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Abstract: Sensitized triplet-triplet annihilation (sTTA) is the most promising mechanism for 

pooling the energy of two visible photons, but its applications in solution were so far limited to 

organic solvents, with a current maximum of the excited-singlet state energy of 3.6 eV. By 

combining tailor-made iridium complexes with naphthalenes, we demonstrate blue-light driven 

upconversion in water with unprecedented singlet-state energies approaching 4 eV. The 

annihilators have outstanding excited-state reactivities enabling challenging photoreductions 

driven by sTTA. Specifically, we found that an arylbromide bond activation can be achieved 

with blue photons, and we obtained full conversion for the very energy-demanding 

decomposition of a persistent ammonium compound as typical water pollutant, not only with a 

cw laser but also with an LED light source. These results provide the first proof-of-concept for the 

usage of low-power light sources for challenging reactions employing blue-to-UV upconversion 

in water, and pave the way for the further development of sustainable light-harvesting 

applications. 

1 Introduction 

Sensitized triplet‐triplet annihilation (sTTA),1 also called triplet fusion, is a powerful mechanism 

for constructing light‐harvesting systems, comprising a sensitizer (donor) and an annihilator 

(acceptor).2–6 The sensitizer triplets produced by low‐energy photons undergo a 

donor‐to‐acceptor triplet‐triplet energy transfer (TTET) followed by a TTA between two acceptor 

triplets, yielding an emissive high‐energy singlet state of the acceptor (upper left part of Fig. 1). 

As a result of the different mechanistic functions of sensitizers (light absorption and energy 

transfer) and annihilators (production of excited-singlet states via annihilation) in such a system, 
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largely individual optimization of each component is readily possible. This allows employing the 

sTTA mechanism for several light-driven tasks beyond its initial photon upconversion (lighting) 

use, including visible-7–9 or even NIR-light10 driven photo(redox) reactions, and biochemical,11–13 

photochromic14,15 as well as photovoltaic16 applications. The modularity of this two-component 

system, combined with the feasibility of biphotonic (i.e., two-photon) mechanisms at non-

coherent low photon fluxes,4 contributes to the ongoing popularity of sTTA.   

Figure 1. Aqueous blue-to-UV upconversion strategy. Upper part, simplified sTTA mechanism and its use 

for blue-to-UV upconversion in water as well as challenging photoredox reactions (left) that are 

impossible through conventional catalyst excitation with a single visible photon in aqueous solution 

(right). Lower part, molecular structures and abbreviations of the water-soluble sensitizers (left, with 

increasing triplet energies) and acceptors/annihilators (right) investigated in this work. For further 

explanations, see text and SI. 

Owing to solubility and reactivity issues, examples of TTA‐based upconversion in pure water are 

extremely scarce.17,18 The same holds true for visible‐light driven sTTA systems (in organic 

solvents) enabling high‐energy UV emission below 350 nm,19,20 where the intensity of the 

terrestrial solar spectrum sharply drops. The challenging combination of both — Vis‐to‐UV 

upconversion in the green solvent water21 — would represent a substantial step towards 

sustainable solar light‐driven systems for energy-demanding photochemical processes, given 
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the current rethinking of replacing organic solvents by aqueous systems.22–27  

Aiming to harvest a larger part of the solar spectrum, many scientists currently focus on 

red/NIR-to-visible upconversion,11,28–31 Thermodynamically, these strategies cannot be 

exploited for chemical reactions requiring more energy input than a single visible photon. 

However, visible-to-UV upconversion provides an attractive alternative to direct UV excitation, 

which is not only harmful and unsustainable when produced through mercury-based light 

sources, but it suffers also from selectivity and filter effect issues.32 To date, the most highly 

energetic excited annihilator singlets produced through sTTA with visible light as input have 

maximum energies of about 3.6 eV,20,33–36 corresponding to ̴345 nm. Visible-to-UV 

upconversion has the potential to convert readily available blue or violet photons to UVB 

(280315 nm) light, but this is heavily underexplored. Herein, we demonstrate that the 

combinations of tailor-made water-soluble sensitizers with selected naphthalene derivatives 

result in novel aqueous sTTA systems. These systems are capable of providing unprecedented 

delayed emission photon energies or redox potentials for energy-demanding reductions that 

cannot be obtained with conventional (visible) one-photon excitation32 (Fig. 1). With detailed 

mechanistic investigations and lab-scale photoredox applications, which would otherwise 

require more aggressive species usually produced at much higher photon fluxes per area,37–39 

we show that sTTA upconversion in pure water has the potential to be developed into a “green” 

tool in chemistry.  

