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Abstract

The light-induced  relaxation  pathways in  the  molecular  photocatalyst
[(tbbpy)2Ru(tpphz)PtCl,]** are investigated with time-dependent density functional theory
calculations together with the Marcus theory of electron transfer (ET). The calculations show that
metal (Ru) to ligand (tpphz) charge transfer (MLCT) triplet states are populated following an
excitation in the longer wavelength range of the absorption spectrum, but that an ET toward the
catalytic center (PtCl,) from these states is thermodynamically unfavorable, implying that charge
separation can only occur via higher energy states in this system. Moreover, low-lying Pt-centered
states can be populated and the calculations predict that they can form an excited state equilibrium
with MLCT states localized on the tpphz ligand. A comparison with previously reported results® for
the photocatalyst [(tbbpy)zRu(tpphz)PdCl;]?*, based on a PdCI, catalytic center, is provided in order

to decipher the effect of the catalytic center on their respective photochemistry.


https://doi.org/10.1021/acs.jpcc.9b03621

1. Introduction

Nowadays, motivated by the need of sustainable sources of energy, extensive research
efforts are conducted to design new devices for the conversion of solar energy into so-called solar
fuels. One approach consists of using photocatalytic systems that split the water molecules into
molecular hydrogen (to be employed as fuel) and oxygen. To this aim, several hydrogen-evolving
molecular photocatalysts were proposed?4>6.78910 “\which are typically composed of three
molecular components, namely (i) a photosensitizer, where the light absorption occurs, (ii) a
bridging ligand, that stores electron(s) and mediates the electron transfer (ET), and (iii) a catalytic
center, where the molecular hydrogen is formed. The improvement of the catalytic efficiency in
these systems requires a precise understanding of the photochemical mechanisms as well as of the
interplay between the three components. Such knowledge can in principle be obtained by theoretical
methods, which allow the prediction of the molecular properties related to light absorption, of the
photo-induced ET as well as how these processes are impacted by structural modifications of the
photocatalyst.

The goal of this work is to investigate the molecular photocatalyst
[(tbbpy)2Ru(tpphz)PtCl2]?* (tbbpy=4,4’-di-tert-butyl-2,2’-bipyridine, tpphz=tetrapyrido[3,2-a:2°,3’-
c:37-h:2”,3”’-j]phenazine) (Figure 1), denoted RuPtClz, and to compare its properties to the
previously studied photocatalyst! [(tbbpy)2Ru(tpphz)PdCI2]?>* (denoted as RuPdCly), in order to
estimate the effect of the catalytic center (PtCl> or PdCl2) on the ET properties. The tpphz-based
photocatalysts were proposed by the group of Sven Rau starting in 2006 with RuPdCI22. In the
following years they were the focus of several studies!!121314151617 aiming to understand their
photochemistry and to optimize their photocatalytic activity by for example modification of the
catalytic center!389 In RuPtCl,, RuPdCl, and in related systems the catalytic center must be
photoreduced twice to produce molecular hydrogen?891619.201811 " These previous studies have
shown that the first photo-induced ET from the photosensitizer toward the catalytic center proceeds

in the following sequence: 1) light absorption leads to the population of singlet metal-to-ligand
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charge-transfer (MLCT) states localized on both the tpphz and tbbpy ligands, 2) ultrafast
intersystem crossing (ISC) and excited state relaxation processes populate triplet MLCT state(s) (in
the vicinity of the initially excited singlet MLCT states) localized predominantly on the tpphz
bridging ligand, and 3) ET leads to the reduction of the catalytic center and consequently to the
formation of a charge-separated (CS) species. Moreover, it was proposed that the charge separation
process in RuUPdCl, (step 3 in the previous sequence) involves a partial degradation of the catalytic
center, i.e., the dissociation of a CI- ion?!t, Additionally, in a former study® investigating the
catalysis of RuPdCl> and RuPtCl it was found that RuPdCl. is subject to an alteration of the
catalytic center resulting in the formation of metal colloids during catalysis. On the contrary, the
RuPtCl, and the RuPtl> (based on a Ptl> catalytic center) photocatalysts are stable during the
catalysis®, which indicates a different catalytic mechanism that does not involve formation of
colloids. The modification of the catalytic center also affects the turnover number (TON) for
hydrogen generation. Indeed, a small TON of 7 was reported® for RuPtCl,, whereas larger TON of
238 and 276 were obtained®!® for RuPdCl, and RuPtl,, respectively. Recently, the light-induced
relaxation pathways populated upon excitation in the longer wavelength range of the RuPdCl>
absorption spectrum were investigated theoretically using density functional theory (DFT), time-
dependent DFT (TD-DFT) and the semi-classical Marcus theory.! These calculations predict that
low-lying Pd-centered states are efficiently populated and it was proposed that these states lead to
the dissociation of CI" and are consequently responsible for the experimentally observed (partial)
degradation of the catalytic center. However, according to experimental studies®® such degradation
does not occur in RuPtCl,, which points to differences in the excited state relaxation cascades
between RuPdCl, and RuPtCl,. Preliminary results concerning the triplet excited states energies
have shown that CS states and Pd/Pt-centered states are destabilized by about 0.5-1.0 eV when
going from RuPdCl, to RuPtCl,, which is expected to influence the ET processes’. Therefore, it is
the aim of this contribution to provide a detailed theoretical investigation of the excited state

