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g pathway control with molecular
dyads enables the identification of a highly
oxidizing annihilator class†

Maria-Sophie Bertrams, a Katharina Hermainski, a Jean-Marc Mörsdorf,b

Joachim Ballmann *b and Christoph Kerzig *a

Metal complex – arene dyads typically act as more potent triplet energy donors compared to their parent

metal complexes, which is frequently exploited for increasing the efficiencies of energy transfer

applications. Using unexplored dicationic phosphonium-bridged ladder stilbenes (P–X2+) as quenchers,

we exclusively observed photoinduced electron transfer photochemistry with commercial organic

photosensitizers and photoactive metal complexes. In contrast, the corresponding pyrene dyads of the

tested ruthenium complexes with the very same metal complex units efficiently sensitize the P–X2+

triplets. The long-lived and comparatively redox-inert pyrene donor triplet in the dyads thus provides an

efficient access to acceptor triplet states that are otherwise very tricky to obtain. This dyad-enabled

control over the quenching pathway allowed us to explore the P–X2+ photochemistry in detail using

laser flash photolysis. The P–X2+ triplet undergoes annihilation producing the corresponding excited

singlet, which is an extremely strong oxidant (+2.3 V vs. NHE) as demonstrated by halide quenching

experiments. This behavior was observed for three P2+ derivatives allowing us to add a novel basic

structure to the very limited number of annihilators for sensitized triplet–triplet annihilation in neat water.
Introduction

The excitation energies and (excited-)state redox properties of
photoactive metal complexes can be tuned over wide windows
by ligand modications.1–10 This modularity allows the prepa-
ration of tailor-made photocatalysts or photosensitizers for
a given light-driven application. It seems natural to assume that
even more pronounced changes in photoreactivity are within
reach when so-called molecular dyads or bichromophores are
employed, in which metal complexes are covalently linked with
organic chromophores.11–14 In such dyads the benecial prop-
erties of both inorganic and organic photoactive compounds
are frequently combined, e.g. visible-light absorptivity and
quantitative intersystem crossing of the former and long-lived
triplet states of the latter.15–18 Furthermore, the organic chro-
mophores (OC) can possess completely different redox proper-
ties than the metal complexes (MC)19 such that dyads with
lowest excited states that are OC-centered offer more
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pronounced variations of the photoredox properties than those
obtained by conventional ligand modication. This extended
photoredox and triplet reactivity control for selective photore-
actions with molecular dyads is underexplored, presumably
because most studies have focused on inherent photophysical
dyad properties.

Most MC-OC dyads known to date are based on ruthenium
complexes with covalently connected aromatic hydrocarbons
(arenes),15,16,20 but there are also many examples with other 4d/
5d (ref. 21–23) and even some dyads with non-precious 3d (ref.
24–26) metals. Dyads of the type MC-OC have been successfully
employed for increasing the energy transfer (EnT)20,27 or elec-
tron transfer (ET)28–32 reactivity compared to conventional metal
complexes (see Fig. 1). The long-lived triplet states of these
monometallic dyads have been successfully exploited for
sensing33 and imaging34 applications, photodynamic therapy,35

photon upconversion36–40 and, in some cases, for photocatalytic
key reaction steps.27,28,31,32,41 Despite the popularity of these
compounds it seems that relatively easily accessible dyads have
a hidden application potential in controlling the quenching
pathway and the bimolecular photoreactivity. The above-
mentioned triplet lifetime increase that is accessible in well-
designed dyads is of particular importance for systems in
which the energy or electron acceptor concentration is inher-
ently low. This holds true for annihilators in aqueous photon
upconversion (UC) systems. The rst bimolecular photoreaction
in a sensitized triplet–triplet annihilation upconversion pair is
Chem. Sci., 2023, 14, 8583–8591 | 8583
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Fig. 1 Triplet lifetime elongation in molecular dyads with covalently
connected organic chromophores is well established to increase the
efficiency of energy or electron transfer (hEnT or hET) reactions. In this
work, switching of the quenching mechanism when comparing dyad
and parent ruthenium complex was observed and exploited for the
identification of the first highly oxidizing annihilator in water.
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an EnT between the excited sensitizer (usually in a triplet
state)42 and the annihilator molecule in its ground state. Only
a few annihilator structures for UC in neat water have been
identied so far.27,43–46 In addition to solubility, aggregation or
excimer formation issues, one main reason for this situation is
that highly polar water as the solvent favors ET over EnT reac-
tions owing to the stabilization of (radical) ions.43,45

