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General methods

The synthesis, electrochemistry and steady-state absorption and emission spectra of the mono-
ruthenium complex, dyads and triads have been reported.!-* Steady-state UV/Vis absorption
spectra (Figure S1a) and emission spectra (Figure S1b) collected in dimethyl sulfoxide (DMSO)
are summarized for convenience. Steady-state UV/Vis absorption spectra were recorded with a
JASCO V-670 spectrophotometer in a quartz cell with 1 mm path length. Steady-state emission
spectra (Aex = 520 nm, optical density of each sample was adjusted to 0.1 at 520 nm) were
recorded with a fluorescence spectrometer (Fluorolog, Horiba group) in a 1 cm quartz cell. For
the time-resolved experiments and resonance Raman measurements the stability of samples was
ensured by recording the steady-state UV/Vis absorption spectra before and after every
measurement.

Electrochemistry. CV measurement for PTZ-Ru was carried out with PC-controlled
potentiostat (VersaSTAT 3) with a standard three-electrode system by using a glassy-carbon-
disk working electrode, a platinum wire counter electrode and an Ag/AgCl reference electrode.
The scan rate is 200 mV/s. All potentials given in the manuscript refer to ferrocene as standard.
Because of the limited electrochemical window of DMSO, the electrochemistry! was collected
in dimethylformamide (DMF).

Time-Resolved Transient Absorption Spectroscopy. Femtosecond (fs) transient absorption
(TA) spectra were collected by two different home-built pump-probe setups. Each setup is
based on an amplified Ti: Sapphire oscillator (1 kHz, 800 nm).* The compounds were excited
by pump pulses centered at 520 nm (TOPAS-C, Lightconversion Ltd.) with a duration of 80 fs.
The power of the pump beam at the sample was kept at 0.45 mW, corresponding to an energy
of 0.9 pJ per pump pulse. For measurements with a longer delay time range (up to 9.5 ns) the
compounds were excited at 520 nm (TOPASwhite, Lightconversion Ltd.) with a duration of
110 fs. The power of the pump beam at the sample was kept at 0.3 mW, corresponding to an
energy of 0.6 uJ per pump pulse. For both setups, a white light supercontinuum generated by
focusing a fraction of the fundamental in a CaF, plate is used to probe the absorbance of the
sample between 340 to 800 nm. The pump beam is delayed in time with respect to the probe
beam by means of an optical delay line and the polarization between probe and pump is set at
the magic angle (54.7°). Each sample solution (adjusted to yield an optical density of 0.2 at 520
nm) was kept in a | mm quartz cuvette. Transient absorption data were corrected for the chirp
of the probe light and analyzed by a global multi-exponential fit after exclusion of a temporal
window of 200 fs around time-zero in order to avoid contributions of the coherent-artifact
region’ to the data analysis.

Nanosecond (ns) TA spectra? were collected to study the lifetime of the long-lived species,
which are visible in the fs TA data. The pump pulses centered at 520 nm were produced by a
Continuum OPO Plus which is pumped by a continuum surelite Nd:YAG laser system (pulse
duration 5 ns, repetition rate 10 Hz). The probe light is provided by a 75 W xenon arc lamp.
Spherical concave mirrors are used to focus the probe beam into the samples and then to send
the beam to the monochromator (Acton, Princeton Instruments). The spectrally selected probe
light is detected by a Hamamatsu R928 photomultiplier. The signal is amplified and processed
by a commercially available detection system (Pascher Instruments AB). Each sample was
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freshly prepared for the ns transient absorption measurements yielding an optical density of
about 0.37 at the excitation wavelength, i.e. at 520 nm. All measurements were performed in 1
cm path length fluorescence cuvettes. For all measurements, the energy of the pump pulses was
kept at 0.25 mJ. Oxygen-free solutions were realized by at least five freeze-pump-thaw cycles.

Resonance Raman Spectra. Excitation-wavelength dependent resonance Raman (rR) spectra
were recorded in a conventional 90° scattering arrangement.® RR spectra were recorded upon
excitation at 458, 476, 496 and 515 nm (delivered by a Coherent Innova300C MotoFreD Ion
Laser). A rotating cell was utilized to prevent sample decomposition. In order to check for
sample integrity, absorption spectra of the samples were recorded before and after each rR
measurement. No changes in the absorption spectra were observed.