properties (including the effects of structural relaxation on the relevant excited states) and of the
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light-driven ET processes in RuPtCl, using a similar protocol as employed for RuPdCl,. In this
way, the comparison of both systems will shed light on the differences between their respective
photochemistry.

The paper is organized as follows: section 2 presents the theoretical methods and the methodology
used to estimate the ET rates. Section 3.1 describes the singlet and triplet excited state properties at
the ground state geometry. Sections 3.2 and 3.3 provide an in-depth investigation of the electron
and energy transfer processes in RuPtCl, and a comparison with RuPdCl,. Finally, a conclusion is

provided in section 4.
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2. Theoretical methods

2.1 Quantum chemistry calculations

All quantum chemical calculations were performed with the Gaussian 09 program,?! which
provided the structural and electronic properties of the RuPtCl, complex. To reduce the
computational cost of the calculations without affecting the properties, the structure of the complex
was simplified by replacing the tert-butyl groups by methyl groups (Figure 1). The equilibrium
geometry of the singlet ground state (So) was obtained by means of DFT by using the B3LYP
exchange-correlation (XC) functional.?#?® The calculation of the harmonic vibrational frequencies
confirmed that the optimized structure corresponds to a minimum on the potential energy surface.
The 28-electron and 60-electron relativistic effective core potentials MWB?* were used with their
basis sets for the ruthenium and platinum atoms, respectively. The 6-31G(d) basis set® was
employed for the main-group elements. Vertical excitation energies, oscillator strengths, and
electronic characters of the 100 lowest singlet and 80 lowest triplet excited states were calculated
with TD-DFT. These calculations were performed at the So geometry by using the same XC
functional, basis sets, and core potentials. Additionally, the geometries of several excited states
involved in the light-driven ET dynamics were optimized with TD-DFT. This computational
protocol was already successfully applied to simulate the UV-vis absorption and resonance Raman
spectra, the spectro-electrochemistry properties and the ET dynamics in structurally related
transition metal complexes. 141526117 |n particular, it has shown to provide a balanced description
of the ground and excited states properties for electronic states of different nature. The effects of the
interaction with a solvent (i.e., acetonitrile, ¢ = 35.688, n = 1.344) were taken into account for the
ground state and the excited states properties by the integral equation formalism of the polarizable
continuum model?” (IEFPCM). The non-equilibrium procedure of solvation was used for the
calculation of the vertical singlet-singlet and singlet-triplet excitation energies at the different

geometries, which is well-adapted for processes where only the fast reorganization of the electronic
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distribution of the solvent is important. In contrast, the equilibrium procedure of solvation was

applied for the excited state geometry optimizations.

2.2 Electron-transfer kinetics

To access the non-adiabatic photo-induced ET processes in RuPtCl> the semi-classical
Marcus theory was applied.?? In Marcus theory, such ET dynamics proceed along the parabolic
diabatic potential energy curves (PECs) of the electron donor state (D) and the acceptor state (A)
along the reaction coordinate Rer. Structural distortion within the donor state — induced by thermal
fluctuations of the surrounding bath (e.g., the solvent) — may provide sufficient electronic coupling
between D and A to allow the ET to occur. The rate equation for such ET process is then given by

Equation (1),

i} 2 _ (AG+2)?
ket = 2T|VD/A, maXl (4mAkgT) 1/2exp (_ 41kgT ) )

in which Vp/4max cOrresponds to the maximum potential coupling matrix element between the
electron donor state D and the electron acceptor state A at the crossing point of the diabatic PECs, 4
is the reorganization energy, AG is the driving force of the ET (Gibbs free energy) and T (295 K) is
the temperature. In case of RuPtCl, all investigated donor and acceptor states were of triplet
multiplicity. The ET kinetics for the different pairs of D/A states were assessed along linear-
interpolated Cartesian coordinates (LICCs) connecting the optimized equilibrium structures of the
donor and acceptor states. The diabatic PECs for D and A were constructed along these LICCs
(denoted Rgy) by means of TD-DFT single-point calculations.

