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ABSTRACT. We recently reported an efficient molecular homogeneous photocatalytic system 

for hydrogen (H2) production in water combining [Rh
III

(dmbpy)2Cl2]
+
 (dmbpy = 

4,4’-dimethyl-2,2’-bipyridine) as H2 evolving catalyst, [Ru
II
(bpy)3]

2+
 (bpy = 2,2’-bipyridine) as 

photosensitizer and ascorbic acid as sacrificial electron donor (Chem. Eur. J. 2013, 19, 781). 

Herein, the possible rhodium intermediates and mechanistic pathways for H2 production with 

this system were investigated at DFT/B3LYP level of theory and the most probable reaction 

pathways were proposed. The calculations confirmed that the initial step of the mechanism is 

a reductive quenching of the excited state of the Ru photosensitizer by ascorbate, affording 

the reduced [Ru
II
(bpy)2(bpy

•-
)]

+
 form which is capable, in turn, to reduce the Rh

III
 catalyst into 

the distorted square planar [Rh
I
(dmbpy)2]

+
 species. This two-electron reduction by 

[Ru
II
(bpy)2(bpy

•-
)]

+ 
is sequential and occurs according to an ECEC mechanism which 

involves the release of one chloride after each one-electron reduction step of the Rh catalyst. 

The mechanism of disproportionation of the intermediate Rh
II
 species, much less 
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 2

thermodynamically favoured, cannot be barely ruled out since it could be also favoured from 

a kinetic point of view. The Rh
I
 catalyst reacts with H3O

+
 to generate the hexa-coordinated 

hydride [Rh
III

(H)(dmbpy)2(X)]
n+

 (X = Cl
-
 or H2O), as key intermediate for H2 release. The 

DFT study also revealed that the real source of proton for the hydride formation as well as the 

subsequent step of H2 evolution is H3O
+
 rather than ascorbic acid, even if the latter does 

govern the pH of the aqueous solution. Besides, the calculations have shown that H2 is 

preferentially released through an heterolytic mechanism by reaction of the Rh
III

(H) hydride 

and H3O
+
; the homolytic pathway, involving the reaction of two Rh

III
(H) hydrides, being 

clearly less favoured. In parallel to this mechanism, the reduction of the Rh
III

(H) hydride into 

the penta-coordinated species [Rh
II
(H)(dmbpy)2]

+
 by [Ru

II
(bpy)2(bpy

•-
)]

+
 is also possible, 

according to the potentials of the respective species determined experimentally and this is 

confirmed by the calculations. From this Rh
II
(H) species, the heterolytic and homolytic 

pathways are both thermodynamically favourable to produce H2 confirming that Rh
II
(H) is as 

reactive as Rh
III

(H) towards the production of H2. 
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INTRODUCTION. Conversion of solar energy into electricity, thermal energy or chemical 

fuels has drawn much attention due to needs for clean and renewable energy source that 

would be an alternative to fossil fuels.
1
 In this context, efficient photocatalytic production of 

dihydrogen (H2) under visible-light irradiation, which is believed to be a convenient clean 

energy carrier for the future, is an important goal.
2-5

 Most of molecular homogeneous 

photocatalytic systems dedicated to photo-induced H2 production combine a photosensitizer 

which collects solar energy, a H2-evolving catalyst and a sacrificial electron donor. Numerous 

photocatalytic systems in literature exhibit high activity in organic media or in mixtures of 

aqueous/organic solvents.
6-21

 Those operating efficiently in fully aqueous solution were rare 

and limited to noble-metal based catalysts (rhodium and platinum)
22-27

 until 2012, when 

several examples with cobalt,
28-41

 iron
42-45

 and nickel-based
46

 catalysts were reported. 

