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Blue-to-UVB Upconversion, Solvent Sensitization and Challenging
Bond Activation Enabled by a Benzene-Based Annihilator
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Masanori Uji, Nobuhiro Yanai,* and Christoph Kerzig*

Abstract: Several energy-demanding photoreactions re-
quire harsh UV light from inefficient light sources. The
conversion of low-energy visible light to high-energy
singlet states via triplet-triplet annihilation upconversion
(TTA-UC) could offer a solution for driving such
reactions under mild conditions. We present the first
annihilator with an emission maximum in the UVB
region that, combined with an organic sensitizer, is
suitable for blue-to-UVB upconversion. The annihilator
singlet was successfully employed as an energy donor in
subsequent FRET activations of aliphatic carbonyls.
This hitherto unreported UC-FRET reaction sequence
was directly monitored using laser spectroscopy and
applied to mechanistic irradiation experiments demon-
strating the feasibility of Norrish chemistry. Our results
provide clear evidence for a novel blue light-driven
substrate or solvent activation strategy, which is impor-
tant in the context of developing more sustainable light-
to-chemical energy conversion systems.

Introduction

Highly energetic photons with wavelengths in the UVB
region (280–315 nm) are unavoidably required to initiate
numerous useful photochemical reactions[1,2] and to detoxify
many pollutants photochemically.[3,4] However, two main
drawbacks render the broad usage of UVB-driven reactions
somewhat cumbersome. Firstly, UVB light is practically not
contained in the solar spectrum and the generation of UVB

photons typically requires mercury lamps,[5] excimer-based
lamps,[6] or the high-energy tail of xenon arc lamps[4]—all of
them suffer from rather short lifespans well below 2000 h
and electricity-to-UVB conversion efficiencies close to zero.
Secondly, conventional glassware used in chemical laborato-
ries has a low UVB transparency, which is why more
expensive quartz glass is required for conventional UVB
photochemistry.

In principle, the energy of two visible photons efficiently
generated by long-lived LEDs can be pooled to achieve
similar reactivities as obtained by direct UVB excitation.
Among all known photon pooling or two-photon
mechanisms,[7–11] upconversion via sensitized triplet-triplet
annihilation (TTA-UC) provides the most attractive alter-
native to direct high-energy one-photon excitation, because
TTA-UC can be employed to convert two low-energy
photons at moderate photon fluxes into one highly energetic
singlet-excited state.[12–23] The latter can either emit one
photon of higher energy or directly activate a compound
being inert under one-photon conditions at the given
excitation wavelength. This strategy has already been
exploited for a variety of selective photoreactions upon
excitation with inexpensive diode-based continuous wave
(cw) light sources,[24] including isomerizations,[25–27]

dehalogenations,[28–30] cycloadditions,[31,32] C� C
coupling[24,33,34] and cyclization[30] reactions as well as
polymerizations.[30,35–37] While all these UC-driven reactions
are elegant, in particular when red/NIR photons with high
penetration depth are used,[30,38–40] they can likely be initiated
by LEDs in a direct manner. Efficient high-power LEDs are
available with numerous visible and some UVA (315–
400 nm) peak wavelengths, but efficient ready-to-use LEDs
with UVB emission do not exist for technical reasons.[41]

Consequently, it is highly desirable to develop visible light-
driven UC systems that are capable of producing UVB
photons to potentially replace harmful and inefficient light
sources.

The first visible light-driven TTA-UC system with
pronounced UV emission was reported in 2009.[42] The
interest in this methodology recently received a boost by
some applications under remarkably mild conditions and
pioneering observations such as the blue-light driven photo-
catalytic activation of aryl bromides,[43] water splitting,[44,45]

the quantitative decomposition of a typical water
pollutant,[28] and the development of systems with very high
quantum yields for UVA generation.[46–48] Nevertheless, only
a few basic structures for UV annihilators have been
identified until now (biphenyl,[49–51] PPO and strongly related

[*] T. J. B. Zähringer, J. A. Moghtader, M.-S. Bertrams,
Prof. Dr. C. Kerzig
Department of Chemistry, Johannes Gutenberg University Mainz
Duesbergweg 10–14, 55128 Mainz (Germany)
E-mail: ckerzig@uni-mainz.de

Dr. B. Roy, M. Uji, Prof. Dr. N. Yanai
Department of Applied Chemistry, Graduate School of Engineering,
Center for Molecular Systems (CMS), Kyushu University
744 Moto-oka, Nishi-ku, Fukuoka 819-0395 (Japan)
E-mail: yanai@mail.cstm.kyushu-u.ac.jp

© 2022 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used
for commercial purposes.