In order to calculate the potential coupling matrix elements (Vp,4(Rgr)) between D and A

along Ryr, a straightforward diabatization of the PECs was achieved by manually following the
electronic transitions for each state of interest along the LICC. Then, the diabatic PECs were fitted
by a quadratic polynomial, whereas the adiabatic PECs were obtained by a cubic (B-)spline

interpolation along Rgr by using a total number of 100 grid points. The potential couplings V, , are
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then retrieved by an unitary transformation of the adiabatic potential matrix V,** for each Ry [Eq.

(2)].

V V, Vad 0
( D D/A)=U+ L U @)
Vpja  Va 0 Vi

in which U is a general rotation matrix.

In a previous computational study on the photo-induced intramolecular ET dynamics in
[(bpy)2Ru"(tpphz)Co"'(bpy)2]°* this computational protocol was evaluated against quantum
dynamical wavepacket simulations, and both methods were found to be in very good agreement.?
Besides of the application of quantum dynamics?6:3031323334 and path integral methods,®*=3¢ the
majority of computational studies addressing ET kinetics are focused on the comparison of the

semi-classical Marcus theory and molecular dynamical simulations,37-38:39.4041,42,43,44,45
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3. Results

3.1 Description of the singlet and triplet excited states properties of RuPtCl;

The properties of the singlet and triplet excited states of RuPtCl. calculated at the ground
state geometry (So) were investigated recently.!” The main results are described here in order to
introduce the excited states that are populated upon photoexcitation and that are involved in the ET
processes. The MLCT absorption band (Figure 1) in the visible region is mainly obtained from a
superposition of eight singlet excited states having non-negligible oscillator strengths (Table 1).
Specifically, the low-energy states Sz and Sg consist of MLCT transitions to the tpphz bridging
ligand (BL), the state Si¢ involves transitions to the bpy ligands, whereas the excited states Si1, Sio,
and Si1s describe an overlap of MLCT transitions to both the tpphz and bpy ligands. These six states
have counterparts in RuPdCl (i.e., Sz, Si3, Si5, Sis, S17, and Si9), Which shows that the initial
photoexcitation within the MLCT band is nearly identical in both compounds®**8117 However,
the high-energy part of the MLCT band of RuPtCl; presents also a contribution from the states Sig
and Sio. These states involve an overlap of MLCT transitions - originating from both metal centers
(i.e., dxz(Pt) — m*BL1, dxz(Ru) — m*gL3) — toward the tpphz ligand, and therefore describe a partial
oxidation of the catalytic center (PtCl2). Comparable states (i.e., S21: dxz(Ru) — w*gL3, A = 399 nm,
f =0.003, and Szg: dxz(Pd) — w*sL1, A = 370 nm, f = 0.266) are found at higher energy in the case
of RuPdCl, which clearly indicates that the palladium center has a stronger electron accepting
character than the platinum center. These modifications in the excited state properties are
responsible for the spectral differences observed in the experimental absorption spectra of RuPdCl>
and RuPtCl; in the 350-400 nm region®. A reasonable agreement is found between the simulated
absorption maximum of RuPtCl> in the visible region (2.95 eV) and the experimental value of 2.77
eV (i.e., L = 448 nm) in acetonitrile®. This is consistent with the results obtained for RuPdCl; (i.e.,
Theo.: 2.96 eV, Exp.: 2.79 eV)! as well as in general with the typical accuracy expected from TD-

DFT calculations on ruthenium complexes (see, e.g., Refs,#6:474849),
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Similarly to our previous study on RuPdClz,' the present work assumes an initial
photoexcitation of RuPtCl, around 500 nm. Absorption in this wavelength range will mainly
populate the S, state (Figure 1) that, as is the case for RuPdCl,, describes a MLCT transition to the
tpphz ligand (Table 1) populating the LUMO =n*gi1 orbital (Figure 2). For ruthenium complexes, it
is established that after the excitation to a singlet excited state, ultrafast ISC occurs due to spin-orbit
couplings. Therefore, such ISCs are expected to populate predominantly the energetically close
triplet excited states having a similar orbital character as the singlet excited state (i.e., S2). At the So
geometry (Table 1), five triplet excited states have an energy below S, (at 2.44 eV), namely the
three TgL1 states (T1, T2, and Ts), which mainly describe MLCT transitions from the three occupied
d(Ru) orbitals to the n*gL1 orbital, and the two triplet states Tz and T4 (denoted as Ters4 vz and
TeLs xz), Which consist of an overlap of MLCT transitions to the n*gL4 and m*gL: orbitals.
Additionally, several states relevant to the ET dynamics are reported in Table 1, specifically 1) the
four Pt-centered states (Ts, T1o, T16, and T2g), Which involve transitions from the four occupied d(Pt)
orbitals to the unoccupied orbital d*x2v2(Pt), 2) the third Tgrs state (T14), 3) the three Ter2 (T1s, Ts,
and T1g), the three Ters (T22, T27, and T2g) and the three Teis (Ta2, Ts2, and Tsa) states, and 4) the
three charge-separated states Tcs (Tes, T7s5, and T77), which describe transitions from the three
occupied d(Ru) orbitals to the unoccupied orbital d*x2.v?(Pt). The entire list of the 80 first triplet
excited states is reported in the Supporting Information (Table S1 and Figure S1).