Considering the limited solubility of compounds studied in this manuscript, all spectroscopic
experiments were performed upon dissolving the POM containing samples in DMSO.

Steady-state emission spectra
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Figure S1. Normalized steady-state emission spectra (Aex = 520 nm, ODs,g ,y = 0.1) of the compounds collected
in aerated dimethyl sulfoxide (DMSO).!* The emission spectra were normalized to the Raman band (asterisk) of

the solvent DMSO.

Optimized molecular structure of PTZ-Ru-POM and exTTF-Ru-POM
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The structures were optimized by molecular modelling (MM) with BIOVIA Material Studio v8.0 using
the Forcite module with default settings (algorithm = smart; convergence tolerance: energy = 0.001
kcal/mol, force = 0.5 kcal/mol/A; maximum number of iterations = 2000; motion groups rigid = NO).
The start structure of the POM unit was the geometry optimized structure of a similar POM reported by
Matt et al..”

T
208

Figure S2. Optimized molecular structure of (a) PTZ-Ru-POM and (b) exTTF-Ru-POM. For measuring the
center-to-center distance, the sulfur atom in PTZ and exTTF units, the ruthenium atom in Ru" complex and
the central phosphorus atom in POM were used. Since the exTTF unit has a butterfly-like shape and consists of
four sulfur atoms, there are different distances from each sulfur atom. Only the shortest and longest distance were

displayed and used.

Cyclic voltammetry curve of PTZ-Ru
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Figure S3. Cyclic voltammetry curve (scan rate 200 mV/s) for dyad PTZ-Ru in DMF/0.1 M BuyNPF.

Schematic illustration for the calculation of driving forces
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Scheme S1. The possible relaxation processes of the triads upon photoexcitation.

Here is an anticipated scheme for the two sequential electron-transfer processes of the triads after
photoexcitation of the Ru-center. For the first charge separation (CSS1) the radical pairs are tpy -/ PTZ™*
or tpy~/ exTTF; for the second charge separation (CSS2) the radical pairs are POM-/ PTZ* or POM ™
/ exTTF*, and AG’cg = € (Eaa -Ep'ip) + €2/ 4nRepe,. AG g1 = —AG cr; — Eqo is the driving force for the
first charge separation. E is the energy difference between the thermalized, lowest *MLCT excited
state and ground state of Ru complex. Thus, the driving force for the second charge separation (i.e. from

CSSI1 to CSS2 state) can be calculated by AG’cs; = AG cry — AG cry.
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Driving forces in DMSO

According to the literature report,®? the driving forces in DMSO can be calculated by the following

equation:

: e 1 1 1 1
gt )
47‘[80<€RDA B g TD + TA - gref €

AG’cs =€ (Ep*p —Ean) —Ego—

the last term concerning the difference of solvation free enthalpies in different solvents used in
electrochemistry (g.r) and photo-physical measurement (). Rp, is the distance between donor and

acceptor. rp* and r,” represent the radius of the oxidized donor and reduced acceptor, respectively.

Table S1. Estimated radii of neutral electron donors and acceptors.

unit radius / A2 radius / AP
PTZ 3.7 3.6¢
exTTF 4.6 4.2¢
Ru complex 4.7 4.7e
POM 6.2 5.3f

aRadii of electron donors and acceptors were obtained from the optimized molecular structures shown in Figure
S2 which were measured without considering the outside hydrogens. ® Shows the comparison to the radii obtained
from the crystal structures (without hydrogens). f Were taken from ref. 10-13.