Angewandte
ChemieResearch Articles
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2023, 62, e202215340
International Edition: doi.org/10.1002/anie.202215340
German Edition: doi.org/10.1002/ange.202215340

Angew. Chem. Int. Ed. 2023, 62, e202215340 (1 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

http://orcid.org/0000-0001-9285-3980
http://orcid.org/0000-0003-2011-8543
http://orcid.org/0000-0003-0297-6544
http://orcid.org/0000-0002-1026-1146
https://doi.org/10.1002/anie.202215340
https://doi.org/10.1002/ange.202215340
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202215340&domain=pdf&date_stamp=2023-01-16


heterocycles,[42,48,52–54] terphenyl,[54,55] quarterphenyl,[55]

pyrene[34,56–58] as well as naphthalene[28,37,46,51,54,59–61]) and all
these annihilators mainly show UVA and violet emission
with either a negligible fraction of emitted UVB[62] photons
or no UVB emission at all. The identification of an
annihilator with dominant UVB emission and the concom-
itant high excited singlet state energy well beyond 4 eV
could expand the toolbox of photochemists drastically, given
that Vis-to-UV upconversion holds great promise for
energy-demanding photochemical applications.[63,64] Herein,
we present the first compound that deserves the label UVB
annihilator: Its emission peaks in the UVB region at 309 nm,
about half of the photons emitted via fluorescence lie in the
UVB range (Figure 1) and, in combination with a suitable
blue light-absorbing sensitizer, blue-to-UV upconversion
can be observed with diode-based light sources. The
resulting upconversion system was characterized by in-depth
mechanistic studies using several spectroscopic techniques
and employed for an underexplored upconversion-Förster
resonance energy transfer (UC-FRET)[65,66] reaction se-
quence. As we will show by meaningful proof-of-concept
experiments, this novel strategy can not only be exploited
for solvent excitation—a typical approach in synthetic UVB
photochemistry[1,2, 6,67]—but also for high-energy carbonyl
photochemistry.[68,69]

Results and Discussion

Chemical intuition suggests that reducing the conjugated π-
system from biphenyl to benzene would increase the
annihilator’s singlet-excited state energy and shift its peak
emission from the UVA into the high-energy UVB region.
However, the triplet of unsubstituted benzene at 3.9 eV[70] is
inaccessible in blue light-driven upconversion schemes as
the input photon energy is on the order of 2.7 eV in this
case. Modifications on the annihilator scaffolds with the
protection group TIPS-ethynyl (triisopropylsilylethynyl)
have shown to lower the triplet energy substantially while

