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1. Experimental section

1.1. Transient absorption spectroscopy

The laser spectrometer to record transient UV-vis and mid-IR spectra is described in detail by Julia
Franz et a.! UV-vis and mid-IR experiments were performed with sample concentrations of <1 mM in
a quartz glass cell (2 mm path length) and a stainless-steel cell equipped with CaF, windows (0.5 mm
path length), respectively. Magnetic stirrers were employed to avoid accumulation of photoproducts
in the laser focus. Samples were excited with pump energies of 2 uJ focused to a diameter of 0.2 mm.

1.2. Kinetic model for the IR transient absorption spectra of complex 1

The kinetic model shown in Figure 3 (left panel) of the main paper results in a set of coupled

differential equations for the time-dependent concentrations in the CO stretching V-states of the

ground and the triplet state, Gy and Tl, respectively (short-lived excited singlet and triplet states are

omitted; only the vibrational ground state of the T, is considered)

ar, T,
dt oty
dG,
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In Egs. S1 the lifetime of T, is given by =1/ ™ where ke represents the rate constant for
repopulating the ground vibrational state ™. Within perturbation theory bilinear coupling of the CO
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oscillator to a thermal bath results in one quantum allowed transitions (AV =% 1) where the downward
rate constants =1 — 1 are proportional to the vibrational quantum number®é7, i.e.

kn,n—l =7’l'k10;(n= 1, 2,...) (Sz)

Moreover, upward and downward rate constants are coupled by detailed balance

kn—l,n ( (En_En—l))
=exp|-——
kn,n— 1 k T (53)
where En=En_1 corresponds to the energy difference between the vibrational states, and K and T are

Boltzmann constant and temperature, respectively. In general, the detailed balance condition ensures
that the population approaches the correct equilibrium distribution for t2%, In the case of the CO
stretching vibration the upward process  — 1=1 can be neglected because at room temperature the
hcvy,

) 1074

exp (—
Boltzmann factor in Eq. (S3) is only . Eq. (S2) allows to describe the vibrational

relaxation cascade and the associated emerging time-dependent population distribution G(8) in the

ground state by a single parameter, o,

k T, = 0.25ps

The rate constants "n were adjusted to result in a T, lifetime of (consistent with the
fast decay component seen in the UV-vis transients of 1) and, at the same time, to create a truncated
Boltzmann distribution within the CO stretching vibrational manifold of the ground state, i.e.

hc vy, hcvy,
e -n: -e -, +1):
P ( k Tvib) P ( ( e ) k Tvib)

k, x

(S4)

where Tvib corresponds to an adjustable vibrational temperature and "max is the highest V-state taken
into account for ground state repopulation. Since the IR transients in Figure 2 fade out below 1750

5 =0 for ™ > Mnax.

cm a value of "max = 2 was chosen and ke

For calculating spectra we applied the harmonic approximation giving a linear dependence of the
cross section for absorption and stimulated emission on the vibrational quantum number®. Hence, the
ground state absorption spectrum is represented by

n
max

A;(vt) = Z (G, -G, O)n+ 1oy, Lo(v-vy +n-2w,x,)
n=0 (s5)

Where Gn(8) = Gn 1 1(8) js the population difference between adjacent vibrational states  and 7 + 1,
%01 js the absorption cross section for the ¥ =0-1 transition, Lev) is a line shape function, and

2w,x, is the anharmonicity of the CO stretching vibration. Difference spectra were calculated by

adding the time-dependent absorption of the triplet state

Apy ) =Ty (8) o7y Ly (v = vry) (S6)

(with corresponding population Ty (0 in the v =10 state, cross section °T1, and line shape function
Ly ) of the ¥=0-1 transition) and subtracting the ground state room temperature spectrum

A(v,300K) \yhen the relaxation is completed (eq.(S5) with Go=13nd all other populations zero), i.e.

AA(,t) = A (v,t) + Ap (V) — A;(v,300K) . (57)



In Eqg. (S5) the line shape function for all ground state transitions was assumed to be identical to
the FTIR spectral line shape of the fundamental mode (upper panel in Fig. 2a of the main text). For the
T, state a Gaussian line shape of the form

) ] (S8)

s =2 " (Zexp[

was employed, where 7 is the integrated cross section, AV the full width at half maximum (FWHM)

and Y0 the line center of the transition.

Using the initial relative populations (T)e=0= L and (Ge=o= 0 and adjustable values for 10 T

and the line shape parameters, the experimental transient difference spectra were fitted. The result
0.077 ps !

vib
’

shown in Figure 3 (right panel) of the main text was obtained with kyo = and

Ty = 4500 £ 500 K The complete set of fit parameters is summarized in Table S1.