2 Results and discussion 

Building on our recently developed complex Irsppy (see Fig. 1 for its structure),25,37,39 which is a 

water-soluble version of the popular photosensitizer fac-Ir(ppy)3, we prepared and 

characterized three novel water-soluble Ir-based complexes. Guided by the structure-property 

relations for conventional photoactive Ir complexes,40 water-soluble sensitizers were 

synthesized with particular emphasis on increasing the triplet energy to improve the TTET 

reactivity accordingly. The photochemical properties of the novel complexes were investigated 

in detail and compared to Irsppy (Section 2.1). Synthetic procedures and characterization data 

are in the Supporting Information (SI, Section S2).  

The previous observation of highly energetic delayed emission caused by TTA upon direct 
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excitation of a naphthalene derivative in neat water41 prompted us to test several water-soluble 

annihilator candidates (naphthalene, p-terphenyl and biphenyl derivatives), in combination with 

the above-mentioned sensitizers. Pertinent properties of the best-suited annihilators, which do 

not suffer from solubility problems18 and excimer formation issues42 (see Section S8 of the SI for 

details), are outlined in Section 2.2, and the structures of the main compounds used to achieve 

blue-to-UV upconversion are displayed in the lower part of Fig. 1.  

Detailed spectroscopic studies (see SI for method descriptions and details) that substantiate the 

sTTA upconversion mechanism with the annihilator possessing the most highly energetic 

excited-singlet state (3.9 eV) are presented in Section 2.3, whereas our key findings on sTTA-

driven photoreductions employing the annihilator with the most negative excited-state 

oxidation potential (about 2.5 V vs. NHE) can be found in Section 2.4.  

2.1 Sensitizer molecules and their properties 

Besides water solubility, visible-light absorptivity and high intersystem crossing (ISC) quantum 

yields, sufficiently long triplet lifetimes and high triplet energies are the basic requirements for 

the sensitizers. The latter should be at least on the order of 2.6 eV41,43 to efficiently sensitize the 

annihilators under study, thereby ideally achieving blue-to-UV upconversion in water. Water-

soluble photoactive compounds with such properties are scarce; we therefore prepared three 

new Ir complexes and compared their photophysical properties with those of Irsppy.  

UV-Vis absorption spectra, steady-state emission spectra, and kinetic emission measurements 

for all sensitizers in alkaline water are shown in Fig. 2, along with the corresponding triplet state 

energies (ET) and lifetimes (0). Basic pH conditions were used throughout this study to ensure 

good solubility of annihilators (Section 2.2) and substrates (Section 2.4). In Fig. 2, the sensitizers 

are arranged such that their triplet energies increase from the top to the bottom of the figure. 

The novel monoanionic complex with one (slightly) electron-withdrawing group only, 

Ir(sCH2ppy)ppy2 (see Fig. 1 for its structure), has a triplet energy identical to that of its lipophilic 

congener Ir(ppy)3 (2.50 eV),44 which is significantly lower than the Irsppy triplet energy (2.65 

eV). Further reduction of the electron density at the cyclometalated ligands of the Irsppy 

structure by fluorination40 results in even higher triplet energies, as is immediately evident from 

the blue-shifted emission when going from Fig. 2b to Fig. 2c/d. The observed triplet energy 
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increase is accompanied by a shift of the long-wavelength UV-Vis absorption band (i.e., the 

MLCT absorption)37,45 towards the UV. However, even IrdFsppy, which has a triplet energy as 

high as 2.81 eV, noticeably absorbs at our excitation wavelengths employed for photon 

upconversion experiments (447 nm) and sTTA-driven photoredox reactions (447 nm or 455 nm). 

All photosensitizers under study are expected to undergo ultrafast and quantitative ISC,37 and 

they possess triplet lifetimes of about 2 s (Fig. 2), which is long enough for efficient 

bimolecular reactions.   