maintaining relatively high energies of the upconverted
emission.[46,50,71–74] Hence, we speculated that benzene would
follow a similar trend although previous calculations
predicted a very pronounced HOMO–LUMO gap
decrease.[75] Our DFT calculations of several benzene
derivatives with different TIPS-ethynyl substitution patterns
provided initial information about the triplet energies (Fig-
ure 2B, see Section S3 of the Supporting Information for
details). While the calculated triplet energies of single-
substituted TIPS-Bz (3.06 eV) and symmetrical threefold
substituted tTIPS-Bz (2.97 eV) still exceed our input energy
limit, the twofold substitution (bTIPS-Bz), however, yielded
a rather low triplet energy of 2.57 eV. For that reason, we
synthesized bTIPS-Bz (and reference compounds) via a
Sonogashira coupling reaction (see Supporting Information
for details, Section S2). The absorption and normalized
emission spectra are shown in Figure 2C. As expected, the
two TIPS-ethynyl substituents on benzene cause a red-shift
of the absorption and emission peaks (compare Figure S5).
Gratifyingly, the emission spectrum of bTIPS-Bz peaks in
the UVB, about half of all emitted photons are in the UVB
range, and its singlet-excited state energy is as high as
4.15 eV, corresponding to a photon energy of 299 nm. Owing
to the superincrease of the molar absorptivity (Figure S5),
the fluorescence rate constant of bTIPS-Bz is increased
drastically compared to that of benzene.[76–78] In direct
consequence, (i) the fluorescence lifetime in solution (Fig-
ure S14) is shortened from 30 ns (benzene) to 3.2 ns (bTIPS-
Bz) and (ii) the fluorescence quantum yield reaches an
attractive value of ΦFl=0.48 for bTIPS-Bz, compared to
ΦFl=0.07 for benzene.[79,80] From 77 K phosphorescence
measurements, we obtained a triplet energy of 2.64 eV for
bTIPS-Bz (Figure S17), which is in very good agreement

Figure 1. Structures and emission spectra of recently used annihilators
for blue-to-UV upconversion. This work: Novel benzene-based annihila-
tor (bTIPS-Bz) suitable for blue-to-UVB upconversion that has been
successfully employed as an energy donor in a subsequent FRET
activation of UVB-absorbing carbonyls.

Figure 2. A) Structures of TIPS-Bz, tTIPS-Bz and Bz. B) Energy diagram
visualizing the lowest triplet-excited state energies of 4CzIPN, unsub-
stituted benzene, and TIPS-ethinyl substituted benzenes. C) Structures,
absorption (solid line), and normalized emission (dotted line) spectra
of bTIPS-Bz and 4CzIPN in cyclohexane. The excitation wavelengths
(445 nm and 447 nm) used for upconversion measurements are
indicated by blue vertical lines.
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with that estimated by DFT calculations. Given that
isoenergetic and even slightly uphill sensitization is
feasible,[31,81–83] TTA-UC with bTIPS-Bz as annihilator is
clearly within reach using blue photons.

For this study, we have chosen the well-known carbazoyl
dicyanobenzene-based TADF emitter 4CzIPN (Figure 2B
and C) as the triplet sensitizer. In addition to OLED
applications,[84] 4CzIPN has been successfully employed in
energy transfer catalysis[85,86] and TTA-UC schemes.[50,55,87]

Its high triplet energy (2.72 eV in cyclohexane), high triplet
formation yield (about 70%)[88] and strong absorptivity in
the blue make it ideal for our blue light-driven upconversion
system.[50] For solubility reasons, toluene was used as co-
solvent (10 vol.%), which does not negatively affect the
pertinent properties of our photoactive compounds (see
ref. [50] and Figures S6/S14). The combined key properties
of both 4CzIPN and bTIPS-Bz are summarized in Figur-
es 2B and C. Transient absorption (TA) and emission
spectroscopy using laser flash photolysis (LFP) were
performed with a 355 nm laser (�5 ns pulse duration) to
investigate the upconversion system in detail. The initial
energy transfer from 34CzIPN to bTIPS-Bz proceeds with a
quenching rate constant of kTTET=6.2×107

M
� 1 s� 1 (Fig-

ure 3A), which is not only in line with the rather small
triplet energy difference between 3bTIPS-Bz and 34CzIPN

but also sufficiently rapid for efficient quenching (>85%) of
34CzIPN at moderate concentrations (>9 mM). In contrast,
no quenching of the other TIPS-ethynyl substituted ben-
zenes—TIPS-Bz and tTIPS-Bz—was observed, highlighting
the unique photochemical properties of bTIPS-Bz. Further
TA measurements were carried out to monitor the quench-
ing product. The 34CzIPN quenching by bTIPS-Bz gave rise
to a TA spectrum with a pronounced absorption band
peaking at 348 nm (purple spectrum in Figure 3B) that
completely returns to baseline (Figure S18) with wave-
length-independent kinetics and a much longer lifetime
(�120 μs) compared to 34CzIPN alone (7.9 μs, see Fig-
ure S12 and corresponding discussion for further explana-
tions). TD-DFT calculations on 3bTIPS-Bz predict an
intense absorption peak at 360 nm matching our experi-
ments well (see calculated transitions in Figure 3B and
Section S3 of the Supporting Information for details). We,
therefore, assign the spectrum displayed in Figure 3B
(purple) to 3bTIPS-Bz generated through triplet-triplet
energy transfer TTET.

