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Abstract 

Time dependent density functional theory calculations are applied on a series of molecular 

photocatalysts of the type [(tbbpy)2M1(tpphz)M2X2]
2+

 (M1=Ru, Os ; M2=Pd, Pt ; X=Cl, I) in order

to provide information concerning the photochemistry occurring upon excitation of the compounds 

in the visible region. To this aim, the energies, oscillator strengths and orbital characters of the 

singlet and triplet excited states are investigated. The structural modifications of the complexes 

have a strong impact on the excited states properties. In particular, it is found that the main 

differences concern the energies of the charge-separated and metal-centered states. The analysis of 

these differences provides general trends for the efficiency of population transfers between the 

states, particularly regarding the charge separation and electron recombination processes. 
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1. Introduction 

 The development of devices and materials for the conversion of solar energy into energy-

rich chemicals (i.e. solar fuel) is a highly active field of research in chemistry and physics. In 

particular, extensive efforts are conducted to develop photocatalytic systems for the splitting of 

water into molecular hydrogen and oxygen. In this context, several hydrogen-evolving molecular 

photocatalysts were reported in the last decades
1,2,3,4,5,6,7,8,9

. These systems typically consist of a 

photosensitizer, a bridging ligand (BL) and a catalytic center, where the molecular hydrogen is 

formed. The design and improvement of these so-called three-component systems requires a precise 

understanding of the interplay between the light absorption, the electron transfer processes and the 

catalytic turnover. To this aim, theoretical methods provide a means to investigate the molecular 

properties governing the photochemistry of these compounds (see e.g.
10,11,12

). 

 This work focuses on the excited state properties of a series of molecular photocatalysts 

[(tbbpy)2M1(tpphz)M2X2]
2+

 (tbbpy=4,4’-di-tert-butyl-2,2’-bipyridine, tpphz=tetrapyrido[3,2-

a:2’,3’-c:3””-h:2”’,3”’-j]phenazine) (Figure 1), which will be denoted as M1M2X2, as well as of 

their precursors [(tbbpy)2M1(tpphz)]
2+

, denoted M1. These systems were introduced by the group 

of Sven Rau
1,7,8,13

 and have been the subject of several experimental and computational 

studies
14,15,16,17,18,19

 to understand their photophysical properties and photocatalytic activity. In 

particular, the resonance Raman spectrum, the triplet excited states properties and the electron 

transfer processes were investigated theoretically
16,18,11

 for RuPdCl2, whereas only the absorption 

spectra were calculated
7,8,17

 for RuPtCl2 and RuPtI2. To realize light-driven hydrogen production, 

the catalytic center (M2X2) must undergo double reduction. For this class of molecular 

photocatalysts, the commonly accepted mechanism for the first photo-induced electron transfer 

from the photosensitizer toward the catalytic center involves the following steps: (i) photoexcitation 

in the first absorption band leads to the population of metal-to-ligand charge-transfer (MLCT) states 

localized on the tpphz and bpy ligands, (ii) ultrafast intersystem crossing (ISC) and excited state 

relaxation processes leading to the population of triplet MLCT state(s) localized on the tpphz 
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bridging ligand, and (iii) electron transfer to the catalytic center leading to the reduction of M2 and 

thus, to the formation of a charge-separated (CS) species. Information concerning step (i) can be 

obtained from the singlet excited states properties, whereas the steps (ii) and (iii) are determined by 

the triplet excited states. In particular, step (ii) depends on the triplet states initially populated 

through ISC from the singlet states, and step (iii) involves population transfers between different 

triplet states. Therefore, the goals of this study are (i) to identify the energetic positions and 

electronic characters of the excited states involved in the photochemistry, (ii) to investigate the 

correlation between the introduced structural modifications of the photocatalysts and the excited 

states properties, and (iii) to establish preliminary trends concerning the efficiency of population 

transfers between the states, particularly regarding the charge separation and electron recombination 

processes. 

 The paper is organized as follows: section 2 presents the quantum chemistry methods. 

Section 3.1 reports the absorption spectra and singlet excited states properties. Section 3.2 describes 

and discussed the emission wavelengths and triplet excited states properties. Finally, Section 4 

provides a conclusion. 