In order to estimate the effects of geometrical relaxation on the excited states energies and to
investigate ET processes with the semi-classical Marcus theory, geometry optimizations of the five
lowest triplet states were attempted using TD-DFT. The optimizations succeeded for the S, and for
the three TgL1 states, whereas no convergence could be achieved for Teis vz and Tera xz. The
inability of the calculations to identify equilibrium geometries for these latter states is likely related
to the significant overlap between the TeL1 and Tgrsa states. Additionally, successful geometry
optimizations were performed for the Tcs vz and Tcs_xz states, whereas the calculations failed to

find a minimum for the Tcs_xv state. These states are considered because the population of the Tcs
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states is directly associated to the ET dynamics leading to the desired photoreduction of the
catalytic center, which corresponds to the formation of the charge-separated species. Moreover, the
geometries of the four Tp States were optimized because comparable Pd-centered states were found
to lead to efficient deactivation channels in RuPdCl..! The geometries of the higher energy TsL
states (Table 1) were not optimized, as they are expected to be populated by photoexcitation in the
shorter wavelength region of the absorption spectrum (A < 450 nm). For the same reason, triplet
MLCT states to the bpy ligands and other states corresponding to charge-recombination (Table S1)

were not considered.
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Figure 1. Calculated (black line) and experimental® (dashed line) absorption spectra of RuPtCl,. A Lorentzian function
with a full width at half maximum (FWHM) of 4000 cm™ is employed to broaden the calculated transitions. The eight

main singlet MLCT states are indicated.
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Figure 2. Frontier orbitals of RuPtCl, and the employed nomenclature including the orbital numbering at the So

geometry.
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Table 1. Vertical excitation energies (VEE), wavelengths (1), oscillator strengths (f) and singly-
excited configurations of the main singlet and triplet excited states calculated at the So geometry for

A\ MOST

RuPtCl,.
State | Transition | Weight (%) | VEE(V) |  Ai(m) | f
singlet-singlet excitations
S2 dxz(Ru) — m*sL1 95 2.44 507 0.058
So dxy(Ru) — m*sL2 75 2.82 439 0.022
dxz(Ru) — m*BL4 17
Su dxz(Ru) — m*gL4 44 2.86 434 0.088
dxz(RU) - Tl',*bpyl 39
dxy(RU) — T*BL2 10
S dxz(Ru) — m*sL2 46 2.88 431 0.034
dxy(RU) - n*bpy1 26
dxz(RU) — Tl',*bpyz 19
Si5 dxy(RU) — ¥ppy2 40 2.93 423 0.220
dxz(RU) — Tl',*bpyl 25
dxz(Ru) —> TE*B|_4 19
Sis dxz(RU) — t¥ppy2 51 297 417 0.144
dxy(RU) — n*bpyl 44
Sis dxz(Pt) — m*sL1 57 3.05 406 0.095
dxz(Ru) — m*s13 35
Sig dxz(Ru) — m*BL3 62 3.07 404 0.029
dxz(Pt) — n*B11 33
singlet-triplet excitations
T1 (TBLl_YZ) dyz(Ru) — TC*B|_1 61 2.23 556 0.000
dyz(Ru) — ¥4 26
T2 (TBLl_XZ) dxz(Ru) — TE*B|_1 58 2.36 525 0.000
dxz(RU) — T*BL4 28
T3 (TeLa vz) dyz(Ru) — m*sL1 34 2.37 522 0.000
dyz(RU) — T¥gL4 25
dyz(Ru) —> TC*bpyl 10
T4 (Tars xz) dxz(Ru) — m*gL1 33 2.43 510 0.000
dxz(RU) — T*BL4 28
dxz(RU) — TI:*bpyl 14
Ts (TeL xv) dxy(Ru) — m*gL1 77 2.43 509 0.000
Ts (Tet vz) dyz(Pt) — d*xz.YZ(Pt) 65 2.56 484 0.000
Tio (Tee dz2(Pt) — d*2v2(PY) 88 258 479 0.000
T3 (Te2 v2) dyz(Ru) — m*gL2 78 2.64 470 0.000
T14 (TBL4_xy) dxy(Ru) d T[*B|_4 47 2.68 462 0.000
dxy(Ru) - T[*bpyl 23
dxz(Ru) - TE*bpyz 17
T15 (TBLZ_XZ) dxz(Ru) — TC*BLZ 46 2.73 453 0.000
dyz(Pt) — n*Bi3 16
T16 (Tpt x2) dxz(Pt) — d*x2v3(Pt) 85 2.76 449 0.000
Tlg (TBLZ xy) dxy(Ru) — TE*BLZ 78 2.82 439 0.000
Tzz (TBL3 YZ) dyz(Ru) — TC*B|_3 59 2.91 425 0.000
T27 (TBL3 xz) dxz(Ru) — TC*B|_3 94 3.06 404 0.000
ng (TBL3 xy) dxy(Ru) — TE*B|_3 98 3.07 403 0.000
Ta9 (Tet xv) dxy(Pt) — d*x°v*(Pt) 92 3.09 401 0.000
T42 (TBLS YZ) dyz(Ru) — TE*B|_5 79 3.49 355 0.000
T52 (TBLS xz) dxz(Ru) — TE*B|_5 74 3.63 341 0.000
T54 (TBLS xy) dxy(Ru) — T[*B|_5 62 3.67 337 0.000
Te6 (Tes vz) dyz(Ru) — d*x*v?(Pt) 99 3.87 320 0.000
T5 (Tes xz) dxz(Ru) — d*x*v?(Pt) 99 4.02 308 0.000
T77 (Tes xv) dxv(Ru) — d*x2v2(Pt) 99 4.03 307 0.000