As we will show using laser ash photolysis (LFP) as key
method, the reduced redox reactivity of arene-localized triplets
produced in a water-soluble Ru-containing dyad previously
developed in one of our groups enables selective EnT quench-
ing, whereas the parent Ru complexes exclusively operate via ET
under otherwise identical conditions (Fig. 1). This dyad-
induced quenching pathway switch allowed us to identify
a novel annihilator class − the recently discovered dicationic
phosphonium-bridged ladder stilbenes (P–X2+)47 − with
unmatched properties for aqueous upconversion. This
compound class with previously unknown triplet photochem-
istry is not only sufficiently water-soluble but it has also very
high emission quantum yields. These properties are highly
benecial for (aqueous) photon upconversion systems48–52 and
we speculate that the bulky iso-propyl groups prevent the
formation of undesired excimers53 during the triplet–triplet
annihilation (TTA) step. Two dyads, three reference complexes
and three P–X2+ derivatives are analyzed in detail to establish
8584 | Chem. Sci., 2023, 14, 8583–8591
the reactivity switch approach and the novel annihilator class
with some generality. While the previously known aqueous
annihilators are strong photoreductants (lower part of
Fig. 1),44,45 initial photoreactivity studies of the singlet-excited
P–X2+ annihilators show that they are strong photooxidants
with excited-state reduction potentials of up to +2.3 V vs. NHE
and sufficiently long lifetimes for bimolecular reactions. This
unique combination could result in novel photooxidation
applications in water.

Results and discussion

The annihilators P–X2+ (X = H, Cl, F) were synthesized as
described in Fig. 2. Employing appropriately substituted 2,2′-
dibromotolanes as starting materials, the corresponding dili-
thiated intermediates were generated in situ via bromine–
lithium exchange, which proceeds smoothly upon treatment
with n-BuLi at −20 °C. The resulting intermediates were
quenched with chloro di(iso-propyl)phosphine at −40 °C to
afford the required diphosphinotolane precursors (prec-P–X).
For the unsubstituted derivative (X = H), prec-X–H and the
target compound P–H2+ have been reported previously,47 but
a signicantly more complicated synthesis of P–H2+ (starting
from prec-X–H) has been employed originally. In our rst
report,47 P–H2+ was prepared using a three-step approach via (i)
twofold cyclization of prec-P–H followed by (ii) a one-electron
oxidation step to afford a radical cation and (iii) a second one-
electron oxidation step. Here, it is shown that these three
steps can be combined to a one-pot procedure using hexa-
chloroethane (C2Cl6) as an oxidant (see Fig. 2). Only tetra-
chloroethylene (C2Cl4) is generated as by-product, while the
products (P–X2+) precipitate from the reaction mixture. All three
derivatives were characterized comprehensively (see ESI for
details, Sections S2 and S4†), not only NMR spectroscopically in
D2O solution, but also via single crystal X-ray diffraction in the
solid state. The dicationic core in P–X2+ (X=H, Cl, F) is basically
isostructural in all three compounds, although a different
stacking pattern (see ESI† for additional ORTEP plots) is
observed in P–F2+ (brick layer stacking) in comparison to P–H2+

and P–Cl2+ (herringbone stacking), which may be related to the
nature of the co-crystallized solvent (P–F2+: MeOH, P–H2+ and P–
Cl2+: H2O). Hence, all compounds were nely ground and
rigorously dried (i.e. the co-crystallized solvents were removed)
prior to the photochemical studies.