Table S1. Line shape and kinetic parameters for fitting the transient IR absorption spectra of complex 1.

Species oa Yo/em1b Av/emic Rate constant/ps™
T 1 1925 30 k, —2088 ky —1035
' ky=0.504 ky=0237

G, (n+1) | Vor-n-2w,x, —d ky = 0. 102' ks =0. 034'

kyo=0.077

2 integrated cross section relative to 901 of the ground state CO stretching absorption band;
bline center; ¢ Gaussian line width (FWHM); ¢ line shape of the stationary FTIR spectrum.



1.3. Decomposing the early-time IR transients of the W-Ru complex 2-PF; into excited-state
absorption and ground-state bleach
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Figure S1. The pure excited state absorption (thick black line) in the 0.3 ps pump-probe delay transient IR
spectrum is obtained by removing the ground state bleach component. This is done by adding the scaled FTIR
spectrum (thin black line) to the 0.3 ps transient (dotted line), with the scaling factor chosen so that the negative
absorption at the red edge of the spectrum just disappears. The resulting excited state absorption is fitted by a
sum of three Gaussians (dashed yellow line) centred at 1884, 1904, and 1945 cm™. The first two are attributed
to the v = 172 (light blue) and v = 01 (dark blue) transitions of the CO stretching vibration in the T, state, the
latter (red) corresponds to the fundamental CO transition in the T, state of the W-Ru complex 2-PFg.

1.4. Kinetic model for the IR transient absorption spectra of 2-PF¢

The kinetic model shown in Figure 6 of the main paper results in the following set of coupled
differential equations for the time-dependent concentrations of the T2 statein Vco =1 and 2, T21and
TZ.O, respectively, as well as Tl, I, and the excited CO stretching V-states of the ground state (neglecting

all short-lived precursor states as e.g. Sn):
dTZ‘1
a (kgr +k19)T5
dT,
dt ==kgrTo0+ k1T,
dT, 3
= Ker(Tay +Top) =k Ty = Z k| T4
n=0 (S9)
dl
% = kI T1 - kGI
dG

0
W = kOTl + kGI + klOGl



da,
—=kT,+(n+ 1)kanJr 1—nkyG,

dt ;forn=1,2,3

The resultant time-dependent concentrations are used to calculate the IR difference absorption
spectrum

AAWt) = A;(v,t) + Ap, (Vi) + A (vit) + 4;(v,t) - A;(v,300K) (510)

where

3

A;(vt) = Z (G, -G, 1 O)n+ Doy, Lo(v-vy + 1 2w,x,)
=0 (511)

Apyt) = (T4 (8) = Tp0(0)) 07y " Lyp(V = Vrag) + Ty 1 (8) - 2075 * Lyp(v = vrp) (512)
A (vt) =Ty (8) o7y Ly (v =vpy) (S13)
A =11 g, Li(v-v) (S14)

A;(v,300K)

and corresponds to the ground state room temperature spectrum when the relaxation
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Figure S2. Time-dependent populations for the photo-excited complex 2-PF¢ resulting from the kinetic model of
Figure 7 and rate constants of Table 1 of the main paper.

is completed and all the population ends in Go. For the line shape function Lg of all ground state
transitions we used the FTIR spectral line shape of the stationary absorption spectrum (Figure 5 of the
main text). For Lra, LTl, and L1 Gaussian line shapes (Eq. (S8)) were employed. The simulated IR
transients of Figure 7 were obtained with a set of parameters presented in Table 1. Corresponding

time-dependent concentrations are shown in Figure S3.



1.5. Calculation of UV-vis transient absorption spectra for 2-PFg

The simulation of time-dependent UV-vis transients is based on the ground state and excited state

spectra SiA) derived from TDDFT calculations (see Figure S5) and the kinetic model from the previous
section, which provides time-dependent populations for all relevant states. In contrast to the IR
spectra, for the calculation of the UV-vis transients we neglect the influence of vibrational excitation
in the CO stretching or any other mode on the electronic spectrum. We also neglect the possibility of
vibronic excitation in the absorption spectra. Then the UV-vis transient difference spectrum is given
by

AAAE) =T,(t) - Spp(D) + T1(8) * Sy (D) +1() - S;,(A) + (1 -G (@) - S;(D) (515)
2 3
To® = Y Tyu® GO= ) 6,®
Where n=0 , Ty (0, I(), and n=0 are the time-dependent populations in

each electronic state. The calculated UV-vis transients are shown in Figure S6.