Having established sensitized annihilator triplet forma-
tion, we next examined the TTA step. Three solutions
containing either bTIPS-Bz, 4CzIPN, or both in combina-
tion were prepared and investigated using time-gated
emission spectroscopy. The detection window after 355 nm
excitation was selected such that direct sensitizer and
annihilator emission can be excluded. Out of the three
solutions, only that with 4CzIPN and bTIPS-Bz shows the
expected singlet emission in the UV (Figure 3C) providing
evidence for delayed annihilator emission, which has to be a
result of TTA. The similar triplet energies imply the
possibility of back-energy transfer in the triplet manifold.
Kinetic emission traces monitoring delayed 1bTIPS-Bz*
emission at 350 nm with increasing sensitizer concentration
confirm a back-TTET (Figure 3C, inset), as indicated by the
delayed emission lifetime decrease.[28,89,90] Moreover, we
observed that the triplet lifetime of 3bTIPS-Bz correlates
with the weak elongated 4CzIPN emission from back-TTET
(Figure S13), and we attribute the remaining spectral
emission of 4CzIPN in Figure 3C to this energy transfer
equilibrium.[50,89]

More direct evidence for the UV emission originating
from TTA-UC is given in Figure 3D. Kinetic traces simulta-
neously monitoring 3bTIPS-Bz (absorption at 342 nm) and
1bTIPS-Bz* (emission at 319 nm) show that both reach a
maximum at t=6 μs. Owing to the bimolecular nature of the
annihilation process, the rise and fall of the singlet emission
intensity are in a quadratic relation to the triplet concen-
tration [3bTIPS-Bz], resulting in the characteristic behavior
displayed in Figure 3D.[91] We then characterized the
efficiency of this novel blue-to-UVB TTA-UC scheme with
two blue diode-based cw lasers at either 447 nm or 445 nm
(see Supporting Information for detailed descriptions of
both setups). We found that a sensitizer concentration of
44 μM gave a good compromise between the overall
quantum yield and the threshold intensity Ith. Although
higher sensitizer concentrations are regarded to be benefi-
cial for lowering Ith,

[92] i.e., for achieving high quantum yields
at low light intensities, we found a higher Ith at 88 μM (see

Figure 3. Mechanistic LFP experiments with 355 nm laser pulses of
�5 ns duration. If not stated otherwise 20 μM 4CzIPN and 10 mM
bTIPS-Bz in Ar-saturated cyclohexane:toluene (9 :1) were used.
A) Luminescence quenching experiments of 4CzIPN (detection wave-
length, 477 nm) at different annihilator concentrations. Inset: corre-
sponding Stern–Volmer plot. B) Transient absorption spectra of only
4CzIPN (cyan) recorded 1 μs after the laser pulse and combined with
bTIPS-Bz after 6 μs (purple) and oscillator strength of 3bTIPS-Bz
computed by TD-DFT. Inset: Computed spin density of the triplet state
of bTIPS-Bz with λmax,DFT of the predicted main absorption bands.
C) Normalized time-gated (delay, 6 μs; integration over 500 μs)
emission spectra of the complete upconversion system (pink), only
4CzIPN (cyan), and only bTIPS-Bz (dark blue). Inset: Time-resolved
upconversion emission plotted logarithmically at different sensitizer
concentrations under pulsed excitation at 445 nm. D) Time-resolved
emission (319 nm) and transient absorption (342 nm) traces upon
excitation of the UC system. The asterisk marks laser stray light.
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Figure S7). This observation is most likely a result of back-
TTET with sensitizer ground state molecules as an addi-
tional deactivation pathway of the annihilator triplet.