Initial UV/vis absorption studies in neutral air-saturated
water indicated the decomposition of all P–X2+ derivatives on
a timescale of several hours. However, as we found, P–X2+

solutions that are acidied with H2SO4 (50 mM) are bench-
stable allowing us to reliably investigate their photophysical
and photochemical properties. Calibrated UV/vis absorption
and normalized emission spectra of the annihilators in this
medium are summarized in Fig. 3 (right part). All derivatives
have an intense long-wavelength absorption band in the violet/
blue spectral region, while they show greenish emission with
lifetimes on the order of 15 ns in argon-saturated solution. The
energy of the rst excited singlet is lower for the halogen-
substituted derivatives by 0.10 eV to 0.15 eV compared to the
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Top: Synthesis of annihilators P–H2+, P–F2+ and P–Cl2+ (X = H, Cl, F). Bottom: ORTEP plots of the dications in P–H2+, P–F2+ and P–Cl2+

(hydrogen atoms, Cl− counter ions and co-crystallized solvents omitted for clarity, see ESI† for details).
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parent compound (P–H2+). All derivatives are excellent emitters
with uorescence quantum yields approaching 90%, making
them an ideal candidate for a potential annihilator
Fig. 3 Left and bottom: Ruthenium complexes and dyads with the respec
and 27. Right: Novel annihilator structure (P–H2+)47 and derivatives (P–F2

basic photophysical characteristics in Ar-saturated 50 mM H2SO4 (see E

© 2023 The Author(s). Published by the Royal Society of Chemistry
chromophore. Control experiments with freshly prepared
solutions in neat MilliQ water at pH ∼ 7 established that H2SO4

does not affect the photophysical properties. In welcome
tive ligands used as photosensitizers (PS), for more details see ref. 4, 19
+, P–Cl2+), their calibrated UV/vis absorption and emission spectra and
SI† for details).

Chem. Sci., 2023, 14, 8583–8591 | 8585
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contrast, the kinetic salt effect resulting from the H2SO4

dissociation products is regarded to accelerate the bimolecular
photoreactions between the cationic species in the sTTA
mechanism.

The uorescence quantum yields (Fig. 3, F) close to unity
imply highly inefficient intersystem crossing ISC, and indeed we
did not detect any long-lived species with our transient
absorption setup (see ESI for details, Section S8.5†) upon direct
excitation of P–X2+ with 355 nm pulses of ∼10 ns duration.
Previous DFT calculations on the basic structure P–H2+ (ref. 47)
and additional calculations (see ESI, Section S5†) with
a computational method that has been quite useful for the
accurate prediction of triplet energies for organic
chromophores54–57 allowed us to conclude that the P–X2+ triplet
energy levels are in the range from 1.50 eV to 1.75 eV. With the
aim in mind to sensitize the P–X2+ triplets with low-energy
photons, we selected tris(diimine)ruthenium(II)-based chromo-
phores as they provide a sufficiently high triplet energy and they
can be selectively excited with a frequency-doubled Nd:YAG
laser (532 nm) in the presence of ground-state P–X2+. The
commercially available ruthenium complexes Ru(bpy)3

2+,
Ru(phen)3

2+ and Ru(bpz)3
2+ as well as the recently prepared

dyads27 RubpyPy2+ and RuphenPy2+ were used in this study (see
le part of Fig. 3 for the structures).

Comparative Stern–Volmer studies with Ru(bpy)3
2+ and the

corresponding dyad RubpyPy2+ using P–H2+ as the quencher
gave linear lifetime-based plots as displayed in Fig. 4 (le part).
The Stern–Volmer constant with the latter was higher by a factor
of 36, which can be traced to the much longer unquenched
triplet lifetime of the dyad (see Table 1 for details). Transient
absorption (TA) spectra recorded right aer complete quench-
ing of the respective sensitizer triplet are shown in the right part
of Fig. 4. These spectra look completely different with
Fig. 4 Left panel: Stern–Volmer plots for the triplet quenching with P–
sitizers; Central panel: Kinetic sensitizer emission traces (upper for 3Ru(bp
3RubpyPy2+ in black, concentration 31 mM, lexc = 532 nm, 42 mJ) with P
the formation kinetics of the quenching products (blue trace correspond
the 3P–H2+ after EnT); Right panel: TA spectra of the triplet excited photos
3RubpyPy2+) and 3P–H2+ (red, lower graph) after EnT or P–Hc+ and Ru(bp
50 mM H2SO4. Further explanations are given in the text and ESI.†