Figure 2. Sensitizer characteristics. Experimental data summarizing the pertinent ground- and excited-

state properties of the Ir-based sensitizers (a, Ir(sCH2ppy)ppy2; b, Irsppy; c, IrFsppy; d, IrdFsppy). Main 

plots, calibrated absorption (solid lines) and normalized luminescence (dashed lines) spectra obtained in 

aqueous solutions containing 50 mM NaOH. Insets, normalized kinetic emission traces of the sensitizers 

upon 420 nm (14 mJ) excitation of strongly diluted (30 M) Ar-saturated dye solutions with laser pulses 

of 10 ns duration. For further details, see text and Section S1 of the SI. 

 

The photochemical characteristics of the Ir complexes summarized in Fig. 2 prompted us to 

compare their performance in a triplet-sensitized lab-scale isomerization reaction.46 To this end, 

trans-3-fluorocinnamate (10 mM in aq. NaOH) with a triplet energy of 2.4 eV39 was irradiated 

with a blue light source (447 nm, 1W) in the presence of 0.3 mol% of the Ir-catalysts, and the 

composition of the respective photostationary state was analyzed. In line with TTET reaction 

pathways and the sensitizer triplet energies in Fig. 2 (for further explanations, see SI, Section 

S3.2), we obtained yields of the desired cis isomer between 55% and 90%, corresponding to 
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turn-over numbers (TONs) up to 300. With future photoredox applications of our novel water-

soluble Ir complexes in mind, we determined their excited-state oxidation potentials and 

observed tunability between 1.5 and 1.7 V vs. NHE (SI, Section S2.1).   

Laser flash photolysis studies on the TTET between excited Ir complexes and potential 

annihilators revealed 3Ir(sCH2ppy)ppy2 to be too low in energy for efficient sensitization, 

whereas all other complexes gave positive results (Section 2.3). Among these three potent 

sensitizers, Irsppy and IrFsppy are ideal candidates for the upconversion applications presented 

in Sections 2.3 and 2.4, because of their long-term inherent photostability under conditions of 

intense blue-light irradiation (details are given in the SI, Section S3.1).  

2.2 Acceptors/annihilators and their properties 

Several tested cationic annihilators (SI, Section S8), which are themselves highly water-soluble, 

could not be combined with the anionic sensitizers presented in Section 2.1. Coulombic 

interactions provide a plausible explanation: the opposite-charged ionic species aggregate in 

water, thereby causing both solubility problems and static quenching effects. These detrimental 

effects are completely absent for the anionic acceptors/annihilators, whose photochemical 

properties of the respective ground states and emissive excited-singlet states are depicted in 

Fig. 3. Interestingly, recent upconversion studies employed naphthalene derivatives merely as 

energy transfer mediators but not as annihilators.34,47,48 Analyzing the intersections of 

absorption and emission spectra as shown in Fig. 3, we determined excited-singlet state 

energies (E00) of 3.9 eV and 3.7 eV for 1,5-naphthalenedisulfonate (NDS) and the carboxylate 

of the painkiller naproxen (NPX), respectively. These energies compare favorably to those of the 

most highly energetic singlet states previously produced through  sTTA (3.6 eV).20,33,34 With 

excited-singlet state lifetimes approaching 10 ns (insets in Fig. 3), both naphthalene derivatives 

are not ultra-short lived, laying the grounds for UC-driven bimolecular substrate activation 

reactions initiated by the singlet-excited annihilators (1A*) in water. The emission quantum yield 

of the highly-energetic excited NDS singlet, which is most promising for blue-to-UV photon 

upconversion, is largely pH-independent and has been determined to be 0.14 ± 0.01 (SI, Section 

S4). 
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Figure 3. Photophysical properties of the acceptors/annihilators under study (a, NDS; b, NPX). Main 

plots, calibrated absorption (solid lines) and normalized emission (dotted lines) spectra obtained in 

aqueous solutions containing 50 mM NaOH. For clarity, the absorption spectra are displayed with and 

without scaling factors. Insets, excited-singlet state lifetimes measurements using the TCSPC technique 

(excitation wavelength, 320 nm) in de-oxygenated solution with naphthalene concentrations of about 

0.2 mM. 

