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S; Synthesis and characterization of [(bpy)zRuH(tpphz)ICOHI(bpy)z](PF6)5.

General methods: All chemicals were used as received from commercial sources without further
purification except for diethyl ether that was obtained from a dry solvent dispenser system (MBraun
7656). PE refers to petroleum ether (boiling range 40-60 °C). Precoated Merk silica gel 60 F,s, plates were
used for TLC analysis. NMR spectra were recorded on a Bruker Avance 400 NMR spectrometer.
Chemical shifts (0) are reported relative to shift-scale calibrated with the residual NMR solvent peak
DMSO-d; (2.50 ppm for 'H NMR). Elemental analyses were performed by Mikroanalytisches
Laboratorium Kolbe (Germany).
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Procedure: A methanolic solution of 2,2’-dipyridyl (2.0 g, 12.8 mmol) was heated to reflux, then a
methanolic solution of CoCl, (0.83 g, 8.4 mmol) was added. The solution was refluxed for 1 hour, after
the solution was cooled with ice-bath and bubbled with Cl, gas until a gray precipitate was formed. The
gray solid was collected and washed with diethyl ether and dried under vacuum, and 0.83 g (23%) of cis-
[Co(bpy),Cl,]CI was obtained.
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Procedure: In a 100 mL round-bottomed flask, (200 mg, 0.35 mmol) of cis-[Co(bpy),Cl,]Cl was
dissolved in 3.5 mL CF;SO;H. The mixture was heated to 100 C for 3 hours. After the mixture was

cooled to room temperature 35 mL diethyl ether was added. The yellow solid was collected and washed
with diethyl ether and dried under vacuum, and 230 mg (79%) of cis-[Co(bpy),OT£,]JOTf was obtained.
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Procedure: In a 100 mL round-bottomed flask, (300 mg, 0.28 mmol) of [Ru(bpy),(tpphz)](PFs),’ was
dissolved in 40 mL acetonitrile:methanol (1:1 v/v), then cis-[Co(bpy),(OT1),]JOTf (350 mg, 0.42 mmol)
was added. The mixture was heated to reflux for 2.5 hours, after the mixture was cooled to room
temperature, 40 mL NH,4PF4 aqueous solution (1.3 g/10 mL) was added, a red solid was obtained. It was
separated, washed with water, methanol and dried under vacuum, and 398 mg (75%) of
[Ru(bpy),(tpphz)Co(bpy),](PFs)s was obtained: 'H NMR (400Hz, DMSO-d;): 6 10.4 (d, 2H), 10.12 (d,
2H), 9.13 (d, 2H), 9.09 (d, 2H), 8.79 (t, 2H), 8.56 (t, 2H), 8.37 (m, 4H), 8.26 (t, 2H), 8.16 (m, 4H), 7.97 (d,
2H), 7.92 (t, 2H), 7.85 (d, 2H), 7.80 (t, 2H), 7.66 (q, 4H), 7.53 (d, 2H), 7.44 (m, 4H); HRMS for
calculated for Cs4Hs4N,OsF30PsCoRu-H,0O 1604.1174 [M - 2PF], found 1604.1230; Anal. Calcd for
CssHs4N1,O5F30PsCoRu-H,O: C, 40.20; H, 2.80; N, 10.33. Found: C, 40.16; H, 2.42, N, 10.25.
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'H NMR spetcrum of [Ru(bpy),tpphzCo(bpy).](PFs)s in DMSO-ds.
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S; Cyclic voltammetry and spectroelectrochemistry.

Cyclic voltammetry

Cyclic voltammetry was carried out in a conventional three electrode configuration cell using a glassy
carbon disc working electrode (d = 3 mm) and a Pt gauge as counter electrode. A non-aqueous
Silver/Silver Ion (Ag/Ag’) quasi-reference electrode (QRE, silver wire, 0.01M AgNOs, 0.1M Bu,;NPF¢in
acetonitrile) was used. A solution of 0.1M Bu,NPF; in acetonitrile was used as electrolyte. About 10 mg
of each sample was dissolved in 50 ml of electrolyte. Cyclic voltammetry was tested within the electrolyte
window potential at 50 mV/ s. All electrochemical experiments were performed at room temperature.
Oxidation and reduction of [(bpy),Ru"(tpphz)]*" and [(bpy),Ru"(tpphz)'Co™(bpy),]*" (abbreviated as
Ru"='Co™ were fully reversible. The redox values are given in Table S,.;. At the end of the experimental
run, a reference voltammogram of Ferrocene was taken as internal standard. Its redox peak was located at
90.2 mV vs silver/silver ion (Ag/Ag") reference electrode.

