chem. Mater. 2021, 33, 452−458.
(18) Wu, M.; Lin, T.-A.; Tiepelt, J. O.; Bulovic,́ V.; Baldo, M. A.
Nanocrystal-Sensitized Infrared-to-Visible Upconversion in a Micro-
cavity under Subsolar Flux. Nano Lett. 2021, 21, 1011−1016.
(19) Lai, R.; Wu, K. Red-to-blue photon upconversion based on a
triplet energy transfer process not retarded but enabled by shell-
coated quantum dots. J. Chem. Phys. 2020, 153, 114701.
(20) Islangulov, R. R.; Kozlov, D. V.; Castellano, F. N. Low power
upconversion using MLCT sensitizers. Chem. Commun. 2005, 30,
3776−3778.
(21) Zhao, W.; Castellano, F. N. Upconverted Emission from Pyrene
and Di-tert-butylpyrene Using Ir(ppy) 3 as Triplet Sensitizer. J. Phys.
Chem. A 2006, 110, 11440−11445.
(22) Bilger, J. B.; Kerzig, C.; Larsen, C. B.; Wenger, O. S. A
Photorobust Mo(0) Complex Mimicking [Os(2,2′-bipyridine)3]2+
and Its Application in Red-to-Blue Upconversion. J. Am. Chem. Soc.
2021, 143, 1651−1663.
(23) Olesund, A.; Gray, V.; Ma ̊rtensson, J.; Albinsson, B.
Diphenylanthracene Dimers for Triplet−Triplet Annihilation Photon
Upconversion: Mechanistic Insights for Intramolecular Pathways and
the Importance of Molecular Geometry. J. Am. Chem. Soc. 2021, 143,
5745−5754.
(24) Herr, P.; Kerzig, C.; Larsen, C. B.; Häussinger, D.; Wenger, O.
S. Manganese(i) complexes with metal-to-ligand charge transfer
luminescence and photoreactivity. Nat. Chem. 2021, 13, 956−962.
(25) Gharaati, S.; et al. Triplet−Triplet Annihilation Upconversion
in a MOF with Acceptor-Filled Channels. Chem. - Eur. J. 2020, 26,
1003−1007.
(26) Sun, W.; et al. Highly efficient photon upconversion based on
triplet−triplet annihilation from bichromophoric annihilators. J.
Mater. Chem. C 2021, 9, 14201−14208.
(27) Huang, L.; et al. Highly Effective Near-Infrared Activating
Triplet−Triplet Annihilation Upconversion for Photoredox Catalysis.
J. Am. Chem. Soc. 2020, 142, 18460−18470.
(28) Harada, N.; Sasaki, Y.; Hosoyamada, M.; Kimizuka, N.; Yanai,
N. Discovery of Key TIPS-Naphthalene for Efficient Visible-to-UV
Photon Upconversion under Sunlight and Room Light. Angew. Chem.,
Int. Ed. 2021, 133, 144−149.
(29) Uji, M.; et al. Heavy metal-free visible-to-UV photon
upconversion with over 20% efficiency sensitized by a ketocoumarin
derivative. J. Mater. Chem. C 2022, DOI: 10.1039/D1TC05526G.
(30) Hou, L.; Olesund, A.; Thurakkal, S.; Zhang, X.; Albinsson, B.
Efficient Visible-to-UV Photon Upconversion Systems Based on CdS
Nanocrystals Modified with Triplet Energy Mediators. Adv. Funct.
Mater. 2021, 31, 2106198.
(31) Merkel, P. B.; Dinnocenzo, J. P. Low-power green-to-blue and
blue-to-UV upconversion in rigid polymer films. J. Lumin. 2009, 129,
303−306.
(32) Gray, V.; et al. CdS/ZnS core−shell nanocrystal photo-
sensitizers for visible to UV upconversion. Chem. Sci. 2017, 8, 5488−
5496.
(33) He, S.; Luo, X.; Liu, X.; Li, Y.; Wu, K. Visible-to-Ultraviolet
Upconversion Efficiency above 10% Sensitized by Quantum-Confined
Perovskite Nanocrystals. J. Phys. Chem. Lett. 2019, 10, 5036−5040.
(34) Okumura, K.; Yanai, N.; Kimizuka, N. Visible-to-UV Photon
Upconversion Sensitized by Lead Halide Perovskite Nanocrystals.
Chem. Lett. 2019, 48, 1347−1350.
(35) Hisamitsu, S.; et al. Visible-to-UV Photon Upconversion in
Nanostructured Chromophoric Ionic Liquids. ChemistryOpen 2020, 9,
14−17.