The triplet energy of NDS is 2.58 eV,41 and given the negligible effect of several completely 

different substituents on the triplet energy of the naphthalene chromophore43 (triplet energy of 

unsubstituted naphthalene, 2.64 eV), we expect a similar triplet energy for NPX. The established 

extinction coefficient () of 3NDS41 allowed us to analyze its mixed first- and second order decay 

kinetics upon direct NDS excitation (followed by ISC). A natural triplet lifetime as long as 1.1 ms 

and a self-quenching (the reaction of two triplets, which proceeds via TTA as shown in Section 

2.3) rate constant of 1.1 × 109 M1 s1 were obtained in alkaline water at room temperature (see 

Section S4 of the SI for details). Although a recent report describes the photodecomposition of 

NPX in phosphate-buffered wateracetonitrile mixtures,49 we did not observe any stability 

problems of excited NPX in our reaction medium (neat water at pH > 12), neither upon direct 

NPX excitation nor after sensitization. Regarding the ability of the singlet-excited naphthalenes 

for direct substrate activations by one-electron reductions, the excited-state oxidation 

potentials (E1/2(A•+/1A*)) of both derivatives are the key parameters. Taking the (ground state) 

oxidation potentials41,50 and the E00 energies of the naphthalenes (Fig. 3), one can estimate 

E1/2(A•+/1A*) values of 1.9 V (NDS) and 2.5 V (NPX), both vs. NHE. Thus, the replacement of 

two electron-withdrawing substituents (NDS) by one electron-donating substituent and one 
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essentially “inactive” substituent (NPX) greatly facilitates the oxidation of the naphthalene 

chromophore, thereby increasing the excited-singlet state reactivity significantly. This 

pronounced effect clearly overcompensates the lower excited-singlet state energy of NPX.  

2.3 Blue-to-UV photon upconversion in water 

Evidently the triplet of NDS is accessible via sensitization as the comparison of the transient 

absorption spectra shown in Fig. 4a (sensitization with Irsppy) and Fig. 4b (direct NDS excitation 

and ISC) reveals  both spectra are virtually identical and in agreement with the known 

absorption spectrum of 3NDS.41 The delayed emission spectrum in Fig. 4b (inset) was recorded 

with a time-delay long enough to ensure complete singlet-excited state decay after direct laser 

excitation. It shows the emission band of 1NDS* providing clear evidence that 3NDS undergoes 

TTA. (There is a slight filter effect at the blue edge of the spectrum in Fig. 4b compared to the 

spectrum displayed in Fig. 3a, which was measured in more dilute solution.) The same 

spectroscopic signatures of 1NDS* were observed in the delayed emission spectra in Fig. 4a 

upon blue light excitation of our Ir complexes capable of sensitizing 3NDS. In addition to the 

1NDS* emission band, two other features can be observed in the delayed emission spectra of 

Fig. 4a, namely, a weak emission band/shoulder centered at about 400 nm and intense emission 

in the green spectral region with a short wavelength edge at 435 nm. The former is most likely 

due to excimer emission42 caused by quenching of 1NDS* by NDS ground state molecules, which 

were present in 100-times higher concentrations than in the series of experiments presented in 

Fig. 4b, whereas the green luminescence (with an onset at 435 nm) originates from delayed 

sensitizer emission due to reverse TTET51 from 3NDS to the respective Ir sensitizer ground state. 

The simultaneous monitoring of sensitizer emission quenching (Fig. 4c) and 3NDS formation (Fig. 

4d) under standardized conditions (identical sensitizer absorption at our excitation wavelength 

and 15 mM of NDS) provided further insights into the sensitization process. First, 3NDS is 

produced (monitored by transient absorption measurements at 440 nm) with the same rate as 

the respective triplet of the Ir sensitizer is quenched, confirming that the desired TTET is taking 

place. Second, the fluorinated sensitizers with their higher triplet energies (compare, Fig. 2) 

transfer the energy more rapidly than Irsppy, which is in line with a higher driving force for the 

TTET event. Third, the observed TTET efficiencies are between 84% and 95% (more details on 
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the TTET kinetics, including detailed SternVolmer quenching studies, can be found in Section 

S5 of the SI), confirming the efficient use of the photons absorbed by the sensitizers for 3NDS 

generation under our conditions. Additional transient absorption experiments on a much longer 

timescale (Fig. 4e) reveal that the visible-light produced NDS triplets completely decay within 1 

ms. The 3NDS decay in the sensitizer-containing systems (Fig. 4e) is significantly faster than upon 

direct 3NDS production with 320 nm laser pulses (SI, Fig. S6), which is in line with the above-

mentioned reverse TTET as an additional 3NDS deactivation channel. Furthermore, comparative 

time-resolved emission and absorption investigations52 with the NDS / Irsppy system (SI, Fig. S7) 

permit the unambiguous observation of this reverse TTET process.   