Ru Potential vs QRE Co Potential vs QRE
Ferrocene 0.0902
[(bpy)Ru’ (tpphz)]* 0.9345
[(bpy)oRu'(tpphz)' Co"(bpy),]" | 1.0204 0.0864

Table S,., : Redox potentials, where QRE: Ag/ Ag” and E (vs QRE) + 0.542V= E (vs NHE).

Spectroelectrochemistry

With the redox potentials obtained from cyclic voltametry measurements, it was possible to acquire the
UV-vis spectra of the oxidized and reduced [(bpy),Ru"(tpphz)'Co™(bpy),]*". These species are
abbreviated as Ru"'='Co™ and Ru"="Co" respectively in Figure S,.,. The isosbestic point between
Ru"='Co™ and Ru"='Co™ used in the transient optical measurements is clearly observed in the inset at
580 nm.

u T T T T T T T T T T T

Co reduction TP 1 Ru oxidation
—Ru'="Co

—Ru'"=%co"

Absorbance / a.u.

Absorbance / a.u.

200 300 400 500 600 700 200 300 400 500 660 760

RENERIIG Wavelength / nm

Figure S,, UV-vis spectra of Ru"='Co™ (black), Ru"'='Co™ (red) and Ru"=*Co" (blue) in acetonitrile.




S; Time-resolved optical spectroscopy.

The femtosecond laser setup is based on a Mai Tai pumped Spitfire Pro XP (Spectra Physics) with central
output wavelength of 795 nm and 1 kHz repetition rate delivering ~80 fs pulses. The beam was split into
two parts: one for pumping a collinear optical parametric amplifier (TOPAS-C, Light Conversion) to
generate the pump beam, and the second one was either focused onto a 2-mm sapphire plate to generate a
white light continuum (for transient spectra measurements), or was used for pumping a second TOPAS-C
to generate narrow-band probe pulses (for kinetics measurements). The acquired probe beam was then led
through a computer-controlled delay line. Subsequently, the probe pulses were split into two parts: the
former overlapping with the pump pulse in the sample volume and the latter serving as a reference. The
probe and the reference beams were then brought to the slit of a spectrograph and dispersed onto a double
photodiode array, each with 512 elements (Pascher Instruments). The intensity of excitation pulses was
kept below ~ 10" photons per pulse per cm’. Absorption spectra were measured before and after
experiments to check for possible sample degradation, none was observed. The mutual polarization
between pump and probe beams was set to the magic angle (54.7°) by placing a Berek compensator in the
pump beam.



S, Time-resolved X-ray absorption (XA) spectroscopy set up at 11-ID-D of the
Advanced Photon Source (APS).

The time-resolved XA spectroscopy measurements were carried out at beamline 11-ID-D of the APS
(Argonne National Laboratory). The optical pump pulse consisted of the second harmonic output of a
Nd:YLF regenerative amplified laser at 1.6 kHz repetition rate, giving 527 nm laser pulses with 5 ps
FWHM. The X-ray probe pulses with 79 ps FWHM and 6.5 MHz repetition rate were derived from the
electron bunches stored in the APS ring. [(bpy).Ru"(tpphz)'Co™(bpy),]>" (abbreviated as [Ru"='Co™])
was dissolved in acetonitrile to reach 1.7 mM. This concentration ensured that the signal was not distorted
by self-absorption effects (see X-ray detection below). The liquid sample was flowed through a stainless
steel tube and formed a free jet of 550 pum in diameter inside an air-tight Aluminum chamber. The sample
was degassed by bubbling Nitrogen. Laser and X-ray beams were overlapped spatially on the
replenishing sample. The time delay between the laser and X-ray pulses was fixed by a programmable
delay line (PDL-100A-20NS, Colby Instruments) that adjusted the phase shift of the mode-lock driver for
the seed laser relative to that of the RF signal of the storage ring with a precision of 500 fs. The incident
X-ray energy was stepped through the Co K edge (7709 eV) up to 700 eV above the 1s threshold. A Co
metal foil placed between two conventional ionization chambers downstream was used for X-ray energy
calibration purpose in transmission mode. Two avalanche photodiodes (APDs) were positioned at 90°
angle on both sides of the incident X-ray beam to collect the emitted X-ray fluorescence signals. A [Soller
slits/(Z-1) Fe filter] combination, which was custom-designed for the specific sample chamber
configuration and the distance between the sample and the detector, was inserted between the sample jet
and the APD detectors. This greatly reduced the background due X-ray elastic scattering. An additional
APD was employed to monitor the intensity of the incident X-ray beam. The outputs of the APDs were
sent to two fast analyzer cards (Agilent) that were triggered by a signal at 1.6 kHz from the scattered laser
light onto a photo diode. The card digitized the X-ray fluorescence signals as a function of time at
Ins/point after each trigger. The fluorescence signals from the synchronized X-ray pulse at 3 ns delay
after the laser pump pulse excitation were accumulated to build the XA trace p (laser-on). The
fluorescence signals from the same X-ray pulse averaged over 50 round trips in the storage ring prior to
the laser pulse were averaged to build the corresponding XA trace p (laser-off). With this collection
scheme, the (laser-on) and (laser-off) data were taken under the exact same detection conditions for
sample, laser and beamline, with the shot-to-shot normalization of the X-ray pulse intensities performed
by the acquisition software. This allowed cancelling out any error associated to drifts. Analyzing the
difference signal Ay = [u(laser on)-u(laser of f )] originating from the fraction o of molecules in the
M—4Co™). The integrity of the
sample over time was checked by comparing from scan to scan the lineshapes of the (laser-off) trace. For
Co™ complexes, The XANES region is known to be particularly sensitive to any radiation damage. No
change could be detected throughout the duration of the experiment.