2. Quantum chemistry

2.1. Computational details

All quantum chemical calculations assessing the structural and electronic properties of complexes 1
and [2]* were carried out using the Gaussian 16 program.? Density functional theory (DFT) was
employed to obtain the fully relaxed singlet ground state (Sy) and the lowest triplet state (T,) of the
two complexes. Furthermore, two possible side-on species of [2]* were investigated within singlet and

triplet multiplicity, i.e., with the CO ligand being coordinated via one of its TeolTco orbitals. The triplet
species of the side-on complex was found to be dissociative and was not investigated further. Finally,
the possible W-CO bond breakage in [2]* was investigated (singlet and triplet) applying the B3LYP XC
functional® in combination with the all-electron def2-SVP basis set.* Additionally, dispersion correction
was included using the GD3 model with Becke-Johnson damping.® Implicit solvent effects (acetonitrile,
€ = 35.688) were taken into account by the polarizable continuum model (PCM) using the equilibrium
procedure of the SMD solvation model.® The vibrational frequency calculations showed that all
obtained geometries are minima of the potential energy surface. In order to account for the
approximation treatment of electron correlation and anharmonicity, all simulated vibrational
frequencies were scaled by a factor of 0.95.7 All fully optimised equilibrium structures are freely
available via the Zenodo online repository.8

Subsequently, time-dependent DFT (TDDFT) was applied to assess the singlet and triplet excited states
properties (i.e. electronic characters, energies and oscillator strengths) of 1 and [2]*, exclusively.
Therefore, the same computational setup was employed as in the initial ground state calculations.
Several studies on structurally related photoactive Ru(ll)-based transition metal complexes showed
that such computational protocol — combining hybrid functionals with a medium amount of exact-
exchange and double-T basis sets — enables an accurate prediction of ground and excited states
properties with respect to experimental data, e.g. UV-vis absorption, resonance Raman spectra,
(spectro-)electrochemical, transient absorption and electron transfer properties.® A balanced
description of excited states featuring, i. e., metal-to-ligand charge transfer (MLCT), ligand-to-metal
charge transfer (LMCT), ligand-to-ligand charge transfer (LLCT), intra-ligand charge transfer (ILCT) and
metal-to-metal charge transfer (MMCT) in case of binuclear coordination compounds such as the
present W/Ru complex as well as intra-ligand (IL) and metal-centred (MC) character, as provided by
the present computational setup, is essential to evaluate the rich photophysics of transition metal
complexes. The excited state properties within the Franck-Condon point (S, equilibrium structure of
[2]*) were evaluated by means of the non-equilibrium procedure of solvation to estimate the initial
vertical absorption energies. The 100 lowest energy singlet-singlet excitations were obtained to model
the electronic absorption spectra of [2]*. In addition, the 100 lowest energy (dipole-forbidden) singlet-
triplet transitions were evaluated in order to address the availability of prominent triplet states
involved in the subsequent intersystem crossing (ISC) and excited state relaxation pathways.
Furthermore, scalar-relativistic (SR-)TDDFT calculations were performed utilizing Orca 5.0.37%° with
scalar relativistic Douglas Kroll Hess Hamiltonian of 2nd-order to assess prominent pathways for
intersystem crossing within the Sy structure, while the analogue computational protocol was applied
as in the Gaussian 16 simulations (e.g., B3LYP/def2-svp and corresponding autoaux auxiliary basis set,
SMD: acetonitrile). The 20 lowest singlet-singlet and singlet-triplet excitations were obtained, while
spin-orbit couplings (SOCs) between these states and the singlet ground state were obtained at the
SR-TDDFT level of theory.



Subsequently, to quantify the rate of intersystem crossing (ISC), the simplified formula of rate constant
with Fourier transformed Lorentzian dephasing!! was utilized, which was recently applied in the
context of ISC in a Cr(Ill) spin-flip emitter.!? For the energy downhill S, T; rate constant, the formula
is shown as below

2
Y isocP?

kisc,=——F——-
2 2
h(AE} +77) (S16)

where the y represents the half width at half maximum (HWHM) of the simulated UV-vis spectrum,

AEijis the vertical energy difference at FC region, SOC denotes the spin-orbit coupling term and h is

the reduced Planck constant. In a similar manner, when the S, T; non-radiative transition is an
energy-uphill transition, the correction is added:

2y o AE;;
kigor=——— |SOC|Zexpi.ffz_i( -—

2 2 kT

where kg is the Boltzmann constant and T is the temperature (T = 293.15 K).