Table S2. Center-to-center distances R, electrochemical data and reaction free-energy changes (—AG?®) for charge
separation (CS) and charge recombination (CR) in DMSO.

center-to-center / A E® /V (vs Fc*/Fc)® -AG® /eVf
Rory? Rorow® DD Ru**/Ru** POM/POM-  tpy/tpy- Cs1 CR1 cs2 CR2
PTZ-Ru 9.5 - 0.37 0.78 - -1.65 0.10 1.97 - -
PTZ-Ru-POM 9.5 311 0.29 0.75 -1.45 -1.69 0.14 1.93 0.22 1.71
exTTF-Ruph 8.3¢ - -0.16 0.84 - -1.55 0.73¢ 1.34¢ - -
(13.2)¢ (0.720¢  (1.35)
exTTF-Ru-POM 8 3¢ 29.5¢ -0.30 0.84 -1.46 -1.63 0.79¢ 1.28¢ 0.14¢ 1.14¢
(13.2)¢ (35.00¢ (0.78)¢  (1.29)¢ (0.150¢ (1.14)¢

ab Center-to-center distances (Figure S2) between the electron donor (PTZ or exTTF) and Ru'' complex (Rp.r,) or
POM (Rp_pom). © Shortest and 9 longest distance between exTTF and Ru" complex since the exTTF unit has a
butterfly-like shape and consists of four sulphur atoms (Figure S2b). ¢ Except PTZ-Ru (Figure S3), redox
potentials were taken from ref. 1. fdriving forces for charge-separation and charge-recombination in DMSO were
calculated by the equation shown above which concerning the different solvents used in electrochemistry and
photo-physical measurement. For calculation, the radii of neutral electron donors and acceptors obtained from the
optimized molecular structures were used (Table S1).
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fs TA spectra of PTZ-Ru and PTZ-Ru-POM at longer time scale
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Figure S4. Femtosecond (fs) transient absorption (TA) spectra at selected times of (a) PTZ-Ru and (c) PTZ-Ru-
POM upon excitation at 520 nm in aerated DMSO in the time range of 1750 to 9500 ps. To combine the fs TA
data collected by a short and a long optical delay line, the spectra were scaled according to the spectrum obtained
by the short delay line at 1750 ps at 590 and 680 nm (grey solid line) for PTZ-Ru and PTZ-Ru-POM, respectively.

(b) and (d) Corresponding decay-associated spectra which were obtained by fixing the first two time constants

obtained from the fs TA data measured with a short optical delay line.
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ns TA spectra of PTZ-Ru and PTZ-Ruph
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Figure S5. Nanosecond (ns) transient absorption (TA) spectra at selected times of (a) PTZ-Ru and (b) PTZ-Ruph
upon excitation at 520 nm in aerated DMSO. (c) Normalized (at 600 nm) global fit result of the ns TA. (d)

Normalized (at absorption maximum for each compound) UV/Vis absorption spectra in DMSO.
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fs TA spectra of Ru-POM
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Figure S6. (a) Femtosecond transient absorption spectra at selected times of (a) Ru-POM upon excitation at 520

nm in aerated DMSO and (b) decay-associated spectra.? (¢) Comparison of the second species (normalized at 670

nm) in decay-associated spectra of PTZ-Ru-POM (see the main text) and Ru-POM.
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ns TA spectra of PTZ-Ru-POM
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Figure S7. Nanosecond (ns) transient absorption (TA) spectra at selected times of PTZ-Ru-POM upon excitation
at 520 nm in (a) aerated and (c) deaerated DMSO. (b) and (d) Corresponding global fit results of the ns TA data.
Note: the time constant for the first species (~10 ns) obtained from the global fit is close to the time resolution of
our setup. In order to get a more reliable value for this process fs TA spectra with a longer delay line (~9.5 ns) was