 

 
Figure 1. Structure and employed nomenclature of the investigated systems. 
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2. Computational methods 

 All quantum chemical calculations were performed with the Gaussian 09 program
20

, which 

provided the structural and electronic properties of the different complexes. To reduce the 

computational cost of the calculations without affecting the properties, the structures of the 

complexes were simplified by replacing the tert-butyl groups by methyl groups (Figure 1). The 

equilibrium geometries of the singlet ground state (S0) and of the MLCT triplet state TBL1_YZ were 

obtained by means of density functional theory (DFT) using the B3LYP exchange-correlation (XC) 

functional
21,22

. Harmonic vibrational frequencies were computed to confirm that the optimized 

structures correspond to minima on the potential energy surface. The relativistic effective core 

potentials MWB
23

 were used with their basis sets for the ruthenium, palladium, iodine, osmium and 

platinum atoms. These effective core potentials describe the 28, 28, 46, 60 and 60 core electrons of 

Ru, Pd, I, Os and Pt, respectively. The 6-31G(d) basis set
24

 was employed for the main group 

elements. The vertical excitation energies, oscillator strengths and electronic characters of the 200 

lowest singlet and 200 lowest triplet excited states were calculated with time dependent DFT 

(TDDFT). These calculations were performed at the S0 and TBL1_YZ geometries using the same XC 

functional, basis sets and core potentials. This computational protocol was already successfully 

applied to simulate the UV-vis absorption and resonance Raman spectra, the spectro-

electrochemistry properties and the electron transfer dynamics in structurally related transition 

metal complexes
16,17,18,10,11

. In particular, it has shown to provide a balanced description of the 

ground and excited states properties for electronic states of different nature, i.e., MLCT, intra-ligand 

charge transfer, intra-ligand, ligand-to-ligand charge transfer, ligand-to-metal charge transfer and 

metal-centered states. The effects of the interaction with a solvent (acetonitrile, ε = 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
25

 (IEFPCM). The nonequilibrium 

procedure of solvation was used for the calculation of the vertical singlet-singlet and singlet-triplet 
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excitation energies at the S0 and TBL1_YZ geometries, which is well-adapted for processes where 

only the fast reorganization of the electronic distribution of the solvent is important. 

 

3. Results 

3.1. Absorption spectra and singlet excited states 

 The simulated absorption spectra of the six investigated systems, including the transitions to 

the 200 lowest singlet excited states, are reported on Figure 2. The absorption spectrum of each 

compound presents a similar shape and is composed of a MLCT band covering the visible region 

(i.e. from 600 to 400 nm) and involving excitations from the ruthenium or osmium centers. 

Additionally, intense bands are obtained in the UV domain and are associated with excited states of 

different characters, i.e. intra-ligand (IL) states, ligand-to-ligand charge transfer states and MLCT 

states involving the catalytic centers, namely Pd or Pt. In the photocatalytic process
1,7,8

, the initial 

photoexcitation occurs in the visible range, which leads to the population of MLCT states. The 

calculations show that the MLCT band consists mainly of a superposition of six to eight MLCT 

states having non-negligible oscillator strengths (see Figure 2 and the Tables S1-S6). In the longer 

wavelength range, each system displays a low-lying MLCT state toward the bridging ligand (Stpphz) 

that involves a transition from the dXZ(M1) orbital to the π*BL1 orbital (Figure 3). This state features 

an oscillator strength of about 0.12 in Ru and Os, whereas its intensity is decreased by a factor of 

two (f of about 0.06) in the other systems (Table 1). Additionally, the excitation energy of Stpphz is 

shifted to lower energies (by about 0.2 eV) going from the precursors Ru and Os to the molecular 

photocatalysts RuM2X2 and OsPtI2, respectively. Therefore, the observed decrease of the oscillator 

strength from the precursors to the photocatalysts can be partially attributed to the energetic 

stabilization of the low-lying MLCT state, Stpphz. This shows that coordination of the catalytic 

center (M2X2) influences the tpphz MLCT states properties. The shorter wavelength range of the 

