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S1 General experimental details and methods

Materials

Unless otherwise noted, all chemicals used for synthesis, optical spectroscopy and irradiation
experiments were obtained commercially in high purity and used as received (acetone, 299.8%, fisher
scientific; acetonitrile, 299.9%, VWR Chemicals; ammonium hexafluorophosphate, 99.5%, abcr;
barium hydroxide octahydrate, >98%, Sigma-Aldrich; 5-bromo-1,10-phenanthroline, Fluorochem;
chloroform, 99.5%, Titolchimica; cis-dichlorobis(2,2’-bipyridine)ruthenium(ll), 97%, Sigma-Aldrich;
dichlorobis(1,10-phenanthroline)ruthenium(ll),  still available from a former project;
dichloromethane, 299.9%, VWR Chemicals; N,N-dimethyl-4-nitrosoaniline, 98%, fisher scientific;
disodium phosphate, 299%, Sigma-Aldrich; ethanol, 299.8, fisher scientific; hydrochloric acid, 37%,
VWR Chemicals; 5-(hydroxymethyl)furfural, 98%, abcr; imidazole, >98%, TCl; maleic acid, >99%, TCI;
methanol, 299.9%, VWR Chemicals; 9-(methylaminomethyl)anthracene, 99%, Sigma-Aldrich;
1-pyreneboronic acid, TCl; sodium chloride, 299.5%, fisher scientific; sodium dihydrogen phosphate
monohydrate, 299%, Sigma-Aldrich; sodium hydroxide, 298%, Sigma-Aldrich; sodium sulfate, 99%,
Acros Organics; sulfuric acid, 96%, Carl Roth; tetrakis(triphenylphosphine)palladium(0), 99.9%, fisher
scientific; toluene, 299.8%, fisher scientific; triethylamine, 299%, VWR Chemicals; tris(2,2'-bipyridyl)-
dichlororuthenium(Il) hexahydrate, 99.95%, Sigma-Aldrich; tris(1,10-phenanthroline)-
dichlororuthenium(ll) hydrate, 98%, Sigma-Aldrich). Aqueous solutions were prepared using ultrapure
Millipor MilliQ water with a specific resistance of 18.2 MQ cm. Unless otherwise indicated, Argon from
Nippon Gases (5.0) was used for removing dissolved oxygen prior to all synthetic reactions (20 min)
and spectroscopic experiments (10-30 min). Cuvettes with septum caps were used for optical

spectroscopy and sealed under argon (1 atm).

Steady-state measurements

Absorption measurements were carried out with a Perkin ElImer LAMBDA 365 instrument. Emission
spectra were recorded using a Perkin Elmer FL-6500 spectrometer. All steady-state absorption and
luminescence measurements were performed at room temperature (24 + 2°C) and very low
concentrations of the emissive compounds were employed to avoid filter effects. The wavelength
sensitivity correction for our emission instrument is reliable up to 660 nm. Hence, we do not show

emission spectra above this wavelength.

Laser flash photolysis (LFP)
The LP980KS setup from Edinburgh Instruments equipped with both a Nd:YAG-laser from Litron (Nano
LG 300-10) and a Nd:YAG-laser from Quantel (Q-smart 450) was employed for laser flash photolysis,

either to record transient absorption or emission signals. The frequency-doubled (532 nm) output of
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one of the lasers served as excitation source; the laser and its settings were not modified within a
series of experiments. For both lasers, the pulse duration was about 10 ns and the pulse frequency
was 10 Hz. The typical pulse energy used for transient absorption and emission studies was 30 mJ
(Litron), while the excitation intensities of the Quantel laser were varied by modifying the Q-switch
delays between 50 ps (~100 mJ) and 125 ps (~15 mJ). Beam expanders (Thorlabs) were used to ensure
homogeneous excitation in the detection volume (beam diameter in front of the cuvette window,
about 1.2 cm (Litron) and 0.8 cm (Quantel)), thus allowing the precise determination of excited state
concentrations in the cuvette as well as reliable kinetic analyses. Detection of transient absorption
spectra occurred on an iCCD camera from Andor. Single-wavelength kinetics were recorded using a
photomultiplier tube from Hamamatsu (R928). The spectroscopic experiments were performed using
a cuvette holder that allows temperature control. If not stated otherwise the LFP measurements were

performed at 20 °C and the TA spectra were integrated over 100 ns.

LED irradiation experiments

Application-related irradiation experiments were conducted with a 525 nm LED (Kessil Science,
PR160L). This light source has four power settings (25%, 50%, 75% and 100%) and the average intensity
(at 100% output power) is reported as 352 mW cm™ (measured from 1 cm distance).? An emission
spectrum of the LED was measured by irradiating a water-containing cuvette in the FL-6500 instrument
and recording the Rayleigh scattering light; the spectrum so obtained is shown in Fig. S19 (appendix).