excited state delivers the XA spectrum of the photoinduced species [Ru



Ss Computational details and results for the DFT calculations on
'Co"(bpy)s(LS) and *Co"\(bpy); (HS).

All calculations were carried out with the ORCA program package.” The geometries of 'Co™(bpy); (LS,
S=0) and *Co"(bpy); (HS, S=3/2) were fully optimized with the B3LYP*/TZVP method. This functional
has provided reasonable results for the structures and energetics of the LS and HS states of transition
metal complexes.” These DFT-optimized structures were used in the FEFF 9.0 simulations that guided
interpretation of the transient X-ray absorption spectra described in this work. The cartesian coordinates
are given below.
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'Co"'(bpy); (LS, S=0)

61
Coordinates from ORCA-job Co3-bipy-LS-opt-B3LYPx-TZVP
H 2.778049 2.358179 3.606511
H 2.190967 4.652845 2.769776
C 2.125283 2.496378 2.752174
C 1.795447 3.765269 2.287828
H -3.428218 1.218318 3.612766
H 0.648527 -3.586662 3.603535
H 1.832595 0.388259 2.446453
H 2.927920 -4.226454 2.765861
C 1.599241 1.387013 2.105262
C -3.221746 0.587592 2.755712
H -1.251386 1.393437 2.449410
C 0.951268 3.880969 1.189077
H 0.686802 4.861254 0.812817
C 1.095182 -3.089017 2.750687
H -5.122262 -0.433245 2.770201
C 2.358270 -3.438170 2.285073
C -1.998985 0.691011 2.107463
H -0.583055 -1.778721 2.445436
C -4.156157 -0.329634 2.287571
C 0.397822 -2.076790 2.105107
N 0.779715 1.496125 1.044158
C 0.450726 2.732368 0.579778
C 2.881507 -2.763281 1.187529
H 3.861930 -3.025874 0.811075
N 0.902557 -1.419979 1.045240



N -1.683513 -0.070302 1.044735
C -3.834166 -1.114447 1.186548
C 2.137277 -1.753692 0.579819
H -0.686799 4.861255 -0.812820
C -0.450725 2.732368 -0.579779
H -4.551361 -1.831817 0.807371
C -2.589093 -0.972353 0.578177
C -0.951265 3.880969 -1.189078
C 2.589093 -0.972352 -0.578177
H 4.551360 -1.831817 -0.807371
N -0.779715 1.496125 -1.044157
N 1.683513 -0.070301 -1.044734
C 3.834166 -1.11444¢6 -1.186548
C -2.137277 -1.753692 -0.579819
C -1.795445 3.765269 -2.287829
N -0.902557 -1.419979 -1.045240
C 1.998985 0.691012 -2.107462
H -2.190965 4.652844 -2.769778
C 4.156156 -0.329633 -2.287571
H 1.251386 1.393440 -2.449408
C -1.599242 1.387013 -2.105261
C 3.221746 0.587594 -2.755710
H -3.861931 -3.025874 -0.811075
H 5.122262 -0.433244 -2.770201
C -2.881507 -2.763281 -1.187530
C -2.125284 2.496377 -2.752173
H -1.832597 0.388259 -2.446451
H 3.428219 1.218320 -3.612764
C -0.397823 -2.076789 -2.105107
H 0.583055 -1.778719 -2.445436
H -2.778050 2.358178 -3.606510
C -2.358270 -3.438169 -2.285073
C -1.095182 -3.089016 -2.750688
H -2.927921 -4.226452 -2.765861
H -0.648527 -3.586661 -3.603536
Co -0.000000 0.002832 0.000000