The lowest three triplet excited states (singlet-triplet excitations; of T;: 3MCy, Tt 3MLCTypy1, Ta:
3MLCT,,y,) were relaxed at the TDDFT level of theory. All three triplet states relax to the lowest energy
triplet state in their respective equilibrium structure and were optimised subsequently using
(unrestricted) DFT. In case of 1, only the lowest three singlet-triplet states within the equilibrated
3MCy (T,) were assessed by TDDFT.

In addition, the time-resolved IR (TRIR) (1 and [2]*) and transient absorption (TA) UV-vis spectra (only
[2]*) were modelled within the three optimised triplet (ground) states, i.e., of the 3MCy, and the two
3MLCT,,, states as well as of the singlet side-on species (only shown for lowest energy side-on
complex). In case of TRIR, the excited state absorption was modelled by means vibrational normal
modes as obtained within the relaxed triplet states, respectively. Ground state bleach was estimated
based on the vibrational normal modes of the singlet ground state (within the Franck-Condon point).
In case of TA-UV-vis, an analogue procedure was applied, while the excited state absorption was
modelled by the lowest 100 spin and dipole-allowed triplet-triplet transitions as obtained within the
previously optimized T, equilibria and ground state bleach via the singlet-singlet transitions as
obtained within the relaxed singlet ground state. In all transient spectra a 1:1 population of Sy and T,
was assumed. In case of the side-on complex, a similar procedure was performed however the ESA
was modelled by the singlet species rather than by the respective (dissociative) triplet analogue.

Finally, to access the kinetics of photoinduced electron transfer (ET) processes in [2]*, semi-classical
Marcus theory was applied. According to Marcus theory, ET processes occur along the parabolic
diabatic potential energy curves (PECs) of the electron donor state (D; i.e. 3MLCTy,,;) and the acceptor
state (A; i.e. 3\MCy) along the reaction coordinate Rgr. Thereby, thermal fluctuations of the solvent may
lead to structural distortions within the donor state that provide sufficient electronic coupling
between D and A to allow a population transfer between these electronic states. Herein, the rate
constant, k, for such an ET is given within the semi-classical Marcus-picture by:

2 . (AG + 2)*
- _Z
k= F|1/,)A|2(4m1kBT) Zexp ( - —)



where Vp, denotes electronic couplingbetween the D and A states at the crossing point of the diabatic
PECs, A is the reorganization energy, AG represents the driving force, i.e. the Gibbs free energy, for the
ET reaction, kg is Boltzmann constant, T is absolute temperature.

In case of [2]*, D and A states of interest are of triplet multiplicity. The ET kinetics were described
along a linear-interpolated internal coordinate (LIIC) connecting the optimized equilibrium structures
of the 3MLCT,p,1 (D) and the 3MCy, (A) states. The diabatic PECs for D and A were constructed along
the LIIC (denoted Rgr) by means of TDDFT single-point calculations. The electronic coupling Vpa(Rer)

ad ad
was obtained by a unitary transformation of the adiabatic states, Vi (Rgr) and V3 (RET), to the
respective diabatic states, (VD(RET) and VA(RET):
( Va(Rgr) VAD(RET)) _y-1 VY Rep) 0
VpaRer)  Vp(Rer) 0 VYR (519)

cosf sin@
in which U is a general Unitary matrix, i.e., (— sing cos 9). The electronic coupling is then defined as:

1

Vi, ==|V& - v¥|sin (26

DA 2| 2 1| ( ). (520)
At the crossing point of the diabatic PEC (VA = VD) a mixing angle of & =4 is obtained and $20
simplifies to:

1 ad d
Vpa= E|Va2 =V lmin , (521)

which is known as the minimum splitting method. This computational protocol was recently
introduced and successfully applied to assess the intramolecular electron transfer kinetics in the frame
of solar energy conversion and storage.??¢13



2.2. Computational results
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Figure S3. A: Simulated transient IR (TRIR) spectra of the tungsten complex 1 obtained at the B3LYP/def2-SVP
level of theory with contributions of excited-state absorption given by vibrational normal modes within the fully

relaxed T, state of mixed 3MCy,/3MLCT character (red; see spin density as inset).

B: Respective equilibrium structures and normal modes (displacement vector).

Key vibrations are indicated.