The light source was installed in a 90° angle with respect to the detector.

Chromatography

For standard liquid column chromatography separation, silica gel 60 M (0.040-0.063 mm Macherey-
Nagel GmbH & Co., Diren, Germany) was used. Thin-layer-chromatography was performed using “DC
Kieselgel 60 F254” (Merck KGaA, Darmstadt, Germany) on aluminum and a UV lamp (Herolab GmbH,
NU-8, A =254 nm and 365 nm, Wiesloch, Germany) was employed for detection. The resulting R¢ values
are given relative to the solvent.

Anion exchange reactions of the PFs complexes to the chloride salts were carried out using Amberlite
IRA-410 (Sigma-Aldrich) in methanol or acetone. Before each ion exchange, the resin was regenerated
several times with a 10 mM aqueous sodium chloride solution followed by rinsing with the respective

solvent to remove unadsorbed ions.



NMR spectroscopy

NMR spectroscopic studies were performed on an Avance Il 400 multi nuclear magnetic resonance
spectrometer (Bruker, analytic measuring technique, Karlsruhe, Germany). The solvents used were
chloroform-d;, acetone-ds, acetonitrile-d; or water-d, (Deutero GmbH, Kastellaun, Germany). The H
NMR spectra were calibrated using the residual non-deuterated solvent® and the chemical shifts are

given as & values in ppm. All coupling constants J are given in Hertz (Hz).

Mass spectrometry

Accurate mass determinations were made on a G6545A Q-ToF instrument (Agilent GmbH, Waldbronn,
Germany) with electrospray ionization (ESI). Sample inlet was via a 1260 Infinity Il HPLC system (Agilent
GmbH, Waldbronn, Germany) with G7111B 1260 Quaternary Pump, G7129A 1260 Vialsampler, and
G7116A 1260 Multicolumn Thermostat. Mass calibration was performed on the day of measurement
using an external standard. The expected mass accuracy is better than 5 ppm for the measurements

presented herein.

HPLC-measurements

Purity determination by HPLC was performed using an AS-2051Plus autosampler (JASCO Deutschland
GmbH, Pfungstadt, Germany), two PU-2087Plus pumps (JASCO Deutschland GmbH, Pfungstadt,
Germany), and a UV-2075Plus UV detector (JASCO Deutschland GmbH, Pfungstadt, Germany). Using a
solvent gradient of water and acetonitrile, an injection volume of 10 uL was separated at a flow rate
of 1 mL/min via a Reprosil 100 C18 5 um column and analyzed at 254 nm and 450 nm with the UV-Vis

detector.

DFT calculations

Quantum-mechanical calculations were carried out with the Gaussian 09 package* using the B3LYP
functional in combination with the LANL2DZ basis set. Geometry optimizations and accompanied
frequency analyses were performed with the ground states and lowest triplet states of both dyads. All
optimized geometries used for further computations did not show imaginary vibrational frequencies,
indicating convergence on minimum structures. The computed orbitals, orbital coefficients and spin
densities mentioned in the main paper were obtained by additional single-point calculations with
population analyses. The results of our DFT calculations were visualized (main paper, Fig. 3) with the

software Avogadro.



S2 Synthetic procedures and characterization data
Unless stated otherwise, all air- or moisture-sensitive syntheses were performed under inert
conditions (Ar atmosphere). Solutions of the target complexes were protected from light (during

synthesis and purification), and the isolated products were stored in the dark.

S2.1 Synthesis of 5-(Pyren-1-yl)-1,10-phenanthroline (Py)
The ligand Py was prepared from 5-bromo-1,10-phenanthroline (0.98 g, 3.78 mmol) and pyrene-
1-ylboronic acid (1.03 g, 4.19 mmol) in a two-phase mixture of toluene (160 mL), ethanol (52 mL) and
an aqueous Ba(OH); solution (208 mL) following the procedure previously reported by Castellano et
al.” (refluxed under Ar atmosphere for two days). Half of the raw product obtained was subsequently
purified by column chromatography (DCM/MeOH, 50:1 + one drop of NEts) to yield Py (0.31 g, 21%) as
a yellowish solid.
'H NMR data with acetone-ds as solvent are in agreement with those presented in the literature.’
R¢=0.12 (DCM/MeOH, 50:1 + one drop of NEts).
ESI-HRMS: Calcd. for CagH17N2* ([M+H]*): m/z 381.1386, found: m/z 381.1379.
Calcd. for CysH1gN2Na* ([M+Na]*): m/z 403.1206, found: m/z 403.1198.