Blue-to-UV photon upconversion in water is not limited to pulsed laser excitation, as our 

investigations with an inexpensive continuous wave (cw) excitation light source (447 nm, up to 1 

W optical output, the output power has to be multiplied by 8 cm2 for its conversion to power 

density, see page S3 for details) establish. Figs. 4f-g display power-dependent results on the 

upconverted emission, either measured at low sensitizer concentrations to obtain evidence for 

the two-photon nature of the mechanism (Fig. 4f), or at a much higher concentration to reach 

the linear regime of the UC power dependence (Fig. 4g)53.   

Fig. 4f illustrates steady-state emission spectra of the NDS /IrFsppy UC system; a fine-

structured band with maxima at 321 nm, 330 nm and 335 nm, very similar to the emission 

spectrum upon direct NDS excitation (Fig. 3a), can be observed, whereas control experiments 

without NDS or IrFsppy do not yield any signals in the 300-400 nm spectral region. Comparing 

the energy of the short-wavelength maximum of the upconverted emission (321 nm) with that 

of the blue photons (447 nm) used for excitation, we got an anti-Stokes shift as high as 1.09 eV. 

The fit of the upconverted emission dependence on the cw laser output with a power function 

yielded an exponent of 1.9 (inset of Fig. 4f, violet data set) confirming the biphotonic UC 

mechanism. In contrast to this quadratic power dependence, a linear power dependence has 

been obtained for the emission of 3IrFsppy produced upon (monophotonic) IrFsppy excitation 

(inset of Fig. 4f, orange data set). 
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Figure 4. Spectroscopic investigations on the upconversion mechanism. a,c-e, Sensitized generation of 

the triplet state of NDS (3NDS) in alkaline Ar-saturated water (with 22 M Irsppy, 30 M IrFsppy, or 41 

M IrdFsppy and 15 mM NDS excited at 420 nm with 12 mJ laser pulses). b, Direct generation of 3NDS 

(0.15 mM NDS excited at 320 nm with 1.2 mJ laser pulses). a-b, Transient absorption spectra after 

sensitizer (a) or singlet-excited NDS (b) decay time-integrated over 200 ns. The insets display delayed 

emission spectra time-integrated over 1 ms (a) or 2 ms (b). c-e, Kinetic traces of the triplet sensitizer 

quenching via TTET (c), 3NDS formation (d) and the decay of sensitized 3NDS (e). f-g, Blue-to-UV 

upconversion using a cw light source for excitation at 447 nm. f, Quadratic power dependence of the 

upconverted emission (violet) in the system IrFsppy (30 M) / NDS (5 mM) with the linear dependence 

of the unquenched sensitizer emission for comparison (inset). g, Quantum yield determinations at higher 

IrFsppy (135 M) and NDS (15 mM) concentrations. The inset shows normalized upconverted emission 

(violet) and reference signals (orange, unquenched IrFsppy emission), together with the output 

spectrum of the blue cw laser. 

 

The sTTA-UC quantum yield determinations presented in Fig. 4g were carried out relative to the 

unquenched sensitizer emission as reference (details are given in the SI, Section S6), and the 

quantum yields so obtained were normalized to a theoretical limit of 100%. The maximum UC 

quantum yield for the NDS /IrFsppy system is estimated to be 0.07%. A similar series of 
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experiments with the NDS /Irsppy system gave a slightly lower quantum yield (0.05%, Fig. S10 

of the SI), in line with the UC efficiency differences of both systems under pulsed laser excitation 

conditions (Fig. 4a, inset). These quantum yields seem modest at first glance, but also in organic 

solvents most of the reported blue-to-UV UC systems are highly inefficient.34 Moreover, given 

the moderate emission quantum yield of NDS (0.14, see Section 2.2), which limits the photon 

upconversion efficiency, the actual yields of high-energy singlet-excited naphthalenes available 

for challenging redox chemistry are more than seven times (1 divided by 0.14) higher than the 

estimated photon upconversion quantum yields.  