2 Weights larger than 10%.
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3.2 Electron transfer between Tgr1 and Tcs states in RuPtCl, and comparison with RuPdCl>

After photoexcitation to Sy, ISC populates most probably the energetically close TgL1 states
having similar orbital characters as S» (Table 1). Figure 3 shows also that the energies of the S> and
TeL1 states remain comparable after relaxation to their geometries. This originates from the similar
orbital character of the Sz and TgL: states, merely differing in the unoccupied d spin-orbital at the
ruthenium and in the opposite spin orientation of the singly-occupied w*gL1 orbital. ldentical
properties of the S, and TgL1 states were obtained in the case of RuPdCl..! Following population of
the TeL:1 states, the possibility of a direct ET toward the catalytic center (i.e., the Tcs states) is
investigated. From Figure 3 it is seen that the three Tcs states are significantly stabilized, by about
0.5-1.0 eV, when going from the So geometry to the Tcs geometries, whereas a destabilization of
comparable magnitude occurs for the Tgu1 states. However, although similar
stabilization/destabilization effects lead to an inversion of the energetic positions of the Tgr1 and
Tcs states in RuPdCl,,! the Tgy1 states remain below the Tcs states in RuPtCl, at the Tcs geometries
(Figure 3). This difference is related to the higher energies of the Tcs states in RuPtCl: in
comparison to RuPdCl,. For example at the So geometry, the TsL1 vz State is found at 2.23 eV in
both systems, whereas the Tcs_ vz state is calculated at 3.02 eV in RuPdCI,% and at 3.87 eV in
RuPtCl, (Table 1). In general, higher energies (by about 0.8-0.9 eV) are obtained for all the Tcs
states in RUuPtCl, in comparison to RuPdCly, this difference is maintained going from the So to the
Tcs geometries. On the contrary, differences of less than 0.05 eV are found for the TgL1 states
energies between both systems. This finding is closely related to the spectral changes observed in
the experimental absorption spectra in the 350-400 nm region (recall section 3.1), and emphasizes
the reduced electron withdrawing nature of the Pt center in comparison to its Pd analogue.

The ET rates from the TgL: to the Tcs states are then evaluated by using the semi-classical
Marcus theory and are compared with the respective ET rates obtained for RuPdCl,. The two pairs
TeLi xz — Tcs xz and TerL1 vz — Tcs vz are considered, which describe an ET from the n*gL1

orbital to the d*x?.v?(Pt) orbital, assuming that the singly occupied d(Ru) orbital stays unaltered.