'H NMR (400 MHz, acetone-ds) & [ppm] = 9.22 (d, J=4.7, 1H), 9.15 (d, J=4.2, 1H), 8.55 (d, J=8.0, 1H),
8.48 (d, J=7.8, 1H), 8.38 (dd, J=7.7, 1.1, 1H), 8.35 —8.25 (m, 3H), 8.18 (d, J=7.7, 1H), 8.15 — 8.08 (m, 2H),
8.05 (d, J=9.2, 1H), 7.84 (dd, J=8.1, 4.3, 1H), 7.77 (d, J=8.2, 1H), 7.70 (d, J=9.2, 1H), 7.56 (dd, J=8.3, 4.2,
1H).
'H NMR (400 MHz, CDCls): & [ppm] = 9.35 (dd, J=4.4, 1.7, 1H), 9.27 (dd, J=4.3, 1.7, 1H), 8.37 (dd, J=8.1,
1.7, 1H), 8.33 (d, J=7.8, 1H), 8.27 (dd, J=7.7, 1.2, 1H), 8.20 — 8.16 (m, 3H), 8.08 — 8.03 (m, 2H), 8.00 (s,
1H), 7.93 (d, J=9.2, 1H), 7.82 (dd, J=8.3, 1.7, 1H), 7.77 (dd, J=8.1, 4.5, 1H), 7.61 (d, J=9.2, 1H), 7.46 (dd,
J=8.3, 4.3, 1H).
S$2.2 Synthesis of Bis(2,2'-bipyridine)(5-pyrenyl-1,10-phenanthroline)ruthenium(ll)

chloride, [Ru(bpy)2(phenPy)]Cl, (RubpyPy)
The sensitizer RubpyPy was prepared from cis-dichlorobis-(2,2’-bipyridine)ruthenium(ll) (374 mg,
0.72 mmol) and Py (303 mg, 0.80 mmol) in methanol (300 mL) following the procedure previously
reported by Castellano et al.’> (refluxed under Ar for 3 h). After cooling to room temperature, water
(100 mL) was added and the PF salt (332 mg, 43%) was precipitated by dropwise addition of 50 mL
saturated NH4PFg(q). 60 mg of the salt were purified by vapor diffusion technique (MeCN/Et,0) and
were subsequently converted to the chloride salt by anion exchange with Amberlite IRA-410
(MeOH/MeCN, 10:1). After removing the solvents under reduced pressure, RubpyPy (40 mg, 6.4%)
was obtained as a red solid.

R¢ = 0.48 (acetone/H,0/sat. aqueous NaCl 40:20:1).



ESI-HRMS: Calcd. for C4gH3,CINgRU* ([M-CI]*): m/z 829.1415, found: m/z 829.1433.

Calcd. for CagH3aNsRUZ* ([M-2CI]*): m/z 397.0860, found: m/z 397.0876.
'H NMR (400 MHz, CDsCN): & [ppm] = 8.81 — 8.64 (m, 5H), 8.51 — 8.34 (m, 3H), 8.34 — 8.24 (m, 3H), 8.24
—7.66 (m, 15H), 7.66 — 7.59 (m, 1H), 7.53 — 7.44 (m, 3H), 7.44 — 7.37 (m, 1H), 7.35—7.28 (m, 1H).
HPLC (gradient with water 100% to acetonitrile 100%): purity at 254 nm 98.0%; purity at 450 nm
99.2%.
$2.3  Synthesis of Bis(1,10-phenanthroline)(5-pyrenyl-1,10-phenanthroline)-

ruthenium(ll) chloride, [Ru(phen);(phenPy)]Cl, (RuphenPy)

RuphenPy was prepared from dichlorobis(1,10-phenanthroline)-ruthenium(ll) (154 mg, 0.27 mmol)
and Py (113 mg, 0.30 mmol) following the above-mentioned synthesis of RubpyPy. The PF¢ salt was
obtained (154 mg, 52%) as raw product, of which 90 mg were converted to the chloride salt by ion
exchange with Amberlite IRA-410 (acetone). After removing the solvents under reduced pressure, the
chloride salt of RuphenPy was purified by column chromatography (acetone/H,0/sat. aqueous NaCl
40:20:1). The solvents were removed under reduced pressure and the product was then redissolved
in acetone to separate it from excess chloride yielding RuphenPy (25 mg, 11%) as a red solid after
solvent removal.
R¢ = 0.48 (acetone/H,0/sat. aqueous NaCl 40:20:1).
ESI-HRMS: Calcd. for Cs,H3,CINgRU* ([M-CI]*): m/z 877.1415, found: m/z 877.1418.