The results presented in this section unambiguously establish that blue-to-UV UC via the sTTA 

mechanism is feasible in pure water. Gratifyingly, the investigated aqueous Ir sensitizer /NDS 

UC systems can compete with the most efficient reported sTTA-UC systems in organic solvents 

in terms of anti-Stokes shift,28,29,54 and they outperform the highest anti-Stokes shift previously 

observed for a blue-to-UV UC system.20  

Comparable results on the aqueous sTTA mechanism were obtained with NPX instead of NDS as 

acceptor/annihilator (see SI, Section S6). The main difference to the UC investigation of Fig. 4 

(with NDS) is the considerably lower anti-Stokes shift for the Ir sensitizer /NPX systems 

(0.7 eV). However, owing to the promising redox properties of singlet excited NPX, these UC 

systems are well suited for driving challenging reductions with blue photons, as we will show in 

the following section. 

 

2.4 Lab-scale photoredox applications 

Exploiting the sTTA mechanism to generate highly reactive species with low energy photons is 

an emerging approach to perform challenging photoreactions under mild conditions using 

common LEDs or inexpensive diode lasers as light sources.7–10,18 In our specific example with 

blue light as energy input, the two-photon approach (sTTA) allows us to obtain redox potentials 

up to 0.8 V higher than those accessible with the already highly reducing Ir complexes. The 

results of this section demonstrate that this reactivity boost can be exploited for driving energy-

demanding reactions via blue-to-UV UC in water, which would otherwise require more 

aggressive conditions or much longer reaction times.  

First, we turned to the activation of a CBr bond and we selected the substrate 4-bromo-2-
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chloro-5-fluorobenzoate for mechanistic studies, whose reaction with excited Irsppy is 

endergonic resulting in extremely low debromination rates.39 Efficient debromination to give 2-

chloro-5-fluorobenzoate in 63% yield was observed with the Irsppy /NPX UC system (left part 

of Fig. 5), which evidently produces the highly reducing (2.5 V vs. NHE) singlet-excited state of 

NPX (1NPX*) upon 447 nm excitation (see SI, Fig. S10). A SternVolmer analysis for the 

quenching of 1NPX* by 4-bromo-2-chloro-5-fluorobenzoate gave a diffusion-controlled rate 

constant for the bimolecular substrate activation step and subsequent bromide ion release 

(right part of Fig. 5). In line with the 10,000-times slower substrate activation rate constant for 

3Irsppy,39 we observed only traces of the hydrodehalogenation product during control 

irradiation experiments without NPX. Full particulars of all preparative-scale irradiation 

experiments and product/starting material analyses can be found in Section S7 of the SI. The 

hydrogen donor isopropanol has been added to the reaction mixture to ensure efficient 

interception of the reactive sigma radical produced by substrate reduction, which avoids side 

products. Interestingly, quantitative NMR investigations revealed that isopropanol acts not only 

as hydrogen atom donor but also as electron donor. The dimethyl ketyl radical (or its radical 

anion) generated upon hydrogen abstraction is highly reducing38 and clearly capable of 

regenerating oxidized NPX. In direct consequence, the reaction shown in Fig. 5 (left part) 

consumes only minor amounts of NPX. As opposed to the first and only other aqueous UC-

driven photoredox application,18 our system (Fig. 5) is thus catalytic regarding both the 

sensitizer (TON 100) and the annihilator (TON 15). 
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Figure 5. Reductive debromination via upconversion. Conversion of 4-bromo-2-chloro-5-fluoro-benzoate 

in Ar-saturated aqueous solution by singlet-excited naproxen (NPX) produced through sTTA using a blue 

(447 nm) cw laser. Left, simplified mechanism and reaction conditions. Right, kinetics of the CBr bond 

activation. Further mechanistic considerations can be found in Section S7.1 of the SI. 