The main plot in Figure 4A collates the upconverted
emission with increasing laser intensity (10–800 mW) peak-
ing at 318 nm with intense emission in the UVB region. The
higher annihilator concentration causes filter effects of the
annihilator emission in its absorption-emission overlap
region (compare spectra in Figures 2C and 4A), thereby
shifting the apparent emission maximum. However, the
absorption of the 1bTIPS-Bz*-emitted photons by additives
in solution could occur below 310 nm—it would simply
compete with annihilator self-absorption. Using the ob-
served UC emission maximum in combination with the
absorption maximum of 4CzIPN (435 nm), the anti-Stokes
shift amounts to 1.04 eV.[16] A frequently employed but less
conservative anti-Stokes shift determination would yield a
value as high as 1.24 eV, taking the excitation wavelength
(447 nm) and the bTIPS-Bz emission peak in the absence of
inner filter effects (309 nm). Regardless of the actual
method, the anti-Stokes shift of our system is among the
largest reported so far for visible light-driven UC
schemes.[72,82,93–100]

Figures 4B and C focus on power-dependent UC meas-
urements. The achievable upconversion quantum yields ΦUC

at the highest laser intensities amount to values close to 1%
(with a theoretical maximum of 50%) using both 447 nm
and 445 nm excitation. A rather low Ith of 471 mWcm� 2 was
determined (using the 445 nm setup with higher beam

quality), enabling decent UC efficiencies already with
commercially available blue LEDs (Figure S15). Moreover,
irradiating the UC system at the threshold intensity shows
only minor degradation over one hour (Figure 4A, inset).
Higher sensitizer concentrations (88 μM) seem to be benefi-
cial for the photostability of this system. A more systematic
understanding of the factors governing efficient upconver-
sion into the UV region seems to be required, considering
the typically poor performance parameters of most known
Vis-to-UV UC systems.[49,101] The most straightforward
future strategies for developing Vis-to-UVB UC systems
with higher overall quantum yields are to increase the
anninilator emission quantum yield (48%) by up to a factor
of two and to avoid back-TTET with sensitizers possessing
higher tripler energies that could also result in UC systems
operating at lower annihilator concentrations (i.e., with less
pronounced filter effects). Nevertheless, the promising
efficiency and long-term stability led us to speculate that our
unprecedented UC system with pronounced UVB emission
could perhaps drive energy-demanding reactions that usually
require high-energy UVB light sources, either with the
singlet-excited annihilator as reacting key species or via an
emission-reabsorption sequence.[102]

We proposed that the high singlet-excited state energy
of bTIPS-Bz could be exploited for a subsequent FRET
activation of relatively inert substances (Figure 5A) with a
rich UV photochemistry. UC-FRET reaction sequences
have been suggested with less energetic excited states of the
energy acceptor that would be accessible with efficient
LEDs,[65,66,103] but in our high-energy case, such an alter-
native does not exist. For our study, we chose pinacolone
(PC) and acetone (AC)—both absorb only below 320 nm
and thus usually require harmful UVB light sources for
excitation. Figure 5B visualizes the spectral overlap between
the bTIPS-Bz emission and the absorption of the carbonyl
compounds. Although the molar absorption coefficients of
such aliphatic carbonyls are rather low due to the symmetry-
forbidden nature of the nπ* transitions, the pronounced
spectral overlap suggests that non-radiative energy transfer
via the FRET mechanism is still feasible, whose efficiency
linearly depends on the spectral overlap integrals.[104] NMR-
scale and mechanistic LFP experiments were conducted to
monitor the UC-FRET sequence. Figure 5E shows kinetic
traces of the bTIPS-Bz emission at 318 nm with increasing
PC and AC concentrations. While the formation and decay
rates of the singlet emission signals are essentially unaf-
fected by the addition of the carbonyl compound, the overall
emission intensity is reduced drastically. This contrasts
strongly with time-resolved measurements of the bTIPS-Bz
triplet state where no change with the addition of PC or AC
(neither in concentration nor in lifetime) is observed (Fig-
ure S8). Thus, the initial amount of 1bTIPS-Bz* produced
via annihilation has to be unaffected by the addition of the
carbonyls and we conclude that the attenuated UC emission
signal must originate from direct excited-singlet state
quenching[43] (most likely via FRET) or reabsorption effects.
An estimation of the latter, i.e., reabsorbed photons by the
carbonyls through radiative energy transfer, revealed that
non-radiative excited state quenching is the main pathway at