MLCT band is dominated by transitions to the bpy ligands. In particular, each system presents an 

intense bpy MLCT state (Sbpy) having an oscillator strength comprised between 0.14 and 0.16 
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(Table 1). The Sbpy state involves transitions from the orbitals dXZ(M1) and dXY(M1) to the orbitals 

π*bpy2 and π*bpy1, respectively (Figures 2-3 and Table 1). Its transition wavelength is located close 

to 420 nm is all Ru-based systems, whereas it is red-shifted to about 445 nm in the two Os-based 

compounds. Hence, the coordination of the catalytic center has a negligible effect on the bpy MLCT 

excitation energies, whereas the replacement of ruthenium by osmium leads to a decrease of about 

0.2 eV of the excitation energies for both Stpphz and Sbpy states (Table 1). The other excited states 

(see Tables S1-S6) contributing to the MLCT band involve transitions to the π*BL2 and π*BL4 

orbitals as well as to the bpy ligands (i.e. π*bpy1 and π*bpy2 orbitals). These states are mainly located 

in-between the Stpphz and Sbpy states and often present a strong mixing of transitions toward the 

tpphz and bpy ligands. 

 

 
Figure 2. Simulated absorption spectra and oscillator strengths (f). A Lorentzian function with a full width at half 

maximum (FWHM) of 4000 cm
-1

 is employed to broaden the transitions. 
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Table 1. Vertical excitation energies (VEE), wavelengths (λ), oscillator strengths (f) and singly-excited 

configurations of the Stpphz and Sbpy singlet excited states calculated at the S0 geometry. 
State Transition Weight (%)

a 
VEE (eV) λ (nm) f 

Ru 

Stpphz dXZ(Ru) → π*BL1 

dXZ(Ru) → π*BL4 

82 

11 

2.68 463 0.126 

Sbpy dXY(Ru) → π*bpy1 

dXZ(Ru) → π*bpy2 

47 

40 

2.95 421 0.158 

RuPdCl2 

Stpphz dXZ(Ru) → π*BL1 96 2.45 506 0.058 

Sbpy dXZ(Ru) → π*bpy2 

dXY(Ru) → π*bpy1 

52 

44 

2.97 418 0.142 

RuPtCl2 

Stpphz dXZ(Ru) → π*BL1 95 2.44 507 0.058 

Sbpy dXZ(Ru) → π*bpy2 

dXY(Ru) → π*bpy1 

51 

44 

2.97 417 0.144 

RuPtI2 

Stpphz dXZ(Ru) → π*BL1 95 2.44 508 0.065 

Sbpy dXZ(Ru) → π*bpy2 

dXY(Ru) → π*bpy1 

53 

42 

2.97 418 0.144 

OsPtI2 

Stpphz dXZ(Os) → π*BL1 93 2.23 555 0.061 

Sbpy dXZ(Os) → π*bpy2 

dXY(Os) → π*bpy1 

60 

34 

2.79 443 0.157 

Os 

Stpphz dXZ(Os) → π*BL1 

dXZ(Os) → π*BL4 

80 

14 

2.46 503 0.124 

Sbpy dXZ(Os) → π*bpy2 

dXY(Os) → π*bpy1 

49 

41 

2.78 446 0.163 

a
 Weights larger than 10%. 

 

 
Figure 3. Frontier orbitals (RuPdCl2 at the S0 geometry) and employed nomenclature. 
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 The comparison between the theoretical and experimental absorption maxima of the MLCT 

band is reported in Table 2. Overall, the calculations overestimate the MLCT excitation energies of 

the Ru-based complexes by about 0.2 eV, which is a typical accuracy for TDDFT computations of 

MLCT singlet excited states
26,27,28,29

. The calculated absorption maxima of the Ru-based 

compounds have comparable values, which are comprised between 413 and 422 nm. This result is 

in agreement with the experimental data, which shows nearby values comprised between 445 and 

448 nm. The similarity of the λAbs values for the different Ru-based complexes can be explained by 

the fact that the MLCT band maxima are mainly determined by the positions of the bpy MLCT 

states, which remain unaltered by the attachment or replacement of the catalytic center (Table 1). 