Calcd. for CsyH3aNsRu?* ([M-2Cl]%): m/z 421.0860, found: m/z 421.0871.
'H NMR (400 MHz, CDsCN): & [ppm] = 8.76 — 8.60 (m, 5H), 8.51 — 8.18 (m, 12H), 8.17 — 8.04 (m, 7H),
8.02 —7.87 (m, 2H), 7.85—7.78 (m, 1H), 7.77 — 7.61 (m, 4H), 7.43 — 7.36 (m, 1H).
HPLC (gradient with water 100% to acetonitrile 100%): purity at 254 nm 99.0%; purity at 450 nm
98.6%.



S3 Additional spectroscopic data and control experiments (steady-state)
S$3.1 Concentration-dependence of UV-Vis spectra

To exclude solubility issues, the formation of aggregates and other concentration-dependent
interferences during spectroscopic measurements, a Lambert-Beer plot was recorded for RuphenPy

at the detection wavelength 450 nm (Fig. S1).
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Fig. S1: Lambert-Beer plot of RuphenPy in H,0 at 450 nm recorded using cuvettes with 1 cm pathlength. The
inset displays the calibrated UV-Vis spectrum of RuphenPy in water.

As shown in Fig. S1, the absorbance is linear with increasing sensitizer concentration and the slope

directly corresponds to the molar absorption coefficient given that the cell thickness was 1 cm.

S$3.2 Evidence for FRET upon pyrene excitation

To find evidence for the Forster resonance energy transfer (FRET) mechanism within the dyads,
emission spectra of an aqueous 15 uM RuphenPy solution were measured at different excitation
wavelengths (Fig. S2). As shown in Fig. 1 in the main paper, the absorption at 340 nm can

predominantly be assigned to the Py ligand, while the absorption at 450 nm is metal centered.
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Fig. S2: Emission spectra of the same Ar-saturated aqueous RuphenPy solution (15 pM) measured at two
different excitation wavelengths with an identical slit width of 5 nm (both for excitation and emission). For
selective excitation of both chromophores in the dyad, 340 nm (dashed line, pyrene) and 450 nm (solid line,
Ru complex) were used. Pyrene-based emission cannot be observed upon 340 nm excitation, providing
indirect evidence for FRET.

Intense MLCT emission is clearly observable for both excitation settings. However, no fluorescence of
the pyrene moiety (Aem(Py) = 450 nm, Fig. 1 in the main paper) was observed at either excitation
wavelength, indicating an effective FRET mechanism from the pyrene* to the Ru complex upon

340 nm excitation.



S4 Laser flash photolysis and time-resolved spectroscopy
S4.1 Nanosecond LFP

Comparative spectroscopic data for RubpyPy and RuphenPy

A comparison of the emission spectra recorded with our laser setup for all four sensitizers is shown in
Fig. S3. The emission maxima shift from Rubpy (center of the emission maximum at 610 nm) to shorter
wavelengths (RubpyPy, 603 nm) and from Ruphen (590 nm) to longer wavelengths (RuphenPy,
597 nm) due to the change in the electronic structure of the ligand(s). The results of these

measurements are in line with those obtained using a steady-state emission instrument (Fig. 1, main

paper).
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Fig. S3: Normalized spectral emission of the sensitizers Rubpy, Ruphen, RubpyPy and RuphenPy (30 uM each)
in Ar-saturated aqueous solution upon excitation with 532 nm laser pulses (~50 mJ) recorded with integration
times of the iCCD camera long enough for monitoring the complete excited state decay.

Fig. S4 turns to kinetic absorption traces of the dyads detected at wavelengths being characteristic for
pyrene and its triplet state, namely 340 nm, 412 nm, and 512 nm. Measurements at these three
wavelengths were considered for the determinations of the excited state lifetimes (Fig. 4, main paper).
As described in the main paper, all emission- and absorption-based lifetimes are identical for each

sensitizer, taking the experimental error (£ 5%) into account.
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Fig. S4: Kinetic absorption traces of Ar-saturated aqueous solutions of RubpyPy (30 pM, a) and RuphenPy
(30 uM, b) upon excitation with 532 nm laser pulses (35 mJ). The averaged excited state lifetimes are 14.5 ps

(RubpyPy) and 52.6 ps (RuphenPy).