Table S2. Simulated vibrational frequencies of the tungsten complex 1 in cm™ obtained at the B3LYP/def2-SVP
level of theory.
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Table $3. Simulated Franck-Condon physics of [2]* as obtained by the B3LYP functional within the equilibrated
singlet ground state structure (Sp). Prominent dipole-allowed singlet-singlet transitions contributing the UV-vis
absorption (left) and spin-forbidden singlet-triplet transitions (right).

Excitation  Character AE Alnm]  f Excitation  Character AE[eV] A[nm] f
So>S; [eV] ST
S1 MCw/MLCTy 1.72 719 0.0140 T, MCw/MLCTw 1.27 974 -
S, MLCTppy 1.88 658 00116 | T, MLCTppy 1.70 728 -
S5 MLCpry/M MCT 231 536 0.0401 Ts MLCTppy 1.80 689 -
Sg MLCTyp, 2.37 523 0.0415 T4 MLCT,,, 1.90 654 -
So MLCTyp, 2.43 510 0.0748 Ts MLCT,,,, 2.00 619 -
S10 M LCpry/ MMCT 2.55 486 0.0788 Tg MLCTy,py 2.04 608 -
Si3 MLCTppy 2.74 453 0.0294 T MLCTppy 2.10 591 -
S1a MLCpry/M MCT 2.81 441 0.0259 Tg MLCT,,,, 2.18 567 -
S19 MLCTyp, 3.09 402 0.0365 To MLCT,,,, 2.20 563 -
Sy MLCTyp, 3.20 388 0.0335 | Ty MLCTppy 232 535 -
Syg MLCTppy 3.28 378 0.0539 | Ty MLCTppy 2.44 507 -
Sa3 MLCTppy 3.41 363 0.0684 T, MLCTppy 2.51 493 -
Sg1 LLCT 4.41 281 0.1715 T3 MLCpry/MMCT 2.64 470 -
Sae LLCT 4.48 276 0.1654 | Ty, MLCTyp,/MMCT  2.68 463 -
Sg7 LLCT 4.49 276 0.2619 Ts MLCpry/MMCT 2.82 439 -
Tis MLCTypy 2.87 431 -
Ty MLCTppy 2.88 430 -
Tis MLCTpy 2.89 430 -
Tyo MLCTppy 2.93 423 -
Tao MLCTppy 2.98 416 -

Table S4. Electronic characters —as visualized by charge density differences (CDDs) — of prominent singlet-singlet
(So = S)) and singlet-triplet (S; = T;) excitations within the Franck-Condon geometry (i.e., Sy equilibrium) of [2]*
as obtained by the B3LYP functional. Charge transfer takes place from red to blue.

singlet-singlet (S, - S;) excitations

S1o (MLCTyyy) S8 (MLCTyyy) S33 (MLCTyyy)
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Sg1 (LLCT) Sge (LLCT) Sg7 (LLCT)

singlet-triplet (S, - T;) excitations

Tiz (MLCTyp) Tis (MLCTyp) Tio (MLCTyp) Tao (MLCTyp)
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Table S5. Spin-orbit coupling elements ((TJ' | HSOC Si) in cm) between prominent excited singlet and triplet
states of [2]*. Excitation energies (E in eV) are given for all singlet and triplet excitations; oscillator strengths (f)
are provided for singlet-singlet excitations. The provided triplet states are selected to match the energy level of
the highest energy and dipole-allowed singlet transition (i.e. into S1). All results were obtained by TD-B3LYP as
implemented in Orca 5.0. Large spin-orbit coupling elements between Sy and T, as well as between S,y and Sy,

and the respective triplet states are highlighted.