The calculated absorption maxima of the Os-based compounds are red-shifted by about 0.2 eV with 

respect to the Ru-based compounds. The experimental MLCT absorption band
13

 of the Os 

complexes is broader than for the Ru complexes. In particular, it displays two maxima at 430 and 

485 nm for OsPtI2 and at 435 and 497 nm for Os. Thus, the calculated values of 444 and 441 nm 

for OsPtI2 and Os, respectively, are in-between the experimental maxima. It should be mentioned 

that the origin of the broader structure for the MLCT absorption band of the Os-based compounds is 

likely to involve spin-orbit coupling effects, in particular, in the longer wavelength region
13

. These 

effects are not taken into account in the present calculations. 

 

Table 2. Absorption maxima (λAbs, EAbs) and vertical emission wavelengths (λEm) of the different systems. 

System 
λAbs (nm) [EAbs (eV)] λEm (nm) 

Cal. Exp.
a 

Cal. Exp.
a 

Ru 

RuPdCl2 

RuPtCl2 

RuPtI2 

OsPtI2 

 

Os 

413 [3.00] 

417 [2.97] 

417 [2.97] 

422 [2.94] 

444 [2.79] 

 

441 [2.81] 

445
b
 [2.79] 

445
b
 [2.79] 

448
c
 [2.77] 

445
d,e

 [2.79] 

430
e
 [2.88] 

485
e
 [2.56] 

435
f
 [2.85] 

497
f
 [2.49] 

646 

637 

638 

640 

741 

 

739 

638
b
 

650
b
 (very weak) 

- 

- 

- 

 

740
f
 

a
 Measured in acetonitrile. 

b
 From reference

1
. 

c
 From reference

7
. 

d
 From reference

8
. 

e
 From reference

30
. 

f
 From 

reference
13

. 
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3.2. Description of the triplet excited states 

 The geometry of the lowest triplet state of the precursors (Ru and Os) was optimized with 

DFT. This state corresponds to a MLCT excitation toward the bridging ligand and mainly involves 

a transition between the HOMO orbital dYZ(M1) and the LUMO orbital π*BL1 (Figure 3). In the 

following this state is called TBL1_YZ. Then, the vertical emission wavelengths were calculated with 

TDDFT assuming that the emission occurs from the TBL1_YZ state. The obtained values of 646 and 

739 nm are in excellent agreement with the experimental values of 638 and 740 nm for Ru and Os, 

respectively (Table 2). These results show that replacing the Ru atom by an Os atom stabilizes the 

MLCT triplet state TBL1_YZ by about 0.25 eV. Additionally, the geometry of the TBL1_YZ state and its 

associated emission wavelength were also calculated for the molecular photocatalysts (Table 2). 

However, the emission of these systems is quenched in experiment, only a very weak emission at 

650 nm was reported
1
 for RuPdCl2. This latter value is in agreement with the calculated result at 

637 nm (i.e. deviation of 0.04 eV). The absence or decrease of emission in the molecular 

photocatalysts is likely ascribed to the competition between radiative and non-radiative excited state 

relaxation channels, which become accessible upon introduction of the catalytic center. In 

particular, for RuPdCl2 and structurally related systems
11,31

, hole transfer processes, i.e. population 

transfers from TBL1_YZ to low-lying M2-centered states, were found to be prominent relaxation 

channels. 

 In the next step the singlet-triplet transitions were calculated with TDDFT both at the S0 and 

TBL1_YZ geometries (see Figures 4-5 and Tables S7-S12). The lowest triplet states expected to play a 

role in the photochemistry were labeled following their singly-excited orbital configurations. The 

employed nomenclature includes: (i) twelve MLCT states involving transitions from the orbitals 

dXZ(M1), dXY(M1) and dYZ(M1) to the bridging ligand orbitals π*BL1, π*BL2, π*BL3 and π*BL4 (i.e. 