(36) Murakami, Y.; et al. Visible-to-ultraviolet (<340 nm) photon
upconversion by triplet-triplet annihilation in solvents. Phys. Chem.
Chem. Phys. 2020, 22, 27134−27143.
(37) Lee, H.-L.; Lee, M.-S.; Park, H.; Han, W.-S.; Kim, J.-H. Visible-
to-UV triplet-triplet annihilation upconversion from a thermally
activated delayed fluorescence/pyrene pair in an air-saturated
solution. Korean J. Chem. Eng. 2019, 36, 1791−1798.
(38) Zähringer, T. J. B.; Bertrams, M.-S.; Kerzig, C. Purely organic
Vis-to-UV upconversion with an excited annihilator singlet beyond 4
eV. J. Mater. Chem. C 2021, DOI: 10.1039/D1TC04782E.
(39) Bossanyi, D. G.; et al. Spin Statistics for Triplet−Triplet
Annihilation Upconversion: Exchange Coupling, Intermolecular
Orientation, and Reverse Intersystem Crossing. JACS Au 2021, 1,
2188−2201.
(40) Hoseinkhani, S.; Tubino, R.; Meinardi, F.; Monguzzi, A.
Achieving the photon up-conversion thermodynamic yield upper limit
by sensitized triplet−triplet annihilation. Phys. Chem. Chem. Phys.
2015, 17, 4020−4024.
(41) Berlman, I. Handbook of Fluorescence Spectra of Aromatic
Molecules; Academic Press: New York, 1971.
(42) Rulliere, C.; Roberge, P. C. Photophysics of aryl substituted
1,3,4-oxadiazoles: The triplet state of 2.5-diphenyl-1,3,4-oxadiazole.
Chem. Phys. Lett. 1983, 97, 247−252.
(43) Merkel, P. B.; Dinnocenzo, J. P. Thermodynamic energies of
donor and acceptor triplet states. J. Photochem. Photobiol., A 2008,
193, 110−121.
(44) Jin, T.; et al. Competition of Dexter, Förster, and charge
transfer pathways for quantum dot sensitized triplet generation. J.
Chem. Phys. 2020, 152, 214702.
(45) Wei, Y.; et al. Multiple Resonance TADF Sensitizers Enable
Green-to-Ultraviolet Photon Upconversion: Application in Photo-
chemical Transformations. ChemRxiv, July 2021. DOI: 10.33774/
Chemrxiv-2021-Mq00r-V2.
(46) Polgar, A. M.; Hudson, Z. M. Thermally activated delayed
fluorescence materials as organic photosensitizers. Chem. Commun.
2021, 57, 10675−10688.
(47) Yang, M.; Sheykhi, S.; Zhang, Y.; Milsmann, C.; Castellano, F.
N. Low power threshold photochemical upconversion using a
zirconium(IV) LMCT photosensitizer. Chem. Sci. 2021, 12, 9069−
9077.
(48) Han, M.; Zhu, Z.; Ouyang, M.; Liu, Y.; Shu, X. Highly Efficient
Triplet-Triplet-Annihilation Upconversion Sensitized by a Thermally
Activated Delayed Fluorescence Molecule in Optical Microcavities.
Adv. Funct. Mater. 2021, 31, 2104044.
(49) Chen, W.; et al. Red-to-blue photon up-conversion with high
efficiency based on a TADF fluorescein derivative. Chem. Commun.
2019, 55, 4375−4378.
(50) Wei, D.; Ni, F.; Zhu, Z.; Zou, Y.; Yang, C. A red thermally
activated delayed fluorescence material as a triplet sensitizer for
triplet-triplet annihilation up-conversion with high efficiency and low
energy loss. J. Mater. Chem. C 2017, 5, 12674−12677.
(51) Wu, T. C.; Congreve, D. N.; Baldo, M. A. Solid state photon
upconversion utilizing thermally activated delayed fluorescence
molecules as triplet sensitizer. Appl. Phys. Lett. 2015, 107, 031103.
(52) Zhang, D.; Cai, M.; Zhang, Y.; Zhang, D.; Duan, L. Sterically
shielded blue thermally activated delayed fluorescence emitters with
improved efficiency and stability. Mater. Horiz. 2016, 3, 145−151.
(53) Dias, F. B.; Penfold, T. J.; Monkman, A. P. Photophysics of
thermally activated delayedfluorescence molecules. Methods Appl.
Fluoresc. 2017, 5, 012001.
(54) Endo, A.; et al. Efficient up-conversion of triplet excitons into a
singlet state and its application for organic light emitting diodes. Appl.
Phys. Lett. 2011, 98, 083302.
(55) Uoyama, H.; Goushi, K.; Shizu, K.; Nomura, H.; Adachi, C.
Highly efficient organic light-emitting diodes from delayed
fluorescence. Nature 2012, 492, 234−238.
(56) Zhang, Q.; et al. Design of efficient thermally activated delayed
fluorescence materials for pure blue organic light emitting diodes. J.
Am. Chem. Soc. 2012, 134, 14706−14709.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c13222
J. Am. Chem. Soc. 2022, 144, 3706−3716