8586 | Chem. Sci., 2023, 14, 8583–8591
a pronounced bleach below 500 nm and a TA maximum at
∼570 nm (Ru(bpy)3

2+), or with two maxima at ∼470 and
∼630 nm (RubpyPy2+). The characteristic negative band in the
former (emission-corrected) spectrum has to be due to a redox
reaction of Ru(bpy)3

2+ as both the oxidized and reduced species
of this metal complex show negative difference spectra in this
region,58–60 and the ground state of the quencher P–H2+ does not
absorb between 500 and 460 nm (see Fig. 3). Owing to (i) the
facile reduction of P–H2+ in organic solvents,47 which is certainly
feasible when conventional photoexcited ruthenium complexes
such as Ru(bpy)3

2+ or Ru(phen)3
2+ are used, (ii) the character-

istic bleach below 500 nm that has also been observed upon
chemical oxidation of Ru(bpy)3

2+ (see ESI, Fig. S21†) and (iii) the
fact that the remaining absorption features in the visible region
are in line with the bands predicted by DFT calculations for P–
Hc+ (ESI†), we conclude that P–Hc+ and Ru(bpy)3

3+ are the only
primary quenching products. Furthermore, an absorption
spectrum of the chemically prepared P–Hc+ inMeOH (where it is
sufficiently stable) is in very good agreement with the spectrum
of the photoinduced ET product above 500 nm (ESI, Fig. S22†),
where the ruthenium complexes do not show clear absorption
bands. In contrast, the red spectrum that was recorded right
aer 3RubpyPy2+ quenching with P–H2+ does not show negative
signals and both absorption bands decay with wavelength-
independent and almost pure rst-order kinetics on a time-
scale of a few hundreds of microseconds. We assigned this
spectrum to the triplet of P–H2+, which is further substantiated
by DFT calculations (ESI†) and delayed emission measurements
(see below). Time-resolved measurements at selected wave-
lengths (Fig. 4, central part) clearly demonstrated that both
photoproducts are directly formed from the different triplet-
excited sensitizers. For the kinetic trace showing the 3P–H2+

formation, a spectral separation had to be carried out because
H2+ using 3RubpyPy2+ (red fit) and 3Ru(bpy)3
2+ (blue fit) as photosen-

y)3
2+ in gray, concentration 30 mM lexc = 532 nm, 42 mJ and lower for

–H2+ (2.0 mM with Ru(bpy)3
2+, 0.5 mM with RubpyPy2+), together with

s to the one electron reduced P–Hc+ after ET, red trace corresponds to
ensitizer (upper, gray spectrum 3Ru(bpy)3

2+, and lower, black spectrum
y)3

3+ (blue, upper graph) after ET. All measurements were carried out in

© 2023 The Author(s). Published by the Royal Society of Chemistry



Table 1 Key reactivity properties for all ruthenium photosensitizers with the quencher P–H2+ in 50 mM H2SO4. For more detail, see text and ESI

PS RuphenPy2+ RubpyPy2+ Ru(bpz)3
2+ Ru(phen)3

2+ Ru(bpy)3
2+

ET/eV ∼2.0a ∼2.0a 2.16b 2.19b 2.12b

s0/ms 43.1c 15.0c 0.55c,d 1.09c 0.59c

kq/10
9 M−1 s−1 1.44 � 0.01e 1.50 � 0.09e 0.09 � 0.02d,e,g 1.39 � 0.05f 1.05 � 0.10f

E([PS]3+/3[PS]2+) V vs. NHE >−0.5 >−0.5 −0.06h −0.69h −0.59h

a Estimated to be slightly lower than for 3pyrene.19,27 b Taken from ref. 1. c Estimated relative error below 5%. d In neat water due to protonation of
the PS. e EnT. f ET. g Estimated rate constant in 50 mM H2SO4, 0.25 × 109 M−1 s−1. h Recalculated vs. NHE from values in V vs. SCE4,19 see ESI for
details.