TBL1_XZ, TBL1_XY, TBL1_YZ, TBL2_XZ, TBL2_XY, TBL2_YZ, TBL3_XZ, TBL3_XY, TBL3_YZ, TBL4_XZ, TBL4_XY 

and TBL4_YZ), (ii) six MLCT states involving transitions from the orbitals dXZ(M1), dXY(M1) and 

dYZ(M1) to the bpy ligands orbitals π*bpy1 and π*bpy2 (i.e. Tbpy1_XZ, Tbpy1_XY, Tbpy1_YZ, Tbpy2_XZ, 
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Tbpy2_XY and Tbpy2_YZ), (iii) four M2-centered states involving transitions from the orbitals dXY(M2), 

dZ
2
(M2), dXZ(M2) and dYZ(M2) to the orbital d*X

2
-Y

2
(M2) (i.e. TM2_XY, TM2_Z

2
, TM2_XZ and TM2_YZ), 

(iv) three charge-separated states involving transitions from the orbitals dXZ(M1), dXY(M1) and 

dYZ(M1) to the orbital d*X
2

-Y
2
(M2) (i.e. TCS_XZ, TCS_XY and TCS_YZ), and (v) six M1-centered states 

involving transitions from the orbitals dXZ(M1), dXY(M1) and dYZ(M1) to the orbitals d*X
2

-Y
2
(M1) 

and d*Z
2
(M1) (i.e. TM1_XZ_X

2
Y

2
, TM1_XZ_Z

2
, TM1_XY_X

2
Y

2
, TM1_XY_Z

2
, TM1_YZ_X

2
Y

2
 and TM1_YZ_Z

2
). 

Additionally, IL states localized on the bridging ligand and MLCT states involving the M2 atom are 

present among the previously considered triplet excited states (see Tables S7-S12). In order to 

describe their general behavior, two such states were included in the analysis, namely, (i) an IL state 

involving a transition from the symmetric lone pair of the phenazine nitrogen atoms (nBL) to the 

orbital π*BL1 (i.e. TIL) and (ii) a MLCT state involving mainly a transition from the orbital dXZ(M2) 

to the orbital π*BL1 (i.e. TMLCT). 

 Figure 4 displays the excited state energies of the six complexes calculated at the ground 

state geometry (S0). The positions of the Stpphz and Sbpy states indicate the energy range of the initial 

photoabsorption. The evolution of these states between the compounds was already described in 

section 3.1.. For clarity only the energies of the MLCT (TBL1, TBL2, TBL3, TBL4 and Tbpy1) and 

charge-separated (TCS) states originating from the dYZ(M1) orbital are reported. Additionally, only 

the energies of the two metal-centered states TM2_YZ and TM1_YZ_X
2

Y
2
 are given on Figure 4. This 

choice is justified by the fact that the other MLCT, CS and metal-centered states display a very 

similar energetic behavior (see Figures S1-S2 and Tables S7-S12). 

 For these systems, it is well-established
14,15,7,8,11

 that after photoexcitation to the singlet 

excited states, an ultrafast population transfer to the triplet manifold occurs by ISC. This transfer 

most likely populates the different TBL and Tbpy states, because these states have similar energies 

and orbital characters as the populated singlet states. In particular, an excitation in Stpphz is expected 

to populate predominantly the TBL1 states
11,18

, whereas excitation in Sbpy could in principle lead to 

the population of the Tbpy states and in a further step to the population of all the TBL states (with the 
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exception of TBL3 states in Ru and Os, which are much higher in energy). In this way, the Tbpy 

states lying in-between the TBL states might play the role of electron reservoirs as was recently 

shown in the photochemistry of related compounds
9,32,33

. In addition to the S0 geometry, the triplet 

excited state energies were also calculated at the TBL1_YZ geometry (Figure 5). The TBL1_YZ state 

provides the geometry of a typical TBL state that is likely populated through ISC from the singlet 

states. It is directly seen by comparison of the Figures 4 and 5 that the relative energy evolution of 

the triplet states is very similar at the S0 and TBL1_YZ geometries (see also Figures S1-S3 for the 

other states). At the S0 geometry, the lowest triplet state of Ru and Os is dominated by a transition 

to the orbital π*BL4, whereas the lowest MLCT state is TBL1_YZ for the other geometry and systems. 

Moreover, the TBL states are mainly stabilized when going from the precursors to the molecular 

photocatalysts. In particular, the TBL3 state, which is localized close to the catalytic center, presents 

the largest stabilization. These observations show that the catalytic center influences significantly 

the bridging ligand MLCT triplet states. These changes are expected to facilitate the electron 

transfer steps toward the catalytic center. Nevertheless, the results for the Ru-based compounds 

show that changing the type of catalytic centers does not impact the TBL states energies. As could be 

anticipated, the energies of the Tbpy states remain nearly unaffected by the catalytic center. 