3715

https://doi.org/10.1039/d1sc04330g
https://doi.org/10.1039/d1sc04330g
https://doi.org/10.1063/5.0050464
https://doi.org/10.1063/5.0050464
https://doi.org/10.1063/5.0050464
https://doi.org/10.1021/acs.chemmater.0c04468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c04468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c04060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c04060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0023052
https://doi.org/10.1063/5.0023052
https://doi.org/10.1063/5.0023052
https://doi.org/10.1039/b506575e
https://doi.org/10.1039/b506575e
https://doi.org/10.1021/jp064261s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp064261s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c12805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c00331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c00331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c00331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-021-00744-9
https://doi.org/10.1038/s41557-021-00744-9
https://doi.org/10.1002/chem.201904945
https://doi.org/10.1002/chem.201904945
https://doi.org/10.1039/d1tc01569a
https://doi.org/10.1039/d1tc01569a
https://doi.org/10.1021/jacs.0c06976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06976?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.202012419
https://doi.org/10.1002/ange.202012419
https://doi.org/10.1039/D1TC05526G
https://doi.org/10.1039/D1TC05526G
https://doi.org/10.1039/D1TC05526G
https://doi.org/10.1039/D1TC05526G?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202106198
https://doi.org/10.1002/adfm.202106198
https://doi.org/10.1016/j.jlumin.2008.10.013
https://doi.org/10.1016/j.jlumin.2008.10.013
https://doi.org/10.1039/c7sc01610g
https://doi.org/10.1039/c7sc01610g
https://doi.org/10.1021/acs.jpclett.9b02106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.9b02106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1246/cl.190473
https://doi.org/10.1246/cl.190473
https://doi.org/10.1002/open.201900304
https://doi.org/10.1002/open.201900304
https://doi.org/10.1039/d0cp04923a
https://doi.org/10.1039/d0cp04923a
https://doi.org/10.1007/s11814-019-0355-2
https://doi.org/10.1007/s11814-019-0355-2
https://doi.org/10.1007/s11814-019-0355-2
https://doi.org/10.1007/s11814-019-0355-2
https://doi.org/10.1039/D1TC04782E
https://doi.org/10.1039/D1TC04782E
https://doi.org/10.1039/D1TC04782E
https://doi.org/10.1039/D1TC04782E?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.1c00322?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c4cp03936j
https://doi.org/10.1039/c4cp03936j
https://doi.org/10.1016/0009-2614(83)85026-x
https://doi.org/10.1016/0009-2614(83)85026-x
https://doi.org/10.1016/j.jphotochem.2007.06.014
https://doi.org/10.1016/j.jphotochem.2007.06.014
https://doi.org/10.1063/5.0009833
https://doi.org/10.1063/5.0009833
https://doi.org/10.1039/d1cc04593h
https://doi.org/10.1039/d1cc04593h
https://doi.org/10.1039/d1sc01662h
https://doi.org/10.1039/d1sc01662h
https://doi.org/10.1002/adfm.202104044
https://doi.org/10.1002/adfm.202104044
https://doi.org/10.1002/adfm.202104044
https://doi.org/10.1039/c9cc01868a
https://doi.org/10.1039/c9cc01868a
https://doi.org/10.1039/c7tc04096b
https://doi.org/10.1039/c7tc04096b
https://doi.org/10.1039/c7tc04096b
https://doi.org/10.1039/c7tc04096b
https://doi.org/10.1063/1.4926914
https://doi.org/10.1063/1.4926914
https://doi.org/10.1063/1.4926914
https://doi.org/10.1039/c5mh00258c
https://doi.org/10.1039/c5mh00258c
https://doi.org/10.1039/c5mh00258c
https://doi.org/10.1088/2050-6120/aa537e
https://doi.org/10.1088/2050-6120/aa537e