Fig. 5 Comparative quenching efficiency analysis for EnT (color-
coded bullets) or ET (color-coded squares) between the excited
photosensitizers at a constant concentration of 50 mM H2SO4 ([a] in
H2O due to sensitizer protonation in acidic solution).

Edge Article Chemical Science
the sensitizer triplet (which has a triplet pyrene signature)27

absorbs more strongly that 3P–H2+ throughout the TA spectrum.
Qualitatively identical results have been observed with the
phenanthroline-containing dyad and the purely inorganic
counterpart Ru(phen)3

2+, i.e. P–H2+ triplet formation with the
dyad and oxidative quenching with the conventional metal
complex (ESI†). Second-order rate constants and inherent
sensitizer properties under our conditions are summarized in
Table 1. The results presented in this paragraph unambiguously
establish that a photoexcited dyad can enable a completely
different quenching mechanism compared to that observed for
the parent metal complex. Clearly, the pyrene-localized triplets
in the dyads are less reducing than the MLCT triplet states of
the corresponding metal complexes, laying the grounds for the
observed effects.

Further evidence for our spectral assignment is provided by
experiments with Ru(bpz)3

2+. This metal complex is known to
be less reducing in its excited state (compare, excited-state
oxidation potentials in Table 1), while maintaining a high
triplet energy. We clearly observed 3P–H2+ (ESI, Fig. S29†) but
a very high concentration of the tailor-made annihilator had to
be used owing to the short 3Ru(bpz)3

2+ lifetime (see also the
efficiency discussion in the next paragraph). Moreover, we
tested several additional photosensitizers that should have the
potential to produce 3P–H2+, based on their triplet energies,
absorption properties at our laser wavelength (532 nm) and
solubility properties. Electron transfer quenching was clearly
demonstrated (see ESI for details, Section S7.8†) with four
commercially available photosensitizers (two metal complexes
and two organic dyes) and a tailor-made ruthenium complex–
anthracene dyad. We, therefore, speculate that the P–H2+ triplet
and its annihilator properties would have been overlooked
without the ruthenium complex–pyrene dyads, highlighting
their unique energy transfer capability. The second-order rate
constants for the EnT reactions are comparable for both dyads
(∼1.5 × 109 M−1 s−1). For Ru(bpz)3

2+, however, that reaction is
about six times slower even aer salt effect corrections (H2SO4

could not be used owing to Ru(bpz)3
2+ protonation,61,62 see ESI†

for details). More pronounced coulombic repulsion between the
cationic energy donor Ru(bpz)3

2+ and P–H2+ might explain these
observations.44 ET quenching with Ru(bpy)3

2+ and Ru(phen)3
2+

occurs with diffusion-controlled rates taking coulombic inter-
actions into account.

The efficiencies of the photoreactions employing P–H2+ as
quencher and the corresponding mechanisms are visualized in
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 5. Using our Stern–Volmer quenching data sets (ESI,
Section S7†) and the well-known photokinetic equations,63 we
simulated the P–H2+ concentration-dependent quenching effi-
ciencies. Owing to the long unquenched triplet lifetimes of the
dyads, the P–H2+ concentrations required for >90% quenching
are below 400 mM. In contrast, the EnT efficiency with
Ru(bpz)3

2+ is slightly below 25% at the highest experimental P–
H2+ concentration employed (about 5.5 mM, see Fig. 5). Effi-
cient EnT quenching (>90%) with Ru(bpz)3

2+ would require
unreasonably high P–H2+ concentrations exceeding 0.2 M,
which would correspond to P–H2+ amounts of almost 100 mg
per mL of the chloride salt. The quenching efficiencies with
3Ru(bpy)3

2+ and 3Ru(phen)3
2+, which transfer a single electron

to P–H2+ rather than the triplet energy, are in-between the
extreme kinetic scenarios of highly efficient and highly ineffi-
cient quenching.