Temperature dependence of the excited state lifetime

The thermally activated population of the relatively short-lived 3MLCT states in our dyads with long-

lived pyrene-like lowest triplet states should be slowed down at lower temperatures, resulting in a

pronounced temperature dependence. This aspect was investigated with our dyad RuphenPy, and

indeed, lifetimes up to 113 ps are measured (5 °C), which decrease to 4 pus at 70 °C (Fig. S5). These

results are in perfect agreement with the triplet reservoir effect. To reduce the probability of self-

quenching, a particularly low RuphenPy concentration was chosen for these experiments.
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Fig. S5: Kinetic absorption traces and resulting lifetimes of Ar-saturated aqueous solutions of RuphenPy
(15 pM) at four different temperatures (5 °C, 20 °C, 37 °C and 70 °C) upon excitation with 532 nm laser pulses

(15 mJ) of ca. 10 ns duration.
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pH dependence of the excited state lifetime

The excited state properties of RuphenPy were investigated at pH 2, 7 and 12 to illustrate that the
sensitizer is highly photoactive regardless of the pH value of the aqueous solution. In pure water
(without additives, pH ~7) an excited state lifetime slightly below 60 ps is achieved under the
conditions of Fig. S6. This value is somewhat lower in H,SO4aq) and in NaOHaq). The higher ionic
strengths of these solutions facilitating self-quenching (owing to the kinetic salt effect) might provide

an explanation for these minor lifetime decreases.
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Fig. S6: Kinetic absorption traces and resulting lifetimes of Ar-saturated aqueous solutions of RuphenPy
(15 uM) in H0 (pH ~7), 5 mM H;SO04(aq) (PH ~2) and 10 mM NaOH.q) (pH ~12) upon excitation with 532 nm
laser pulses (15 mJ) of ca. 10 ns duration.

MAMA triplet formation and decay

The data sets presented in Fig. S7 show transient absorption measurements monitoring the
protonated 9-(methylaminomethyl)anthracene (MAMA) triplet after excitation of Ar-saturated
solutions containing MAMA and one of the four sensitizers. The solutions were adjusted to pH 2 with
hydrochloric acid to ensure solubility of MAMA. Kinetic absorption signals were measured at 425 nm
and the corresponding triplet spectrum (which agrees with that in the literature)® was recorded 15 s
after laser excitation of the RuphenPy-containing solution such that the excited state of RuphenPy

has already decayed.
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Fig. S7: (a) Kinetic absorption traces at 425 nm of Ar-saturated aqueous solutions at pH 2.0 containing the
sensitizer Rubpy, RubpyPy, Ruphen or RuphenPy (30 pM each) and MAMA (0.1 mM). (b) Triplet spectrum of
MAMA (0.1 mM) in deoxygenated water at pH 2.0 in the presence of RuphenPy (30 uM) 15 us after laser
excitation (black square in (a)). For all experiments, green (532 nm) laser pulses with an intensity of 100 mJ
were used and all solutions were adjusted to an absorbance of 0.021 at the excitation wavelength. The signals
in (a) right after the laser pulse are due to 3MLCT (negative signals at 425 nm) or 3pyrene (positive signals at
425 nm) formation.

Bimolecular energy transfer with Rubpy and Ruphen

The triplet-triplet energy transfer (EnT) between the Ru complexes and the pyrene-containing ligand
can also be observed bimolecularly. In this case, absorption bands arise at 415 nm and 515 nm on a
timescale of a few hundreds of nanoseconds when a solution of Rubpy or Ruphen and the Py ligand
in acetonitrile is irradiated with laser pulses at 532 nm. These absorption bands are very characteristic
and can be assigned to the pyrene-localized triplet.>™ Kinetic measurements revealed a simultaneous
increase of the 515 nm band with decreasing emission of the sensitizer at 620 nm (Rubpy) or 600 nm
(Ruphen) (Fig. S8a and c). This behavior indicates the intermolecular energy transfer between the two
chromophores and Stern-Volmer analyses resulted in quenching constants of 1.5x10° M s for
Rubpy and 3.9x10° M s for Ruphen (Fig. S8b and d). The measured natural lifetimes of Rubpy and
Ruphen in acetonitrile were 890 ns and 470 ns, respectively, which are consistent with literature

data.”
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Fig. S8: Intermolecular energy transfer between 30 uM [Ru(bpy)s;](PFs). (a, b) or 30 uM [Ru(phen)s](PFs): (c,
d) and Py in Ar-saturated acetonitrile solutions after excitation with 532 nm laser pulses (30 mJ).
(a) Formation of the pyrene-localized triplet (absorption at 515 nm, orange) and simultaneous decay of Rubpy
emission at 620 nm (red) (with 1.40 mM of Py); inset, transient absorption spectra of the same solution 2 ps
after laser excitation. (b) Stern-Volmer analysis of the Rubpy lifetime quenching with varying Py
concentrations. (c) Emission decay of Ruphen at 600 nm (blue) and formation of the pyrene-localized triplet
at the isosbestic point between Ruphen and 3Ruphen (494 nm) in a 1.39 mM Py solution; inset, transient
absorption spectra of the same solution 1 us after laser excitation. (d) Stern-Volmer analysis of the Ruphen
lifetime quenching with varying Py concentrations.