Having established that aqueous blue-to-UV upconversion can be exploited for the heterolytic 

cleavage of an unactivated CBr bond, we then investigated a more challenging reaction with 

potential wastewater treatment applications. The benzyltrimethylammonium cation is a 

common basic structure representing the substance class of quaternary ammonium compounds 

(QACs), which are large-scale industrial products being environmentally harmful.55 Previous 

photochemical strategies addressing the decomposition of QACs had to rely on UVC photons or 

even gamma rays for thermodynamic reasons. The only visible-light driven QAC decomposition, 

which pools the energy of two blue photons for the generation of hydrated electrons (reduction 

potential, 2.9 V vs. NHE), has been developed recently,37 but it requires very high photon 

fluxes per area on the order of 1 kW cm2. An UC-driven mechanism for the challenging 

reductive QAC decomposition in water would be a significant improvement, because such a 

mechanism would likely operate at light power densities as low as provided by conventional 

LEDs. Such an improvement could eventually initiate the development of environmental 

remediation applications on a larger scale.   

3Irsppy with its excited-state oxidation potential of 1.64 V vs. NHE does not induce the  

benzyltrimethylammonium cation degradation.37 Increasing the redox potential available for 

reductions by almost 1 V when using 1NPX* instead of 3Irsppy, we speculated that the reduction 

threshold of the pollutant might be reached. Upon direct excitation of NPX with UV light, we 

indeed observed a pronounced decrease of the persistent ammonium ion along with 
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trimethylamine production (Fig. 6), providing evidence for the 1NPX* induced QAC degradation 

(see SI, Section S7.2). These observations and the promising blue-to-UV UC results of the 

preceding sections prompted us to study this challenging reaction with blue light under UC 

conditions. Our irradiation experiments employing Irsppy as sensitizer combined with either a 

diode laser (447 nm) or a collimated LED (455 nm) clearly point to 1NPX* produced via UC as key 

species. Under optimized reaction conditions, we achieved complete degradation of 10 mM of 

the QAC (in 3 mL of alkaline water) within 23 h of LED illumination (Fig. 6), whereas control 

experiments without NPX but otherwise identical conditions did not show any conversion. The 

NPX monoanion and the benzyltrimethylammonium cation form an aggregate with 1:1 

stoichiometry and a very low aggregation constant in aqueous solution, as revealed by a 

BenesiHildebrand analysis56 (see SI, Section S7.2). The aggregates are still water-soluble and 

about 90 % of all NPX and QAC molecules are present as free ions under our typical reaction 

conditions. Hence, this aggregation phenomenon does not negatively affect the 1NPX*-driven 

QAC decomposition summarized in Fig. 6. 

 
Figure 6. LED-driven decomposition of a QAC pollutant. Reductive degradation of benzyltrimethyl-

ammonium chloride in Ar-saturated D2O solution exploiting sTTA driven by a blue LED. 

 
The results of this section on obtaining and exploiting unprecedented redox reactivities through 

UC in water provide an important proof-of-principle for the hidden potential of the sTTA 

mechanism, and might pave the way for more sustainable wastewater treatment or photoredox 

catalysis methodologies.  
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3 Conclusions 

Upconversion in the “greenest” solvent, neat water, via the sTTA mechanism is not merely a 

scientific curiosity but has the potential for valuable chemical applications, as has emerged from 

this study. Despite using an uncommon and very challenging solvent for sTTA, our investigations 

do not only set a new record for the most highly energetic emissive excited singlet states 

(3.9 eV) accessible with visible photons as energy input, but they also demonstrate photoredox 

applications with both synthetic and environmental remediation background. Novel water-

soluble Ir sensitizers with unmatched properties formed the basis for that achievement, and 

these Ir complexes will most likely be useful for numerous subsequent sensitization and 

photoredox studies. The successful realization of visible-to-UV sTTA upconversion in aqueous 

solution might stimulate studies on hydrogen generation via water splitting, which inherently 

requires water-tolerance and high-energy photons,57 and it has the potential – after further 

optimization – to replace UV-light driven photoreactions frequently relying on mercury-based 

light sources. Our study thus provides a promising approach for more sustainability in 

photochemistry,58 especially if earth-abundant59,60 or organic sensitizers61,62 could be 

incorporated into future aqueous UC systems. 
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application-related details. 
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