Fig. 6 focuses on the triplet of P–H2+ and its decay via
annihilation. Time-gated emissionmeasurements upon 532 nm
laser excitation were carried out with RuphenPy2+ in the pres-
ence of P–H2+ (le part of Fig. 6). With an integration window of
150 ms duration starting shortly aer the excitation pulse, we
clearly detected some unquenched 3RuphenPy2+ emission
peaking at ∼605 nm. In addition, we observed an emission
Chem. Sci., 2023, 14, 8583–8591 | 8587



Fig. 6 Reaction scheme (top) of sTTA with RuphenPy2+ as PS (30 mM) and P–H2+ (0.5 mM) as annihilator. Left: Time-gated emission spectra
(excitation at l = 532 nm) of 3RuphenPy2+ and 1P–H2+* (black, time delay 300 ns integrated over 150 ms), the isolated 1P–H2+* spectrum after
sTTA (blue, time delay 15 ms integrated over 150 ms) and a P–H2+ solution without the photosensitizer (gray) as control measurement (time delay
500 ns integrated over 150 ms). Right: Normalized kinetic traces (excitation at l= 532 nm) of 3RuphenPy2+ emissionwith P–H2+ (black, ldet= 600
nm), formation of 3P–H2+ absorption (red, ldet = 475 nm, corrected kinetic trace, for details see ESI†) and the formation and decay of 1P–H2+*

emission after sTTA (blue, ldet = 500 nm).

Chemical Science Edge Article
band with a maximum at∼495 nm. This band resembles that of
singlet-excited P–H2+ in strongly diluted solution taking lter
effects into account (see also ESI, Fig. S41†), and it shows the
non-linear power dependence being typical for the UC mecha-
nism under study (ESI, Fig. S38†). A time-gated emission
measurement with a longer delay between green laser pulse and
detection window allowed us to (blue spectrum in Fig. 6) detect
the greenish emission in isolation, whereas a control experi-
ment in the absence of the sensitizer did not yield any delayed
emission. The fact that a pure annihilator emission spectrum
could be obtained without contaminations by the emissive
ruthenium complex indicates that back energy transfer from
3P–H2+ to the sensitizer ground state does not take place. This
observation implies a pronounced triplet energy difference of at
least 0.2 eV, allowing us to set an upper limit for the P–H2+

triplet energy of 1.8 eV (in line with the DFT calculations
mentioned above). More evidence for sensitized TTA was ob-
tained from kinetic absorption and emission measurements
monitoring the sensitizer triplet, 3P–H2+ and the annihilation
product 1P–H2+* under identical conditions (right part of Fig. 6).
Both annihilator-derived species reach their maximum inten-
sities at about 4 ms aer the green laser pulse. As a result of the
bimolecular nature of the annihilation process, the rise and fall
of the singlet emission intensity (blue) are in a quadratic rela-
tion to concentration-dependent signals of the precursor 3P–H2+

(red), resulting in the characteristic behavior displayed in
Fig. 6.55,64 All these results unambiguously establish that 3P–H2+

acts as annihilator in neat water.
To test whether the dyad quenching pathway control holds

also true for the two halogen-substituted annihilators P–X2+ (X
= Cl, F), comparative experiments with Ru(phen)3

2+ and
3RuphenPy2+ were carried out (see ESI, Sections S7.5 and S8.4†).
In the presence of the conventional metal complex, we clearly
observed the signatures of the radical cations P–Xc+ in the TA
spectra (intense band at ∼590 nm) along with the Ru(phen)3

2+
8588 | Chem. Sci., 2023, 14, 8583–8591
bleach below 500 nm. Employing the dyads as sensitizers,
however, a positive TA band could be observed below 500 nm,
which we ascribe to 3P–X2+. That assignment is again substan-
tiated by delayed annihilator emission for both derivatives 1P–
X2+*, which was only detectable in the presence of the dyad.
Based on these ndings, dicationic phosphonium-bridged
ladder stilbenes can be regarded as a new annihilator class.
Furthermore, these experiments imply that the quenching
pathway control with molecular dyads might well be developed
into a versatile method for the generation of triplets and/or
radical ions that cannot be formed with well-established
sensitizers.