Figure 4. Photon upconversion studies with deoxygenated solutions
containing 44 or 88 μM 4CzIPN and 10 mM bTIPS-Bz in cyclohexane:
toluene (9 :1) using a cw laser for excitation at 447 nm or 445 nm.
A) Power-dependent spectra of the normalized upconverted emission.
Inset: Photostability measurement at different sensitizer concentrations
at a cw laser power of 471 mWcm� 2. B) External upconversion
quantum yield, ΦUC, plotted against the laser power (with 44 μM
4CzIPN). C) Normalized UC emission plotted against the laser power
on a double-logarithmic scale (with 44 μM 4CzIPN). The threshold
intensity Ith was determined from the crossing point. See Supporting
Information for details.
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our detection wavelength used in Figure 5E (see Supporting
Information Section S6). Further time-gated spectra of the
UV emission yielded a very similar decrease in intensity
(Figure 5F). Moreover, the signal intensity in the region
above 330 nm (where the carbonyls do not absorb) is almost
equally reduced compared to the emission peak (318 nm)
(Figure S9). All these findings are in perfect accordance
with a FRET process between 1bTIPS-Bz* and the carbonyls
being the main quenching mechanism of the upconverted
emission. Similar quenching experiments were also per-
formed with a cw laser (447 nm) to demonstrate the
feasibility of this energy transfer sequence with a non-pulsed
visible light source (Figure S10). Next, we investigated the
energy transfer efficiency in detail. In principle FRET is still
feasible at larger molecular distances (up to 100 nm), mean-
ing that the energy transfer rate can exceed the classical
diffusion limit for collision-induced quenching. As a result
of the low molar absorption coefficients of the carbonyls, we
pre-calculated rather small Förster distances of 0.7 nm and
0.8 nm for AC and PC (Section S1.8 of the Supporting
Information), suggesting that the quenching constant will be
close to or slightly higher than the diffusion-controlled rate
constant in cyclohexane (kdiff=6.7×109

M
� 1 s� 1).[105] The

1bTIPS-Bz* emission intensity from either kinetic measure-
ments (filled circle, raw data from Figure 5E) or time-gated
spectra (open circle, raw data from Figure 5F) are plotted
against the carbonyl concentration in a Stern–Volmer graph

(Figure 5B, inset). Conventional Stern–Volmer analyses
gave quenching constants kFRET of 5.0×109

M
� 1 s� 1 for AC

and 1.0×1010
M
� 1 s� 1 for PC, respectively (Figure 5D). Direct

fluorescence lifetime quenching experiments upon UVB
excitation of bTIPS-Bz with different acetone concentra-
tions gave a similar result (kFRET=6.4×109

M
� 1 s� 1, see Fig-

ure S11 and corresponding discussion in the Supporting
Information). The ratios of the energy transfer rate con-
stants and the corresponding spectral overlap integrals JPC
and JAC are practically identical, providing further evidence
for the novel blue-to-UVB UC-FRET reaction sequence.
Efficient photoredox reactions between the high-energy
annihilator singlet and the carbonyl compounds or the
sensitizer itself can be excluded as we could not detect any
signatures of radical ions (Figures S8 and S18 in the
Supporting Information).