*Co"(bpy); (HS, $=3/2)

61

Coordinates from ORCA-job Co2-bipy-HS-opt-B3LYPx-TZVP
H 3.874044 0.544829 -3.539891
H 5.245613 -1.355297 -2.637433
C 3.536153 -0.041555 -2.693685
C 4.291669 -1.095593 -2.192248
H -1.366344 -3.641309 -3.578940
H -2.345246 3.072443 -3.606860
H 1.704445 1.064939 -2.438056
H -1.429303 5.216342 -2.675070
C 2.324875 0.249440 -2.082177
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S¢ Procedure for fitting the difference XA spectrum.

The general methodology for extracting photoinduced structural changes by fitting directly the

transient difference XA spectrum Ay = [u(laser on)-u(laser of f )] has been presented in (1, 2, 3). For

the [Ru"='Co™] complex under study, the excited state fraction o. of [Ru™=*Co"] formed through electron

transfer was first determined independently by minimizing the difference D = ¥ a%z (Au@) —a x

Ref (i))?, where N is the number of data points, o; are the variance estimated from the experimental error
bars and Ref is the reference trace constructed from the mononuclear complexes (see main text). A value
of 65 £ 3 % was found for a.. The Co-N distance noted R was taken as the sole varying structural
parameter. A molecular editor was used to generate the x, y, z coordinates of geometries with bond length
elongations of AR; = i x 0.01 A. FEFF 9.0 (3,4) calculations of the EXAFS profile for the DFT
optimized ground state of ['Co™(bpy);]*" (see SIs) were performed to adjust the non-structural
parameters to match the experimental [Ru"='Co"'] spectrum. The simulations of the profiles for each of
the molecules with a Co coordination sphere expanded by AR; were then run, giving traces Sim,. The
experimental and simulated profiles were interpolated on a grid equally-spaced in k, as for steady-state
EXAFS data collection, although no FFT was later on applied. This ensured that the spectra of the
references, the p(laser of f) and the reconstructed excited state could be processed using the
conventional EXAFS softwares (4) Athena and Artemis (see (4) and S; below). The pseudo chi-squared

2
function chi, = Y5 :—kz (Au(k) — a x Sim;(k))? was calculated and plotted as a function of AR; in

Figure S¢.;. It is minimum for AR; = 0.20 A

0.20 | L .

1 " 1 " 1 " 1 n 1 " 1 " 1 " 1

0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26
AR/ A

Figure S¢., Function chi, as function of the bond elongation AR;

The statistically-correct estimation of all the variances from the experimental error bars is not
straightforward and had to be omitted at this stage of the analysis. This awaits for benchmarking very
systematically and carefully the combined influence of, not only the detection systems on the time
resolved setup, but also the effect of sampling and resampling schemes in E and k space necessarily
introduced for fitting. Such work is currently in progress. Nevertheless, renormalizing the chi, values to



the minimum value reached for AR; = 0.20 A allows using this indicator as a conventional chi-square
estimate (7). The value for which chi, = 2 are the limits of the 1-c confidence interval, resulting in

AR; = 0.20 A + 0.034.
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S, Reconstructed excited state spectrum.

With a reliable 65+/-3% excited state fraction estimated from the scaling of the normalized transient
signal Ap to the reference trace, it is possible to reconstruct the XA spectrum of the [Ru™=*Co"]" HS
species. It is shown in Fig Sy, (red) and compared to the reference complex [*Co"(bpy);]*'HS (gray).

Reconstructed excited state
[‘Co" (bpy), ] ** reference
'MW\M-\AJV’\
7700 7800 7900 8000
Energy / eV

Figure S;.; Reconstructed excited state spectrum with a 65% excited state fraction (red) compared with the
“Co"(bpy)s]*" HS reference (gray).



Sg Fitting of the X-ray Kkinetics recorded at 7720 eV.

The X-ray kinetics trace taken at 7720 eV monitors the decay of the [*Co"(bpy)s] > HS species (Fig 4.
in the main text). It can be fitted with a single exponential function convoluted with a gaussian of 40 ps
FWHM that accounts for the temporal width of the X-ray beam. The time constant obtained is 45 +/- 2 ns,

with 95% confidence limit.