http://mostwiedzy.pl

A\ MOST

14

The diabatic PECs of the donor and acceptor states were calculated with TD-DFT along the
coordinate Rgr (Figure 4). Due to the high energy of the Tcs states, crossings of the PECs are found
for values of Ry located on the right side of the Tcs minima, i.e., in the inverted region of the
reverse ET process (—AG > A) in the Marcus picture. The calculated PECs present a nearly
parabolic shape, which confirms that the coordinate Ry, is adequate for the determination of the ET
rates using the Marcus theory. Due to different curvatures of the donor and acceptor PECs, two
values of the reorganization energy are obtained (i.e., 1, and A4, see Table 2), consequently two
rate constants (k) are estimated for each pair of states. Comparable values of AG, 1y, 44 and of the
maximum potential coupling (Vp,4max Obtained at the crossing region) are found for the both
TeL1 xz — Tcs xz and TeL1 vz — Tcs vz pairs of states (Table 2). The semi-classical Marcus theory
[Eq. (1)] was applied for the computation of the rate constant and of its inverse (1/k). The calculated
rates are very small with values comprised between 8.68x10® s and 1.89x107 s (Table 2), which
is related to the large positive values of the driving force of about 1.15 eV, rendering the ET
strongly endergonic. Indeed, RuPtCl, and RuPdCl; present comparable values of the reorganization
energies and of the maximum potential couplings (see Table 2 and Ref.!), whereas the driving
forces — entering the exponential function in Eq. (1) — are much smaller for RuPdCl, with values of
about 0.34 eV. This leads to inverse rates of about 10'* times larger for RuPtCl, in comparison to
RuPdCl; (Table 2). Therefore, while the inverse rate constants of about 100 ns for RuPdCl, describe
a slow ET process, the obtained inverse rate constants for RuPtCl. indicate that a direct TeL1 — Tcs
transfer is not possible in this system. This result also implies that the population of the Tcs states in
RuPtCl, should involve higher energy TgL states (as e.g., Ters or Tgis), which could be populated
via photoexcitation in the shorter wavelength part of the absorption spectrum, followed by ISC and

ET events.
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Table 2. Driving forces (AG), reorganization energies (1o and 1a), potential couplings (Vo/amax) and
rate constants (k) for pairs of states.

donor — acceptor RuPtCl, RuPdClI,!
AG @V) | 4 (eY) [Voam @) | k(9 | Tk(s) | kG | k()
TeL xz—Tcs xz 1.152 0.784 0.034 8.68x10% | 1.15x10’ 7.49x10° | 1.34x107
0.791 9.32x10® | 1.07x10’ 7.68x10° | 1.30x107
TeLr vz—Tcs vz 1.143 0.802 0.037 1.82x107 | 5.48x10° 1.00x10” | 1.00x107
0.805 1.89x107 | 5.29x10° 9.55x10° | 1.05x107
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Figure 4. Calculated diabatic PECs of two pairs of donor (TeL1, red squares) and acceptor (Tcs, green squares) states

obtained at the TD-DFT level of theory along a LICC (Rgr). A quadratic polynomial was fitted to the data sets.

3.3 Deactivation processes involving Tp: states in RuPtCl, and comparison with RuPdCl;

Table 1 shows the presence of four Pt-centered excited states (Trt) with energies above the
TeuL1 states (Figure 5). Tpt states can be involved in recombination processes through TeL — Thpt
transfers. Indeed, such a population transfer corresponds to an electron recombination from the
bridging ligand toward Ru in conjunction with an energy transfer toward Pt, yielding an excited Pt
species. In the case of RuPdCly, it was found! that similar Pd-centered states (Teq) are very
efficiently populated from the TgL1 states. Therefore, TeL1 — Trt transfers are investigated herein
for RuPtCl,. Figure 5 demonstrates that the energies of the Tp; states decrease by about 0.5-1.0 eV

between the TgL1 and Tptr geometries, whereas the energies of the Tg1 States increase by a similar
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quantity. It is also seen that the Tp; states are well below the TgL1 states at the Tpr geometries, which
indicates that the TeL1 — Trt population transfers are more favorable than charge separation (TsL:
— Tcs).

The transfer processes for the twelve pairs of donor (three TsrL1) and acceptor (four Tr)
states are considered. For brevity Figure 6 only reports the diabatic PECs involving the TgL1 xz
state, whereas the PECs associated to the TsL1 xy and TeL1_yz States are given in Figures S2 and S3
of the Supporting Information, respectively. In particular, the PEC of the Tpt 7* state is non-
parabolic and possesses a discontinuity at low energies. Similar results were obtained for the Tpq 72
state of RUPdCI,?, which can be related to the limitations of the (TD)-DFT method for describing
significantly distorted geometries. Therefore, the rates were only evaluated for the nine pairs of
donor and acceptor states involving the Tpt xy, Trt xz and Tpt vz states (Table 3). The calculated
rates cover several orders of magnitude with values comprised between 3.49x108 and 1.87x10%? s2,
The crossing of the PECs occurs in all cases in the normal region® (JAG| < 1) and the driving
forces have either negative values (characterizing an exergonic reaction) or positive values
(describing an endergonic reaction). The smallest rate is obtained for the pair TeL1 vz — Trt xv,
which involves the lowest Tgy1 state and the highest Tp¢ state (AG = 0.278 eV). The largest rates are
calculated for the pairs TeL1 xz — Tet vz and Ter1_xy — Tet vz With rate constants above 1x10*2 s2,
It can be noticed that despite having a driving force of AG = -0.383 eV, the pair TeL1 xy — Trt vz
has a slightly smaller rate than the pair TeLi xz — Trtvz (AG = -0.287 eV). This is due to the
smaller potential coupling (0.029 eV) for the pair TeLi xy — Tpt vz. Overall, the inverse rate
constants for the Tes — Tet transfers range from half a picosecond to almost three hundred
nanoseconds. This is very different in comparison to RuPdCl,, which presents only exergonic Tgr1
— Tpqg reactions having much smaller and less dispersed values of the inverse rate constants
comprised between 0.01 and about 2 ps (Table 3).