Having established that 1P–X2+* is accessible via sTTA with
two low-energy photons, we next turned to the photochemical
reactivity of this species. The ET quenching observations with
the commercial ruthenium complexes with their well-known
redox properties indicate that P–X2+ is reduced at a potential
between −0.6 and −0.1 vs. NHE in water (compare, Table 1). In
consequence, the annihilators must be highly oxidizing in their
singlet-excited states, taking their S1 energies of ∼2.7 eV into
account (see Fig. 3). Owing to the observed instability of the
chemically prepared P–Xc+ in water and the inherent difficulties
associated with (reductive) cyclic voltammetry in aqueous
solvents,65 the P–X2+ reduction potentials could not be
measured directly. Alternatively, we estimated the P–X2+

reduction potentials both in the ground states and in the rst
excited singlet states with several reference reactions and
chromophores possessing well-dened potentials in water. The
previously identied aqueous annihilators MAMA+ (a cationic
anthracene derivative) and 1,5-naphthalenedisulfonate are
relatively strong oxidants in their excited singlet states with
excited-state reduction potentials of +1.6 and +1.9 V vs. NHE,
respectively (see Table 2 for details). As test reactions, we
selected the chloride/bromide oxidation to the respective
halogen atom.66 To study the quenching kinetics in a direct
© 2023 The Author(s). Published by the Royal Society of Chemistry



Table 2 Reactivity studies via halide quenching with the new annihilators as well as known annihilator structures and Ru(bpy)3
2+ as reference

compounds. All quenching rate constants kq were measured at identical ionic strength (aqueous 50 mM H2SO4), except for 1,5-NDS2−a

Ru(bpy)3
2+ MAMA+ 1,5-NDS2− P–Cl2+ P–F2+ P–H2+

kq(Cl
−)/108 M−1 s−1 No quenching <0.1 No quenchinga 0.60 � 0.01 0.45 � 0.02 5.10 � 0.18

kq(Br
−)/108 M−1 s−1 No quenching 4.05 � 0.09 8.06 � 0.17 (6.68 � 0.17)a 102 � 2 104 � 1 122 � 1

E00/eV 2.12b 3.18c 3.87e 2.66 2.71 2.81
E(PC/PCc−) V vs. NHE −1.3b −1.7d −1.97e ∼−0.5f ∼−0.5f ∼−0.5f

E(*PC/PCc−) V vs. NHE 0.8b 1.6 1.9 ∼2.2f ∼2.2f ∼2.3f

a In 50 mM NaOH (in H2O).
b Taken from ref. 70. c Taken from ref. 44. d Estimated from 9-methyl-anthracene.19 e Taken from ref. 45 and 71.

f Estimated from quenching studies, see text for details. Reference values: E(Clc/−) = 2.4 V vs. NHE67 and E(Brc/−) = 1.8 V vs. NHE.67,68

Edge Article Chemical Science
manner without potentially disturbing effects on triplet decay
rates or annihilation rate constants, we directly produced the
emissive singlet states of the annihilator molecules (i.e. without
sensitizers, see ESI† for details). Averaging several potentials
from the literature estimated or determined for aqueous solu-
tion,67 we took a reference potential of +2.4 V vs. NHE for the
chloride oxidation and +1.8 V vs. NHE for bromide (the latter
value was also used in a recent study addressing the Br−

oxidation in water).68 As another test system, we investigated the
weakly oxidizing 3Ru(bpy)3

2+, which, as we found, does not react
with both halide ions under our conditions (Table 2). During
the emission quenching studies presented below, high salt or
H2SO4 concentrations were added to minimize kinetic salt
effects on one hand and coulombic effects on the diffusion on
the other.