So Ss S7 Sg So S10 Su S17 Sis

f - 0.0420 0.0272 0.0319 0.0458 0.0678 0.0605 0.0342 0.0158

AE[ev] | 0.00 2.16 2.30 2.37 2.42 243 2.57 2.96 2.98

T, 0.98 | 1440 341 27 69 68 123 108 385 401
T, 1.73 232 98 236 98 83 151 184 75 40
Ts 1.82 147 57 214 208 263 119 119 32 18
Ta 1.89 106 78 183 103 137 88 114 32 62
Ts 2.00 388 60 101 113 67 170 151 156 237
Te 2.02 415 90 71 108 73 189 177 195 266
T 2.04 99 20 28 67 262 176 27 31 30
Tg 2.22 128 30 114 122 98 61 98 6 20
Ty 2.30 186 125 74 91 19 74 140 37 61
Tio 2.33 193 298 40 66 54 55 170 74 214
T11 2.36 102 31 63 87 57 39 50 33 20
T2 2.46 397 230 17 145 77 248 98 187 552
T3 2.54 328 135 21 36 17 48 102 160 658
Tia 2.60 441 144 31 76 40 129 92 110 183
Tis 2.68 347 240 20 8 13 48 101 721 1630
Tie 2.72 610 165 6 80 45 109 85 431 510
T17 2.81 228 213 29 79 49 95 74 1214 2024
Tis 2.84 301 101 10 56 51 92 38 394 579
T 2.87 242 62 19 58 29 52 58 88 190
Ty 2.90 165 68 59 43 37 22 38 101 170
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Table S6. Intersystem crossing rates (kisc in s1) between prominent excited singlet and triplet states of [2]*. The
provided triplet states are selected to match the energy level of the highest energy and dipole-allowed singlet
transition (i.e. into Sq;). All results were obtained by TD-B3LYP as implemented in Orca 5.0. Large spin-orbit
coupling elements between Sy and T, as well as between S;; and S;; and the respective triplet states are
highlighted.

Ss S7 Ss Sq S10 Su S17 Sis
f 0.0420 0.0272 0.0319 0.0458 0.0678 0.0605 0.0342 0.0158
AE [eV] 2.16 2.30 2.37 2.42 243 2.57 2.96 2.98

T1 0.98 | 3.92x101*  1.99x10° 1.15x10%° 1.03x10%° 3.35x101° 2.17x10%° 1.76x10%! 1.88x10%!
T, 1.73 | 2.27x101t  7.67x10!  1.06x10'! 6.61x10%° 2.11x10%! 2.18x10'! 1.72x10%°  4.72x10°
T3 1.82 | 1.20x10%* 8.88x10'! 6.53x10'! 8.70x10! 1.73x10%' 1.13x10'!  3.70x10°  1.05x10°
Ta 1.89 | 3.61x101! 8.99x10%! 2.12x10'! 3.05x10%! 1.22x10%! 1.29x10'!  4.08x10° 1.50x10%°
Ts 2.00 | 4.87x10* 4.88x10%! 4.19x10'! 1.14x10'! 7.01x101! 3.15x10%' 1.22x10%' 2.71x10%
Te 2.02 | 1.26x10'? 2.64x10! 4.08x10'! 1.44x10'! 9.30x10% 4.55x10'! 1.95x10!  3.52x10%
T; 2.04 | 8.13x10% 4.90x10%° 1.83x10'! 2.11x10'? 9.07x10'! 1.18x10%°  5.24x10°  4.63x10°
Ts 2.22 | 3.07x10%° 3.62x102 2.17x10'? 8.84x10'! 3.14x10% 3.28x10'!  3.24x10®  3.04x10°
To 2.30 | 1.17x10% 2.57x10'?2 2.55x10'? 6.81x10'° 9.21x10 1.05x10%? 1.36x10° 3.62x10%°
T1o 2.33 | 1.07x10° 1.76x10! 1.85x10!? 7.85x10'! 7.51x10% 1.97x10'? 6.34x10%° 5.00x10%!
T 236 | 3.34x107 1.31x10%! 3.51x10'? 1.10x10%? 4.71x101! 2.04x10%' 1.34x10%°  4.73x10°
T1o 246 | 1.91x107 7.75x107 1.42x10'! 5.08x10'! 7.86x10'2 1.94x10'? 6.17x10' 5.05x10%?
T3 2.54 | 2.00x10> 2.78x10® 1.87x10® 5.13x10®  6.82x10° 4.27x10'? 6.28x10'! 9.85x10'?
T1a 2.60 | 1.66x10* 4.01x10° 5.10x107 1.66x10%®  2.66x10° 1.46x10'? 3.94x10' 1.01x10%?
T1s 2.68 | 1.49x10% 4.74x10®  1.45x10* 4.34x10° 8.85x10® 3.99x10'° 2.65x10'%* 1.23x10%*
T1s 2.72 | 1.04x10? 6.31x10' 2.00x10° 6.83x10° 5.95x10°  3.14x10° 1.27x10¥3 1.60x10%3

T17 2.81 3.77  2.82x10'  3.69x10%  1.40x10* 7.94x10*  3.29x107 2.12x10' 5.10x10%*
Tis 2.84 2.94x11 1.17  6.38x102  5.20x10®  2.50x10*  2.72x10° 2.82x10%3 5.24x10%3
T1o 2.87 | 3.84x1072 1.380 2.20x10? 5.52x102  2.59x10® 2.01x106 1.81x10%? 7.24x10%?
Tao 2.90 | 1.15x10? 3.29 297x10'  2.11x102  1.12x10?  1.95x10° 3.33x10!2 8.08x10%?
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Table S7. Intersystem crossing times (7,sc in ps) between prominent excited singlet and triplet states of [2]*. The
provided triplet states are selected to match the energy level of the highest energy and dipole-allowed singlet
transition (i.e. into S14). All results were obtained by TD-B3LYP as implemented in Orca 5.0. Sub-ps processes are
highlighted.