As mentioned in the introduction, it is known from experimental studies®® that RuPtCl; is

stable during catalysis, whereas RuPdCl, undergoes an alteration of the catalytic center, which


http://mostwiedzy.pl

A\ MOST

18

results in the formation of Pd colloids. In the case of RuPdCly, the fast population of the Tpq States
from the Tgy1 States was proposed to play a key role in the degradation of the Pd-based catalytic
center!. In particular, it was assumed that the population of Tpq states leads to the dissociation of a
ClI". This process was justified by the fact that the Tpq States present a decreased bond order of the
Pd-Cl bonds due to the singly occupied d*x?y?(Pd) orbital, thus weakening the Pd-Cl bonds.
Indeed, Pd-Cl bond elongations of 0.05, 0.12, 0.11 and 0.19 A were calculated going from the So
geometry to the Tpd xv, Tpd xz, Trd vz and Tpg z> geometries, respectively’. For RuPtCly, the
calculation of the Tp equilibrium geometries reveals that the Pt-Cl bond length elongations are very
similar to RuPdCl, (Tables S2 and S3 in the Supporting Information). Therefore, these results
suggest that the experimentally observed stability of the Pt-based catalytic center does not stem
from larger Pt-Cl bond strengths in comparison to the Pd-Cl bonds, but rather originates from
differences in the population processes involving the Tpt and Tpq States. Indeed, the differences in
the TeLr — Tpt and TeLr — Trqg rate constants show that - upon excitation of the lowest bright
MLCT state (S2) - the Tp states are less efficiently populated in RuPtCl, than the Tpq States in
RuPdCl,. Moreover, due to the fact that TeLs — Tpt processes of exergonic as well as endergonic
nature were obtained, back transfers (TeL1 «<— Tpt) with comparable magnitude to the TeL1 — Trt
transfers can occur (i.e., rate constants comprised between 2.12x10° and 6.77x10! s, see Table S4
in the Supporting Information). On the contrary, TesL1 «<— Trq back transfers are very unlikely in
RuPdCl, with estimated rate constants ranging from 3.22x10* to 2.50x10° s (Table S4 in the
Supporting Information). This indicates that an equilibrium between the Tgr1 and Tp States can
occur in RuPtCl», which might reduce the possibility of CI" dissociation, whereas the fast population

of the Tpq states in RUPdCI, and the impossibility of back transfer favor CI- loss.
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Table 3. Driving forces (AG), reorganization energies (1o and 1a), potential couplings (Vo/amax) and
rate constants (k) for pairs of states.

donor — acceptor RuPtCl, RuPdClI,*
AG (eV) | Zi(eV) | Vbamax (V) ki (s1) 1/ki (ps) ki (s 1/ki (ps)
TaL1 xz—Tprypd_xy 0.137 1.071 0.064 1.02x108 9800 1.11x10% 0.0901
0.954 3.33x108 3010 1.73x10% 0.0578
Terr xz—Trypa xz | -0.138 0.983 0.068 6.21x10% 16.1 7.35x10% 0.0136
0.896 1.49x10 6.71 7.75x10% 0.0129
Ter1 xz—Trurd vz -0.287 0.929 0.063 8.76x10% 1.14 7.95x10%3 0.0126
0.849 1.87x10%2 0.535 6.93x10%3 0.0144
TeL1 xy—Trurd_xvy 0.041 1.055 0.035 2.77x108 3610 2.59x10% 0.0386
0.907 1.28x10° 781 4.30x108 0.0233
TeL1 xy—Trurd xz -0.234 0.962 0.062 2.88x10% 3.47 9.03x10%? 0.111
0.847 8.86x10"! 1.13 7.99x10" 0.125
Tere xy—Trupd vz | -0.383 0.909 0.029 7.31x10% 1.37 9.95x10%2 0.101
0.800 1.83x10%? 0.546 5.21x10%? 0.192
Ty yz—Trypd_xy 0.278 1.085 0.067 3.49x10° 286000 4.37x10% 2.29
0.956 1.21x107 82600 8.36x10" 1.20
TeL1 yz—Trurd xz 0.003 0.996 0.036 1.16x10° 860 4.08x10% 0.0245
0.898 3.20x10° 312 5.10x10% 0.0196
TeLiyz—Trypa vz | -0.146 0.941 0.057 7.57x10% 13.2 6.41x10%° 0.0156
0.849 1.92x101 5.21 7.71x10% 0.0130
RuPtCl, RuPdCl,
.
. 3806(
T R
»Tau ~/Q\‘ T ‘ eriritransfer T : ;\
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Figure 7. Schematic representation of the theoretically deduced photochemical mechanisms in RuPtCl, (left) and