S4.2  Ultrafast transient absorption spectroscopy (fs-TAS)

fs-TAS experiments were performed employing the pump-supercontinuum-probe technique.® 800 nm
pulses with 35 fs width were generated at 1 kHz repetition rate employing a regenerative Ti:sapphire
laser amplifier (Spitfire 9886A, Spectra-Physics), which was seeded by an 80 MHz Ti:sapphire oscillator
(Tsunami 360, Spectra-Physics). The laser output was frequency doubled in a 0.5 mm B-barium borate
crystal and the resulting 400 nm beam was split into the pump and the probe beam path.

For the excitation, the pump was chopped at a frequency of 500 Hz and attenuated to a pulse energy
of 500 nJ/pulse using a A/2-waveplate and a linear polarizer.

A broadband UV-VIS-supercontinuum covering the spectral range between 320 nm and 600 nm was
generated by focusing the attenuated (15 nJ/pulse) second part of the 400 nm beam into water, which
was circulated in a flow-through cuvette (10 mm optical path length). The resulting supercontinuum
was split into a probe and a reference beam path. For acquiring the TAS signal, the probe and the
reference were imaged separately onto the entrance slits of two grating spectrographs and projected

on 512-element Si photodiode array detectors.

13



The sample solutions (0.1 mM in deaerated water) were measured in a 1 mm quartz cuvette. The
pump and the probe pulses were focused into the cuvette where they were overlapped. At the sample
position, the beam diameter of the pump and the probe was 260 um and 160 um, respectively. The
time delay between pump and probe was controlled with an optical delay line (OWIS, 250 mm). The
instrument response function had a width of ca. 120 fs.

Global analysis of the TA data was performed employing the well-established software Glotaran.®
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Fig. S9: Contour map of the fs-TA spectra of an Ar-saturated aqueous solution of Rubpy (0.1 mM) after
excitation with 400 nm laser pulses of 35 fs duration (500 nJ/pulse).

350

AA 11073
-20 -15 -10 -5 0 5

Ig(Delay time / ps)

350 400 450 500 550
A/ nm

Fig. S10: Contour map of the fs-TA spectra of an Ar-saturated aqueous solution of Ruphen (0.1 mM) after

excitation with 400 nm laser pulses of 35 fs duration (500 nJ/pulse).
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Fig. S11: Transient absorption spectra of aqueous solutions (0.1 mM) containing Rubpy (top) or Ruphen
(bottom) upon excitation with laser pulses of 35 fs duration at 400 nm (500 nJ/pulse).
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Fig. S12: Contour map of the fs-TA spectra of an Ar-saturated aqueous solution of RubpyPy (0.1 mM) after
excitation with 400 nm laser pulses of 35 fs duration (500 nJ/pulse).
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Fig. S13: Contour map of the fs-TA spectra of an Ar-saturated aqueous solution of RuphenPy (0.1 mM) after
excitation with 400 nm laser pulses of 35 fs duration (500 nJ/pulse).
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Tab. S1: Fitting parameters of the best-fit functions (a e"/™ + b e */2) for the corresponding transient
absorption traces at 420 nm and 490 nm / 500 nm in Fig. 2b (main paper).

A/nm Anorm 71/ ps bnorm T,/ ps
RubpyPy 420 0.28 7 0.72 46

490 0.17 7 0.83 46
RuphenPy 420 0.23 4 0.77 25

500 0.18 4 0.82 25

S4.3 Kinetic considerations

Dissolved oxygen and several other potential energy acceptors have a low solubility in water, typically
resulting in inefficient energy transfer processes and low reaction quantum yields. The kinetic
simulation displayed in Fig. S14 illustrates the need for long triplet lifetimes of the sensitizers for
reactions that cannot be carried out at high acceptor/substrate concentrations. Even with second-
order rate constants at the diffusion limit, the quenching efficiencies are below 50% when sensitizers
such as Rubpy (triplet lifetime, 600 ns) are employed. In contrast, the energy is transferred with
efficiencies close to unity when long-lived triplets are used as sensitizers (e.g. a dyad with 1o = 60 ps).
The usage of such long-lived triplet energy donors would also result in quenching efficiencies beyond

85% for energy transfer reactions with much slower bimolecular rate constants, as displayed in