Ss Sz Sg So S10 Su1 S17 S1s

f 0.0420 0.0272 0.0319 0.0458 0.0678 0.0605 0.0342 0.0158

AE [eV] 2.16 2.30 2.37 242 243 2.57 2.96 2.98

T, 0.98 2,55  5.01x10? 8.73x10 9.68x10 2.99x10 4.62x10 5.69 5.31
T, 1.73 4.40 1.30 9.39 1.51x10 4.75 4.60 5.83x10  2.12x10?
Ts 1.82 8.31 1.13 1.53 1.15 5.78E 8.84  2.70x10?  9.48x10?
Ta 1.89 2.77 111 4.72 3.28 8.17 7.76  2.45x10? 6.68x10
Ts 2.00 2.05 2.05 2.39 8.78 143 3.18 8.18 3.68
Te 2.02 | 7.96x101 3.79 2.45 6.96 1.08 2.20 5.13 2.84
T 2.04 1.23x10 2.04x10 5.46 4.75x10%1 1.10 8.45x10  1.91x10%2 2.16x102
Tg 2.22 3.26x10 2.76x10! 4.60x10! 1.13 3.18 3.05 3.09x10%  3.29x10?
Ty 2.30 8.54x10 3.89x10! 3.92x10! 1.47x10 1.09 9.54x101 7.33x10 2.76x10
Tio 2.33 9.34x10 5.68 5.40x101 1.27 1.33 5.07x10! 1.58x10 2.00
T11 2.36 | 2.99x10* 7.61 2.85x10?! 9.11x10? 2.12 490 7.45x10'  2.11x10?
T2 2.46 | 5.23x10*  1.29x10* 7.07 1.97 1.27x10! 5.16x10%1 1.62 1.98x10!
T3 2.54 | 5.00x106 3.59x10* 5.34x10® 1.95x10%® 1.47x10%? 2.34x10? 1.59 1.02x10?
Tia 2.60 | 6.02x107  2.50x10®  1.96x10* 6.02x10° 3.76x10? 6.84x10* 2.54 9.95x101
Tis 2.68 | 6.73x108  2.11x10®8 6.90x107 2.30x10® 1.13x10° 2.51x10 3.78x102 8.16x103
Tie 2.72 | 9.60x10° 1.59x10'° 5.00x10® 1.46x10° 1.68x10°> 3.18x10? 7.86x102 6.26x102
T17 2.81 | 2.65x10%* 3.55x10%°  2.71x10%® 7.13x107 1.26x107 3.04x10* 4.72x103 1.96x103
Tis 2.84 | 3.40x10%2 8.53x10%!  1.57x10° 1.92x10%® 4.00x107 3.68x10° 3.54x102 1.91x107?
T 2.87 | 2.61x10'% 7.24x10''  4.54x10° 1.81x10° 3.87x10® 4.97x10° 5.53x10! 1.38x10*?
Ty 2.90 | 8.72x10%  3.04x10%! 3.37x10'° 4.74x10° 8.93x10° 5.14x10° 3.01x10' 1.24x10?
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Figure S4. Simulated IR spectra of the W-Ru complex [2]* obtained at the B3LYP/def2-SVP level of theory for the
ground state at the Franck-Condon point and the fully relaxed 3MLCT,,, (light blue), 3MLCTy,,; (dark blue), 3MCy,
(red), the Side-on species (green), and the fragment after CO abstraction (pink).
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Figure S5. Simulated electronic absorption spectra for the W-Ru complex [2]* obtained at the B3LYP/def2-SVP
level of theory given by dipole-allowed singlet-singlet transitions for the ground state at the Franck-Condon
point (a) and the side-on geometry (d), as well as triplet-triplet transitions for the fully relaxed
3SMLCThpy2/3MLCTypy1 (b) and 3MCy (c) states. The absorption spectra in (a)-(d) were obtained by convolution of
the calculated stick spectra with a Lorentzian line shape function of 0.4 eV width (FWHM).
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Figure S6. (a) Comparison of the simulated electronic absorption spectra for the W-Ru complex [2]* from
Figure S5. (b) Simulated temporal evolution of the UV-vis transients based on the kinetic model presented in
Figure 7 of the main paper.
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Figure S7. Transient IR spectra for 1 (upper panel) and 2-PF¢ (lower panel) at large pump-probe delays. During
the recovery of the ground state of 1, the bleaching of the v = 01 transition is balanced by red-shifted
positive absorptions from excited CO vibrational states. For 2-PFg, these excited state bands are absent
during the lifetime of I
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Table S8. Simulated excited state properties contributing to the excited-state absorption of [2]* as obtained by
B3LYP/def2-SVP within the equilibrated 3MLCTyp,5, 3MLCTy,y1, 3MCy and 1side-on. Prominent dipole-allowed
triplet-triplet (3MLCTyp,2, 3MLCTyp,1, MCy) and singlet-singlet transitions (!side-on) are indicated.