However, similarly to the singlet states (section 3.1) all the triplet MLCT states are stabilized going 

from the Ru-based compounds to the Os-based compounds. 

 
Figure 4. Excited states energy diagram calculated at the S0 geometry. 
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Figure 5. Excited states energy diagram calculated at the TBL1_YZ geometry. The energies are given with respect to the 

energy of the S0 state at the S0 geometry. 

 

 Assuming that a TBL state is populated, which describes a hole at M1 and a reduced tpphz 

ligand, the accessibility of different pathways is discussed based on the relative energies of the 

states. The completion of a first electron transfer to the catalytic center requires the population of 

the TCS states. As can be seen from the Figures 4 and 5, the energies of such state strongly depend 

on the catalytic center. The most stable TCS states are obtained for RuPdCl2, whereas the 

replacement of the palladium by platinum (RuPtCl2) produces the TCS states with the highest 

energy. Then, the exchange of the chlorides by iodides (RuPtI2) generates TCS states with energies 

in-between those of RuPdCl2 and RuPtCl2. The relative energies of the TBL and TCS states in 

OsPtI2 is very similar to RuPtI2, the main difference corresponds to a global stabilization of all the 

states in OsPtI2 with respect to RuPtI2. These differences are consequently expected to affect the 

accessibility of the TCS states from the TBL states. According to the calculated relative energies the 

electron transfer efficiency of the TBL→TCS process should decrease in the order RuPdCl2 > 

RuPtI2, OsPtI2 > RuPtCl2 and is most likely to occur from the TBL3 states. It can be mentioned that 

these results correlate qualitatively with the measured catalytic turnover numbers (TONs) for 

hydrogen generation. Indeed, maximum TON values of 238, of 276 and of less than 10 were 

reported
34,7,8

 for the Ru-based photocatalysts RuPdCl2, RuPtI2 and RuPtCl2, respectively. This 
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indicates that the low TON of RuPtCl2 might be due to its high-energy TCS states, whereas the 

stabilization of the TCS states in RuPdCl2 and RuPtI2 is associated with larger TONs. 

 The possibility of a charge recombination from a TBL state is now discussed. From an 

energetic point of view the most likely recombination processes correspond to TBL→TM2 transfers. 

Such a population transfer describes an electron recombination from the tpphz ligand toward M1 in 

conjunction with an energy transfer toward M2. In the case of RuPdCl2, the TBL1→TPd processes 

were recently investigated using the Marcus theory
11

. It was found that the TPd states are very 

efficiently populated with estimated time constants below 1 ps. It was also speculated that these 

states might be responsible for a non-radiative relaxation channel to the S0 ground state, which 

could provide an explanation for the quenching of emission in the molecular photocatalysts. Such 

quenching can be further rationalized by means of the population of CS states (TCS), which are 

localized below the TBL states upon equilibration (i.e. at the TCS geometry) in RuPdCl2 and in a 

structurally related ruthenium-cobalt photocatalyst
11,10

. Additionally, it was proposed that the 

population of TPd states can lead to the alteration of the catalytic center by inducing Cl
-
 dissociation. 

The relative stability of the TM2 states with respect to the TBL states in the different systems (Figures 

4 and 5) suggests that the efficiency of the TBL→TM2 transfers should decrease in the order 

RuPdCl2 > RuPtI2 > OsPtI2 > RuPtCl2. If the TM2 states are assumed to play a role in the 

degradation of the catalytic center, this results is in agreement with the experimental observations 

that the RuPdCl2 system undergoes an alteration of the catalytic center
7
, which results in the 

formation of metal colloids, whereas the other compounds based on a platinum catalytic center are 

stable during the catalysis
8
. The stability of the Pt-based catalytic centers could also originate from 

larger Pt-Cl and Pt-I bond strengths in comparison to the Pd-Cl bond. 