Interestingly, P–H2+ is the only compound being able to
oxidize chloride in its excited state rapidly with a quenching rate
constant of ∼5 × 108 M−1 s−1 (Fig. 7). The other excited P–X2+
Fig. 7 Main: Color-coded Stern–Volmer (SV) plots for the singlet-
state chloride quenching of the new annihilators and two literature-
known aqueous annihilators (1,5-NDS2− (ref. 45) and MAMA+ (ref. 44),
together with the structures and excited-state potentials); inset (gray):
selected kinetic traces for 1P–H2+* quenching with increasing
concentrations of Cl− (added to the solutions as NaCl, see ESI† for all
data sets). The downward curvature of the SV plots at higher quencher
concentrations is due to the kinetic salt effect. The linear regions have
been used for the kinetic analysis.

© 2023 The Author(s). Published by the Royal Society of Chemistry
derivatives quench slower by one order of magnitude and the
seemingly less oxidizing 1,5-NDS2−, whose generation requires
one UVB photon or two blue photons,45 is not quenched by
chloride at all. The less challenging bromide oxidation is
diffusion controlled (∼1010 M−1 s−1) for all excited P–X2+

derivatives, while quenching with the reference compounds
occurs with about 20 times slower rate constants. The observed
trends are in perfect accordance with halide oxidation and other
potential quenching pathways are thus seen to be unimportant.
The well-established relation between the second-order rate
constants and the Gibbs energy of photoinduced electron
transfer69,70 allows us to estimate the excited state reduction
potentials of the novel photoactive compounds E(*PC/PCc−).
E(*PC/PCc−) has to be higher than 2 V due to the rapid bromide
and detectable chloride oxidation, and we estimate 2.3 V vs.
NHE for the most highly oxidizing 1P–H2+* (see Table 2 for all
potentials). The very high potential for 1P–H2+* is further
corroborated by kinetic experiments with 1,5-NDS2− acting as
quencher. The oxidation of the latter requires 2.03 V vs. NHE71

and we observed diffusion-controlled quenching (ESI, page
S40†), which is in perfect accordance with the annihilator's
redox potential estimated via halide quenching. This
outstanding reactivity for photochemical oxidations is compa-
rable with that observed for the famous acridinium
photocatalysts.72–75

Initial LFP experiments employing RuphenPy2+ as sensitizer
and P–H2+ as annihilator indicate that green-light driven chlo-
ride oxidation is indeed feasible via sTTA in water (see ESI for
details, Section S9.4†). These results demonstrate that the new
annihilator class has the potential to be integrated in upcon-
version schemes for challenging oxidative bond activation
reactions, even in aqueous solution. This is an important
nding considering that most known upconversion-driven
photoreactions have to rely on a reductive substrate activation
step,63,76–78 and the lack of highly oxidizing annihilator mole-
cules likely contributed to this situation.
Conclusions

As has emerged from this work, molecular dyads that are easily
accessible can be exploited for the efficient generation of
quencher-derived triplets, while the parent metal complexes
and widely used organic photosensitizers exclusively generate
electron transfer products. This quenching pathway
Chem. Sci., 2023, 14, 8583–8591 | 8589
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manipulation (thermodynamics), in combination with the very
long triplet lifetimes (kinetics) of the dyads, paved the way for
the identication of a novel annihilator class in water with
unmatched photoredox properties. We believe that this
extended dyad-induced reactivity switching will nd further
useful applications in the broad photochemistry eld, espe-
cially (i) with regard to triplet properties of highly redox-active
or charged chromophores, and (ii) for controlling the reaction
pathways in photocatalysis. The latter idea would be most
promising with metal complexes possessing even higher triplet
energies and excited-state oxidation as well as reduction
potentials accordingly. Owing to the rather low triplet energy of
the dicationic phosphonium-bridged ladder stilbenes (about
1.6 eV), sensitization with lower-energy photons approaching
the biological window seems to be within reach. We are
currently working on identifying such systems which would
have potential applications in red-light driven photocatalysis in
water or biochemical applications.

Data availability

All experimental and computational data have been provided in
the main text and the ESI.† The data sets shown in the main
paper and DFT output les can be found under http://doi.org/
10.25358/openscience-9298.
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