https://doi.org/10.1063/1.3558906
https://doi.org/10.1063/1.3558906
https://doi.org/10.1038/nature11687
https://doi.org/10.1038/nature11687
https://doi.org/10.1021/ja306538w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja306538w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c13222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(57) Masui, K.; Nakanotani, H.; Adachi, C. Analysis of exciton
annihilation in high-efficiency sky-blue organic light-emitting diodes
with thermally activated delayed fluorescence. Org. Electron. 2013, 14,
2721−2726.
(58) Hosokai, T.; et al. Evidence and mechanism of efficient
thermally activated delayed fluorescence promoted by delocalized
excited states. Sci. Adv. 2017, 3, No. e1603282.
(59) Würth, C.; Grabolle, M.; Pauli, J.; Spieles, M.; Resch-Genger,
U. Relative and absolute determination of fluorescence quantum
yields of transparent samples. Nat. Protoc. 2013, 8, 1535−1550.
(60) Dexter, D. L. A theory of sensitized luminescence in solids. J.
Chem. Phys. 1953, 21, 836−850.
(61) Zhou, Y.; Castellano, F. N.; Schmidt, T. W.; Hanson, K. On the
Quantum Yield of Photon Upconversion via Triplet−Triplet
Annihilation. ACS Energy Lett. 2020, 5, 2322−2326.
(62) Hwang, S.; et al. Conformation-dependent degradation of
thermally activated delayed fluorescence materials bearing cycloamino
donors. Commun. Chem. 2020, 3, 53.
(63) Yurash, B.; et al. Efficiency of Thermally Activated Delayed
Fluorescence Sensitized Triplet Upconversion Doubled in Three-
Component System. Adv. Mater. 2021, 34, 2103976.
(64) Edhborg, F.; Bildirir, H.; Bharmoria, P.; Moth-Poulsen, K.;
Albinsson, B. Intramolecular Triplet−Triplet Annihilation Photon
Upconversion in Diffusionally Restricted Anthracene Polymer. J. Phys.
Chem. B 2021, 125, 6255−6263.
(65) Monguzzi, A.; Mezyk, J.; Scotognella, F.; Tubino, R.; Meinardi,
F. Upconversion-induced fluorescence in multicomponent systems:
Steady-state excitation power threshold. Phys. Rev. B 2008, 78,
195112.
(66) Gray, V.; et al. Loss channels in triplet-triplet annihilation
photon upconversion: Importance of annihilator singlet and triplet
surface shapes. Phys. Chem. Chem. Phys. 2017, 19, 10931−10939.
(67) Gray, V.; et al. Photophysical characterization of the 9,10-
disubstituted anthracene chromophore and its applications in triplet-
triplet annihilation photon upconversion. J. Mater. Chem. C 2015, 3,
11111−11121.
(68) Schmidt, T. W.; Castellano, F. N. Photochemical upconversion:
The primacy of kinetics. J. Phys. Chem. Lett. 2014, 5, 4062−4072.
(69) Takahashi, T.; Kikuchi, K.; Kokubun, H. Quenching of excited
2,5-diphenyloxazole by CCl4. J. Photochem. 1980, 14, 67−76.
(70) Wong, M. Y.; Zysman-Colman, E. Purely Organic Thermally
Activated Delayed Fluorescence Materials for Organic Light-Emitting
Diodes. Adv. Mater. 2017, 29, 1605444.
(71) Noda, H.; Nakanotani, H.; Adachi, C. Highly Efficient
Thermally Activated Delayed Fluorescence with Slow Reverse
Intersystem Crossing. Chem. Lett. 2019, 48, 126−129.
(72) Fallon, K. J.; et al. Molecular Engineering of Chromophores to
Enable Triplet-Triplet Annihilation Upconversion. J. Am. Chem. Soc.
2020, 142, 19917−19925.
(73) Cheng, Y. Y.; et al. Kinetic Analysis of Photochemical
Upconversion by Triplet-Triplet Annihilation: Beyond Any Spin
Statistical Limit. J. Phys. Chem. Lett. 2010, 1, 1795−1799.
(74) Ieuji, R.; Goushi, K.; Adachi, C. Triplet−triplet upconversion
enhanced by spin−orbit coupling in organic light-emitting diodes.
Nat. Commun. 2019, 10, 5283.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c13222
J. Am. Chem. Soc. 2022, 144, 3706−3716