used (see Figure S4).
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Integrated Kinetic trace of the ns TA data of PTZ-Ru-POM
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Figure S8. Normalized integrated kinetic trace at the spectral region between 540 and 750 nm where shows
significant absorption signals of both species in ns TA data of PTZ-Ru-POM collected upon excitation at 520 nm
in (a) aerated and (b) deaerated DMSO. Inset: the enlargement of the time region up to 425 ns. The decay was
fitted by a bi-exponential function: I (x) = A;-exp(-x/1)+A, exp(-X/1)+].
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Simulation of the absorption spectra of the oxidized donor in PTZ-Ru-POM
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Figure S9. In order to exclude the formation of PTZ*-Ru(tpy),-POM™, the absorption spectra of the oxidized
donor (D*) were simulated: from the normalized (at 670 nm) spectrum of the long-lived species in global fit of the
ns TA data (Figure S7b) different contributions of the reduced POM were subtracted. The POM ™ has a contribution
at 670 nm of (a) 0.8, (b) 0.6, (¢) 0.4 and (d) 0.2. All the resulting spectra do not display the significant positive
absorption bands of PTZ* at 365, 470 and 590 nm.'%!> Thus the long-lived species in PTZ-Ru-POM is not the
PTZ*-Ru(tpy),-POM. See Figure S10a for the spectrum of reduced POM.
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Comparison of the sub-us species ns TA data with the SEC results
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Figure S10. (a) Reductive and (b) oxidative spectroelectrochemistry-UV/Vis absorption difference spectra of
POM and Ru, respectively.® Inset: molecular structure of the POM and Ru complex studied. (¢) Comparison of

the long-lived species in global fit results of the ns TA data of PTZ-Ru-POM with the simulated spectrum of Ru'l'-
POM™ taken from ref. 3.
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Resonance Raman spectra of PTZ-Ru-POM
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Figure S11. Resonance Raman spectra of PTZ-Ru-POM recorded in DMSO with excitation wavelengths at 515,
496, 476 and 458 nm. For comparison the spectra were normalized to the solvent band (asterisks) at 1420 cm™! and

only the modes (associated with PTZ) showing distinct differences in signal intensities upon variation of the

excitation wavelengths were marked.
The excitation-wavelength dependent resonance Raman of triad PTZ-Ru-POM shows similar

results to that of PTZ-Ru.'* Thus the Jablonski scheme for PTZ-Ru-POM was made by
referring to PTZ-Ru.'
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Comparison of the fs TA spectra of exTTF-Ruph and Ruph
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Figure S12. Femtosecond (fs) transient absorption (TA) spectra at selected times of (a) exTTF-Ruph (short

optical delay line) and (b) Ruph (long optical delay line) upon excitation at 520 nm in aerated DMSO. The grey

dashed line in a and b represents the inverted ground state absorption spectrum respectively. (¢) Comparison of

the spectrum of exXTTF-Ruph collected at 0.3 ps and Ruph collected at 200 ps. (d) Molecular structure of Ruph

studied.

For the mono-ruthenium complex Ruph, the transient absorption spectra collected at long delay

times, e.g. 200 ps, shows the decay of the SMLCT state. The spectral features of exTTF-Ruph

collected at early times, i.e. 0.3 ps, resemble the spectrum of the SMLCT state in Ruph but with

a slight red-shift which is already indicated in the inverted UV/Vis absorption spectra (Figure

S12c).
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fs TA spectra of exTTF-Ru-POM at longer time scale
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Figure S13. (a) Femtosecond (fs) transient absorption (TA) spectra at selected times of exXTTF-Ru-POM upon
excitation at 520 nm in aerated DMSO in the time range of 1750 to 9500 ps. To combine the fs TA data collected
by a short and a long optical delay line, the spectra were scaled according to the spectrum obtained by the short
delay line at 1750 ps at 630 nm (grey solid line). (b) Corresponding decay-associated spectra which were obtained

by fixing the first two time constants obtained from the fs TA data measured with a short optical delay line.
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ns TA spectra of exTTF-Ru-POM
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Figure S14. Nanosecond (ns) transient absorption (TA) spectra at selected times of exXTTF-Ru-POM upon
excitation at 520 nm in (a) aerated and (c) deaerated DMSO. (b) and (d) Corresponding global fit results of the ns
TA data. Note: the time constant for the first species obtained from the global fit is close to the time resolution of
our setup. In order to get the accurate value for this process fs TA spectra with a longer delay line (~9.5 ns) was

used (see Figure S13).
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Integrated Kinetic trace of the ns TA data of exTTF-Ru-POM
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Figure S15. Normalized integrated kinetic trace at the spectral region between 540 and 750 nm of exTTF-Ru-
POM collected upon excitation at 520 nm in (a) aerated and (b) deaerated DMSO.
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Jablonski scheme for PTZ-Ru
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Scheme S2. Photoinduced relaxation processes for PTZ-Ru.
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