The diverse photochemistry of carbonyl compounds is
well described in the literature.[1,2,67–69] Acetone almost
quantitatively produces a highly energetic triplet state
(triplet energy, �3.5 eV) upon direct excitation, which
explains its dual use as solvent and sensitizer in conventional
UVB photoreactions. Monitoring the acetone triplet pro-
duced via UC-FRET by spectroscopic methods is very
challenging owing to its rather slow formation and the
relatively high concentrations of potential triplet energy
acceptors in our system. However, pinacolone undergoes
efficient Norrish type I fragmentation generating a more

Figure 5. A) Upconversion mechanism and subsequent FRET sensitization of pinacolone resulting in a Norrish type I reaction and formation of
isobutylene. B) Absorption spectra (solid line) of pinacolone (dark red), acetone (green), and normalized emission (dotted line) of bTIPS-Bz in
cyclohexane with the spectral overlap being highlighted. Inset: Stern–Volmer plot corresponding to quenching of upconverted bTIPS-Bz emission
by the carbonyl compounds. C) NMR scale experiment of 100 μM 4CzIPN, 10 mM bTIPS-Bz, and 100 mM pinacolone in Ar-saturated cyclohexane:
toluene (9 :1) with control experiments before and after 30 min irradiation at 447 nm with 1.1 W. Shown are the 1H NMR signals of isobutylene as a
stable product of the UC-FRET-driven Norrish reaction. D) Comparison of FRET efficiencies between pinacolone and acetone. E) and F)
Mechanistic LFP experiments with 355 nm laser pulses of �10 ns duration of 20 μM 4CzIPN and 10 mM bTIPS-Bz in Ar-saturated cyclohexane:
toluene (9 :1) with different concentrations of pinacolone and acetone used for the Stern–Volmer plots in the inset of panel B). E) Time-resolved
emission at 318 nm. F) Normalized time-gated (delay, 6 μs; integration over 500 μs) emission spectra.
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stabilized carbon-centered radical (Figure 5A)[106] compared
to that formed by acetone. This isobutyl radical is hard to
track spectroscopically, but isobutylene as its stable dispro-
portionation product[107] (Figure 5A) is sufficiently soluble in
our mixture and possesses a characteristic 1H NMR
spectrum.[108] We, therefore, performed several NMR-scale
irradiation experiments with PC. Irradiating the whole UC
system together with 100 mM PC using our cw laser
(447 nm) for 30 min resulted in the formation of new peaks
in the NMR spectrum that unambiguously correspond to
isobutylene (Figure 5C, see Section S8.2 for details). Control
experiments with either annihilator or sensitizer missing did
not show any evidence for product generation. To demon-
strate that this high-energy Norrish chemistry is also viable
with commercial blue LEDs, the same irradiation experi-
ment was carried out with two blue LEDs (440 nm). Similar
amounts of isobutylene were detected (Figure S29), confirm-
ing the promising performance parameters and the potential
of our UC system for future lab-scale applications without
UVB lamps.

Finally, we turned to the substrate dibenzyl ketone,
which is known to undergo efficient Norrish fragmentation
under UV photolysis (λ<325 nm) and subsequent C� C
bond formation of the resulting radicals.[69] The coupling
product dibenzyl has been observed clearly employing our
UC-FRET strategy with blue LEDs (Figures S31–S33). This
coupling reaction under mercury-free and very mild con-
ditions highlights that more synthetically useful photoreac-
tions are generally feasible employing our new approach.

Conclusion

In summary, we have demonstrated that UVB emitters can
be incorporated in blue light-driven upconversion schemes.
Reaching the UVB region with blue input photons for the
first time is certainly beyond a pushing-the-limits study
because this technology enables unreported substrate and
solvent activation strategies that cannot be carried out with
efficient and sustainable light sources in a direct manner.
Our mechanistic investigations provide unambiguous evi-
dence for a hitherto unreported blue-to-UVB UC-FRET
sequence expanding the applicability of upconversion for
driving challenging chemical reactions. These key findings
pave the way for exploiting the full potential of this
attractive two-photon mechanism in light-driven bond
activation. The incorporation of such high-energy upconver-
sion systems in solid or gel-like environments for large-scale
applications might represent the next challenge and even
LED-driven UVA-to-UVC upconversion systems, which
have the potential to replace mercury lamps completely,
seem to be within reach based on our results. The latter
would require further efforts in developing both novel
annihilators and energy-matched sensitizers that are highly
photostable. For that, a deeper understanding of
TTA[73,109–112] is required, and regarding sensitizer develop-
ment, the upconversion community will strongly benefit
from the recent progress in Dexter energy transfer
catalysis.[49,113–116]
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