3716

 Recommended by ACS

Molecular Engineering of Chromophores to Enable
Triplet–Triplet Annihilation Upconversion
Kealan J. Fallon, Luis M. Campos, et al.
NOVEMBER 11, 2020
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Solid-State Photon Upconversion Materials: Structural
Integrity and Triplet–Singlet Dual Energy Migration
Biplab Joarder, Nobuo Kimizuka, et al.
JULY 30, 2018
THE JOURNAL OF PHYSICAL CHEMISTRY LETTERS READ 

Donor–Acceptor–Collector Ternary Crystalline Films
for Efficient Solid-State Photon Upconversion
Taku Ogawa, Nobuo Kimizuka, et al.
JUNE 25, 2018
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Molecular Road Map to Tuning Ground State
Absorption and Excited State Dynamics of Long-
Wavelength Absorbers
Yusong Bai, Michael J. Therien, et al.
OCTOBER 18, 2017
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ 

Get More Suggestions >

https://doi.org/10.1016/j.orgel.2013.07.010
https://doi.org/10.1016/j.orgel.2013.07.010
https://doi.org/10.1016/j.orgel.2013.07.010
https://doi.org/10.1126/sciadv.1603282
https://doi.org/10.1126/sciadv.1603282
https://doi.org/10.1126/sciadv.1603282
https://doi.org/10.1038/nprot.2013.087
https://doi.org/10.1038/nprot.2013.087
https://doi.org/10.1063/1.1699044
https://doi.org/10.1021/acsenergylett.0c01150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c01150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c01150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s42004-020-0303-4
https://doi.org/10.1038/s42004-020-0303-4
https://doi.org/10.1038/s42004-020-0303-4
https://doi.org/10.1002/adma.202103976
https://doi.org/10.1002/adma.202103976
https://doi.org/10.1002/adma.202103976
https://doi.org/10.1021/acs.jpcb.1c02856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c02856?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/physrevb.78.195112
https://doi.org/10.1103/physrevb.78.195112
https://doi.org/10.1039/c7cp01368j
https://doi.org/10.1039/c7cp01368j
https://doi.org/10.1039/c7cp01368j
https://doi.org/10.1039/c5tc02626a
https://doi.org/10.1039/c5tc02626a
https://doi.org/10.1039/c5tc02626a
https://doi.org/10.1021/jz501799m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz501799m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0047-2670(80)85069-6
https://doi.org/10.1016/0047-2670(80)85069-6
https://doi.org/10.1002/adma.201605444
https://doi.org/10.1002/adma.201605444
https://doi.org/10.1002/adma.201605444
https://doi.org/10.1246/cl.180813
https://doi.org/10.1246/cl.180813
https://doi.org/10.1246/cl.180813
https://doi.org/10.1021/jacs.0c06386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06386?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz100566u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz100566u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz100566u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-13044-1
https://doi.org/10.1038/s41467-019-13044-1
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c13222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/jacs.0c06386?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/jacs.0c06386?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/jacs.0c06386?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/jacs.0c06386?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/acs.jpclett.8b02172?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/acs.jpclett.8b02172?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/acs.jpclett.8b02172?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/acs.jpclett.8b02172?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/jacs.8b04542?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/jacs.8b04542?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/jacs.8b04542?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/jacs.8b04542?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/jacs.7b09982?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/jacs.7b09982?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/jacs.7b09982?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/jacs.7b09982?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
http://pubs.acs.org/doi/10.1021/jacs.7b09982?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1655038501&referrer_DOI=10.1021%2Fjacs.1c13222
https://preferences.acs.org/ai_alert?follow=1