Fig. S14.
1.0 k =5x10°M"s" -
e =9X s -]
— —k:=1x109M'1s'1 -
D 087 —k =3x10°M"s"
< k =5x10°M" s
o q
C 0.6-
)
S
o
= 0.4-
ey 60 us
=
. 0.21
=
0-0_ W] LA R B R L | L B B B R | T T T T T
1E-8 1E-7 1E-6 1E-5 1E-4

Tols

Fig. S14: Predicted quenching efficiencies at a standardized quencher concentration (0.27 mM, corresponding
to solubility of dissolved oxygen in air-saturated water) as a function of the natural (unquenched)
photosensitizer lifetime at four different quenching rate constants. This kinetic simulation was performed
using the well-known kinetic equations for bimolecular excited-state quenching.°
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S5 Singlet-oxygen formation and energy-transfer photocatalysis
S5.1 Absorption spectra of the Ind/RNO method and control experiments
Fig. S15 displays the absorption spectra of all four sensitizers (Rubpy, Ruphen, RubpyPy, RuphenPy)
that were used to quantify their O, formation properties through the imidazole plus p-nitroso-
dimethylaniline (Imd/RNO) method.! These data sets served as raw date for the analysis included in
the main paper (Fig. 5). The irradiation was carried out in air-saturated solution with the PR160L

525 nm LED operating at 25% output power.

irradiation time (b) irradiation time
—0s —0s
—15s | Ruphen ——15s
—30s —30s

(@)

Rubpy

1.5+

1.0+ 360 s

240's

0.5

0.0

(c)

RubpyPy

irradiation time (d ) irradiation time

0 0
—_i5s |RuphenPy s

—30s —30s

1.5+

1.0 180 s

180s

0.5

0.0
T T T T T T
350 400 450 500 350 400 450 500

Alnm Alnm

Fig. S15: Absorption spectra of air-saturated aqueous solutions of RNO (40 uM), imidazole (8 mM) and the
respective sensitizer (10 uM) in phosphate buffer (10 mM) before and during (15 s intervals) irradiation with
a 525 nm LED at 25% power intensity until the absorption band of RNO at 440 nm has decreased to about
85%.

To avoid side and secondary reactions of degradation products, only the initial range was considered
for the evaluation (decrease of RNO absorption band to about 85% compared to the starting value).
Further control experiments were performed, showing that bleaching of RNO proceeds exclusively via
the proposed pathway (Fig. 5b, main paper). Irradiation experiments in the absence of Imd and/or the
sensitizer resulted in essentially no bleaching of the RNO absorption band (Fig. S16a-c) despite

extended irradiation times at higher LED intensities.
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Fig. S16: Absorption spectra of phosphate buffered (10 mM) air-saturated aqueous solutions of (a) 50 uM
RNO, (b) 50 uM RNO and 8 mM imidazole, (c) 40 uM RNO and 10 pM RuphenPy, and (d) 40 uM RNO, 8 mM
imidazole and 10 uM RuphenPy before and after irradiation with a 525 nm LED. The output power was set to
100% for (a)—(c) and 25% for (d).

$5.2 Details and control experiments for the 10,-mediated oxidation of 5-HMF

To investigate the photosensitized *0, production by RuphenPy on laboratory scale, the oxidation of
5-(hydroxymethyl)furfural (5-HMF) was employed, in which an a,B-unsaturated lactone and a

[*213 in neat water. Therefore,

Ci-building block can be obtained from a bioavailable starting materia
an air-saturated aqueous solution containing RuphenPy (0.2 mol%) and 5-HMF (30 mM) was
irradiated with the 525 nm LED at room temperature and a power setting of 100%. During the entire
irradiation time, air was passed through the solution using a septum, two cannulas and slight vacuum
(see Fig. S20 for the setup). After nine hours of irradiation, 5-HMF was oxidized with a yield of 80% to
the respective lactone in the presence of RuphenPy, while the solution without sensitizer did not show
any conversion (Fig. S17). The reaction was monitored by H NMR spectroscopy. For quantitative
analysis of both conversion and product yield, sodium acetate was added as reference (singlet at 6 =

1.92 ppm)*. Its chemical shift slightly changes during irradiation due to the decreasing pH (formation

of formic acid) in the reaction flask upon irradiation.
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Fig. S17: 'H NMR spectra of the 0, oxidation of 5-HMF. The solutions contained 30 mM 5-HMF and 0.2 mol%
sensitizer in neat water (i.e. without pH-active additives) as solvent and were irradiated with a PR160L 525 nm
LED from Kessil Science at a power setting of 100%. The emission spectrum of the LED and a photograph of
the irradiation setup and can be found in the appendix (Fig. S19 and Fig. S20). The signal of the reference
sodium acetate was marked with an asterisk.