RuPdCl; (right).
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4. Conclusion

The TD-DFT method was used to calculate the energies, orbital characters and excited state
geometries of the Sz, TeL1, Tcs and Tet states of RuPtCly, whereas the semi-classical Marcus theory
was employed to determine the ET rates. The obtained results for RuPtCl, were compared with a
previous study! on RuPdCl, in order to assess the impact of the catalytic center on the
photochemistry. The simulation of the absorption spectrum shows that the MLCT band of both
RuPtCl, and RuPdCl, compounds is nearly identical and that an excitation in the longer wavelength
range leads predominantly to the population of the S; MLCT state. Then, TgL1 states are populated
by ISC in both photocatalysts (Figure 7).

Teur — Tcs transfers have been estimated and rate constants of about 107 s have been
obtained for RuPtCl,. The very small values of these rate constants imply that a direct TgL1 — Tcs
transfer is not possible in this system. In contrast, the rate constants of RuPdCl, (k =~ 107 s) are
about 10 times larger and describe a slow ET process with inverse rate constant of about 100 ns
(Figure 7). The difference in rate constants mainly originates from different values of the driving
force, which are associated to the higher energies (by about 0.8-0.9 eV) of the Tcs states in RuPtCl;
in comparison to RuPdCl,. Therefore, the population of the Tcs states in RuPtCl, should involve
higher energy states (as e.g. Ters or Tgeus), which could be populated via photoexcitation in the
shorter wavelength part of the absorption spectrum, followed by ISC and ET events.

The investigation of the TeL1 — Tpt transfers reveals that these processes are associated to
rate constants having a broad range of values, i.e. k = 107-10'2 51, This behavior is due to the
energetic proximity of the various TgL1 and Tpe States, which leads to both exergonic and endergonic
reactions. On the contrary, the Tsi1 — Tea transfers are significantly faster in RuPdCl, (k ~ 10'%-
10'* s1) and correspond exclusively to exergonic reactions. The population of the Tet or Tpg States
from the TgL1 States acts as a charge recombination process, by re-reducing the ruthenium, and as an
energy transfer process toward the catalytic center. As was mentioned? in the case of RuPdCls, the

further role of the Tr/Trq States can only be speculated. They might promote a relaxation process
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(by 1SC) back to the ground state (So) due to their low energies, or they might generate an alteration
of the catalytic center by e.g. causing CI" loss. In the case of RuPtCly, TeL1 «— Tpt back transfers are
also possible and have comparable rates than TeL1 — Tt transfers, which can lead to an equilibrium
between the TgL1 and Tpt States. Because it is established experimentally®® that RuPtCl. is stable
under catalytic conditions, while RuPdClI, undergoes an alteration of the catalytic center, it can be
proposed that the fast population of the Tpqy States and the absence of possible back transfers are
responsible for the CI- dissociation in RuPdClI; (Figure 7 and Ref'). However, the smaller TgL1 —
Tet rates and the possibility of an equilibrium between the Tgr1 and Tet States might prevent such a
ClI" dissociation, which is expected to provide one element explaining the stability of RuPtCl..
Moreover, these effects induce an increased lifetime of the TgL1 States in comparison to RuPdCl..
Such increase might provide e.g. sufficient time for a re-reduction of the ruthenium by the
sacrificial electron donor under catalytic conditions. Finally, it is worth mentioning that the high
energy of the Tcs states in RuPtClz, which is expected to hinder the formation of the charge-
separated state, is in general agreement with its small catalytic turnover number for hydrogen
generation (TON = 7)8 whereas larger TON values were reported®® for RuPdCl, (TON = 238) as
well as for RuPtl, (TON = 276).

In order to further improve our understanding of the photocatalytic mechanisms in these
systems, future studies should address the contribution of higher excited states as well as the second

electron transfer processes by considering reduced photocatalysts.
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