 Another possible recombination mechanism corresponds to TBL→TM1 transfers, which 

describe an electron recombination from the tpphz ligand toward M1. However, the TM1 states are 

higher in energy than the TBL states in all the molecular photocatalysts, which implies that such 

recombination processes should be less likely to occur than the TBL→TM2 transfers. It is also found 
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that the TM1 states are much higher in OsPtI2 (more than 1 eV above the TBL3 states) in comparison 

to the Ru-based compounds. This difference should lead to lower recombination via TOs states in 

OsPtI2. 

 Other triplet excited states are present in the vicinity of the TBL states. Figures 4 and 5 report 

the energies of an intra-ligand state TIL, which involves a transition from the orbital nBL to the 

orbital π*BL1 (Figure 3). The TBL→TIL transfers describe an electron recombination from tpphz 

toward M1, while the tpphz bridging ligand remains in an excited state. Due to the nearly identical 

energy of TIL in the different molecular photocatalysts and of its position located just above the TBL3 

states, a recombination via this state appears more likely in Ru-based compounds than in OsPtI2. 

Finally, the evolution of the MLCT state TMLCT is considered, which involves mainly a transition 

from the orbital dXZ(M2) to the orbital π*BL1 (see Tables S7-S12). The energy of the state is 

stabilized in the order RuPdCl2 > RuPtCl2 > RuPtI2 and OsPtI2 due to the replacement of the 

catalytic center. The TBL→TMLCT transfers can be described as the transfer of a hole from M1 

toward M2 and therefore involves an electron recombination on the M1 center. This state is in 

energetic proximity to the TBL states, indicating that it might lead to recombination processes, 

which should be more likely to occur in RuPtI2 and OsPtI2 due to the lower energy of TMLCT in 

these systems. 

 

4. Conclusion 

 The properties of the singlet and triplet excited states of a series of precursors and molecular 

photocatalysts were investigated by DFT and TDDFT calculations. The theoretical results show that 

the first absorption bands of the different systems consist mainly of a superposition of six to eight 

MLCT states with non-negligible oscillator strengths. The longer wavelength range of the 

absorption spectrum displays mostly MLCT transitions toward the tpphz bridging ligand, whereas 

the shorter wavelength range of the MLCT band is dominated by transitions toward the bpy ligands. 

The comparison with experimental data shows that the calculations reproduce the main features of 
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the absorption spectra and that the obtained emission wavelengths are in excellent agreement with 

the experimental values. This observation together with previous studies
10,11,18,35,36,37

 confirms the 

adequacy of the computational methods to investigate the excited states properties. 

 A comparison of the triplet excited states energies was performed in order to identify 

prominent relaxation channels accessible upon photoexcitation and to investigate their dependency 

with respect to the substitution pattern. In particular, it was found that the attachment of the 

catalytic centers, namely PdCl2, PtCl2 and PtI2 has a negligible effect on the MLCT excitations 

toward the bpy ligands, whereas it leads to the stabilization of the MLCT excitations toward the 

tpphz ligand. Additionally, the replacement of the Ru atom by an Os atom stabilizes all singlet and 

triplet MLCT states by about 0.2-0.3 eV. However, the principal differences between the molecular 

photocatalysts concern the changes in energies for the TCS, TM2 and TM1 states. Thus, assuming that 

a TBL state is populated, the following conclusions can be drawn regarding the electron transfer 

efficiencies, (i) the efficiency of the TBL→TCS process should decrease in the order RuPdCl2 > 

RuPtI2, OsPtI2 > RuPtCl2 and is most likely to occur from the TBL3 states, (ii) the most prominent 

recombination processes correspond to TBL→TM2 transfers and their efficiency is expected to 

decrease in the order RuPdCl2 > RuPtI2 > OsPtI2 > RuPtCl2, and (iii) the TBL→TM1 

recombination processes are less likely to occur than the TBL→TM2 transfers, and their efficiency 

should be strongly decreased in OsPtI2 in comparison to the Ru-based molecular photocatalysts. To 

confirm the obtained trends, further studies should focus on the optimization of the excited states 

geometries and in the simulation of rate constants for the competitive photo-induced electron 

transfer processes using for example the semi-classical Marcus theory
10,11

. Such investigations will 

provide valuable information to elucidate the mechanism associated to the catalytic activity and 

finally to the formation of molecular hydrogen. 
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