3MLCTpyy2 (1.54 eV), triplet-triplet (T, - T;) excitations relaxed 3MLCTy,,; (1.32 eV)

Excitation  Character AE[eV] A[nm] f Excitation  Character AE[eV] Alnm] f
T,>T T,>T;
T ILppy 1.50 826 0.0161 | Ty ILppy 1.56 794 0.0231
T LMCTypy, 2.04 607 0.0391 T LMCTypy 2.06 602 0.0413
To MLCTppy 2.59 479 0.0293 | Ty MLCTppy 2.65 467 0.0161
Tao ILppy 2.77 447 0.0745 | Ty ILppy 2.76 450 0.0812
T3 MLCTyp, 2.83 437 0.0456 Tao MLCTy,py 3.08 403 0.0203
Tao MLCTypy 3.06 405 0.0247

3MCy (0.82 eV), triplet-triplet (T, = T;) excitations 1Side-on (1.83 eV), triplet-triplet (So > S;) excitations

Excitation  Character AE[eV] A[nm] f Excitation  Character AE[eV] A[nm] f
T,>T So =2 S;
Ty MLCTy 1.62 764 0.0239 S, MLCTypy 1.87 662 0.0194
T2 MLCTppy 2.38 520 0.0637 Sa MLCTye/MMCT  2.05 604 0.0242
Tas LMCTy, 2.39 520 0.0192 | Sg MLCTpp,/MMCT 231 536 0.0375
Tas MLCTppy 2.43 511 0.0235 | Sy MLCTppy 2.42 512 0.0822
Ty MLCTyp, 2.52 493 0.0443 S11 MLCTyp/MMCT  2.53 489 0.0696
Ts3 MCy 3.03 409 0.0541 Si3 MLCTppy 2.70 460 0.0276
Tss MLCTypy 3.06 405 0.0726

Table S9. Electronic characters — as visualized by charge density differences (CDDs) — of prominent triplet-triplet
(T1 > T)) transitions (3MLCTppy,, 3MLCTy,y; and 3MCy) and singlet-singlet (So - S;) excitations within the fully
equilibrated photo-intermediates of [2]* as obtained by the B3LYP functional. Charge transfer takes place from
red to blue.

3MLCTy,y, (1.54 eV), triplet-triplet (T, - T)) excitations

Ty (MLCTy,,)

T3 (MLCTyy) T4 (MLCTyp)
3MLCT,,: (1.32 eV), triplet-triplet (T, - T,) excitations

Tia (LMCTyp,) T24 (MLCTy,)

Ta7 (ILbgy)

Tao (MLCTyy,)
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3MCy, (0.82 eV), triplet-triplet (T, - T,) excitations

T4 (MLCTy)

T24 (MLCTy,,) Tz (MLCTyp,)

T2 (LMCTy)

side-on (1.83 eV), triplet-triplet (S, - S;) excitations

Sg (MLCTypy/MMCT)

S10 (MLCTyyy)

S11 (MLCTiy,/MMCT)

Si3 (MLCTp)
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Figure S8. A: Electronic characters of triplet states involved in the 3MLCT,,,-*MCy, population transfer of [2]* as
visualized by charge density difference plots (charge transfer occurs from red to blue) and linear-interpolated
internal coordinate (LIIC) connecting the fully equilibrated 3MLCTy,,; and 3MCy structures. B: Potential energy
curves of the respective electronic states (in addition Sy, in black) along the LIIC. C: Zoomed in crossing region
between the diabatic states of interest, i.e. the 3MLCT,,; donor state and the 3MCy, acceptor state; adiabatic
energies (T, and T,) are shown in grey. Simulated lifetime obtained as (k) (see S18) and potential coupling Vpa
as (see S20) are provided as inset. Diabatization was performed by following the electronic character of the
states of interest.
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