In contrast to the neutral-to-acidic pH conditions described above, oxidation in alkaline solution
(1.5 eg. NaOH, pH ~12.5) proceeds with simultaneous ring opening of the lactone (scheme in Fig. S18).
The resulting compound appears to exhibit increased reactivity leading to oligomerization®® at basic
pH and room temperature (light gray boxes in Fig. S18). To prevent this, the reaction mixture was
cooled with an ice bath during irradiation and well-defined doublets at 6.46 ppm and 6.17 ppm as well
as a singlet at 4.42 ppm emerge in the NMR spectra, indicating the formation of one main product (in
addition to the co-product formic acid). We assigned these signals to (Z)-5-hydroxy-4-keto-2-
pentenoic acid. Due to the lack of literature spectra of this reactive compound, the signals were
compared to those of the well-characterized and structurally related 4-oxohex-2-enoic acid.®'” Owing
to the coupling constant of 12.2 Hz of the doublets (see roofing in the inset of row 3 of Fig. S18), we
conclude that the cis isomer of 5-hydroxy-4-keto-2-pentenoic acid is formed (coupling constants for
4-oxohex-2-enoic acid: cis, 12.2 Hz; trans, 16.0 Hz). The 5-HMF conversion of the irradiation
experiment under basic conditions at room temperature was 89% and decreased slightly to 81% under
ice cooling with significantly increased selectivity towards the open chain product. However, it was
found that in addition to pH-dependent product formation, the NMR signals of the entire system are
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sensitive to pH. Thus, especially the doublet at 6.17 ppm shows a pronounced broadening at longer
irradiation times and the associated increase in formic acid (see insets in row 3 and 4 of Fig. 518). As
in previous irradiation experiments, the yield calculation of (Z)-5-hydroxy-4-keto-2-pentenoic acid was
performed by integrating and averaging the signals of the double bond protons relative to the internal
standard sodium acetate. For the ice-cooled irradiation reaction, the yield was 62%. In contrast to the
irradiation reaction in neutral-to-acidic solution (Fig. S17), the yield determination via the proton
signal of the formate (6 = 8.42 ppm?**) gave a higher value than for the Cs building block. This can be
explained by a subsequent reaction in which maleic acid is formed from (Z)-5-hydroxy-4-keto-
2-pentenoic acid by oxidative cleavage, thereby generating a further equivalent of formic acid. This is
consistent with the signal occurring at 6.01 ppm in the NMR (maleic acid*®) and the decrease in pH,
which can be followed by the chemical shift of the sodium acetate and the signal width of the double
bond protons of the open chain product. For verification, an authentic sample of the C4 compound
maleic acid was also added to the reaction mixture (into the NMR tube after irradiation) as a reference
and the signals are in perfect agreement. The NMR yield of maleic acid after nine hours of irradiation
in ice-cooled basic solution is 11%. As a further indication of the tendency of (Z)-5-hydroxy-4-keto-2-
pentenoic acid to polymerize, no protons of the double bond could be detected in the NMR spectrum
after storing the reaction mixture containing the open chain product for one day at room temperature

in the dark (row 5 of Fig. S18).
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Fig. S18: 'H NMR spectra of the 0, oxidation of 5-HMF. The solutions contained 30 mM 5-HMF and 0.2 mol%
sensitizer in aqueous NaOH (45 mM) as solvent and were irradiated with a PR160L 525 nm LED from Kessil
Science at a power setting of 100%. Color-coded boxes indicate the NMR signals of the reactant and products,
gray boxes are assigned to undesired side products and oligomers. Due to the broadening of the aldehyde
signal under basic conditions, the aldehyde signal of the reactant appears smaller than in neutral solution (Fig.
$17), but an integration over the signal matches the initial concentration. The signal of the reference sodium
acetate was marked with an asterisk. See text for further explanations.
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S7 Appendix
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Fig. S19: Normalized emission spectrum of the PR160L 525 nm LED from Kessil Science. The emission spectrum

was measured by irradiating a water-containing cuvette in the emission spectrometer (i.e., by measuring
scattering light).
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Fig. $20: Experimental irradiation setup for !0, oxidation of 5-HMF in air-saturated solution with the
respective sensitizer (Section S5.2).
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Fig. S21: HPLC chromatogram for purity determination of RubpyPy using a water-acetonitrile solvent gradient

and UV-Vis analysis at 254 nm and 450 nm.
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Fig. $22: HPLC chromatogram for purity determination of RuphenPy using a water-acetonitrile solvent

gradient and UV-Vis analysis at 254 nm and 450 nm.
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