Developing H2-evolving photocatalytic systems functioning in pure water is essential for their 

subsequent applications in photo-electrochemical water-splitting devices.
28,47,48

 Recently, we 

reported one of the most efficient photocatalytic system operating in purely aqueous solution 

which involves [Rh
III

(dmbpy)2(Cl)2]
+
 (dmbpy = 4,4’-dimethyl-2,2’-bipyridine) as H2-evolving 

catalyst, [Ru
II
(bpy)3]

2+
 (bpy = 2,2’-bipyridine) as photosensitizer, and the sodium ascorbate 

(HA
-
)/ascorbic acid (H2A) couple as sacrificial electron donor and protons source, 

respectively.
25

 Under optimal conditions, at pH 4.0 with a H2A (0.55 M)/HA
-
 (0.55 M) buffer, 

this system gave up to 1010 turnovers per catalyst molecule, with an initial turnover 

frequency as high as 857 h
-1

. The performances, in terms of stability and efficiency, were 

further improved by chemically connecting the Rh catalyst and the Ru photosensitizer by a 

covalent link.
49

 In both connected and unconnected systems, we have evidenced via transient 

absorption spectroscopy measurements that the initial step of the photocatalytic H2 production 

is a reductive quenching of the excited state of the Ru photosensitizer by ascorbate, affording 

the [Ru
II
(bpy)2(bpy

•-
)]

+
 reduced state which is then able to reduce the Rh

III
 catalyst into 

[Rh
I
(dmbpy)2]

+
. This Rh

I 
species can further react with protons to form a Rh

III
 hydride species 

(denoted Rh
III

(H)), the key intermediate for H2 evolution.
50

 Then H2 can evolve following 

different pathways: (i) Rh
III

(H) species reacts with a proton to form H2 and the initial Rh
III

 

catalyst (heterolytic route), (ii) two Rh
III

(H) species react together to generate H2 and two Rh
II
 

complexes (homolytic route) and (iii) a further reduction of Rh
III

(H) species into Rh
II
(H), 

which can then react via similar heterolytic and homolytic routes generating the Rh
II
 and Rh

I
 

species, respectively, and H2. Even if the first photoinduced steps of the catalytic cycle which 

correspond to the generation of Rh
I
 and then Rh

III
(H) were experimentally established,

50
 the 
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most probable reaction pathways following the formation of Rh
III

(H) that should govern the 

H2 production have not yet been evidenced. More specifically, the most favourable oxidation 

state of the hydride species responsible of H2 release, Rh
III

(H) or Rh
II
(H), and the heterolytic 

or homolytic pathways involved in catalysis, have not been clearly identified. Many other 

questions are still opened, such as the nature of the coordination sphere of the various Rh 

intermediates as well as the real source of proton (i.e. ascorbic acid or H3O
+
) involved in H2 

production. 

Some recent studies used successfully density functional theory (DFT) to provide mechanistic 

insights relative to the pathways for photoinduced hydrogen evolution catalyzed by either 

cobaloximes,
51-57

 or a cobalt polypyridyl complex,
29

 or diiron hydrogenase models
58,59

, or a 

platinum bipyridyl complex.
60

 These previous works prompt us to apply this approach to our 

[Rh
III

(dmbpy)2Cl2]
+
/[Ru

II
(bpy)3]

2+
/H2A/HA

-
 photocatalytic system described above. We thus 

report herein a theoretical investigation of the mechanism of H2 evolution with this system. 

For this purpose, we have analysed by DFT calculation the structural and optical properties of 

some of the initial complexes and of the key intermediate species. We also calculated the 

relative stabilities of the various intermediates responsible of the H2 evolution, including 

Rh
III

(H) and Rh
II
(H) hydrides. From a thermodynamic point of view, we were able to propose 

the most favourable mechanistic pathways for H2 evolution. 

COMPUTATIONAL METHODS. The structures of the ruthenium and of the various 

rhodium complexes involved as possible intermediates in the photocatalytic system, 

[Rh
III

(dmbpy)2(X)2]
n+

, [Rh
III

(H)(dmbpy)2(X)]
n+ 

[Rh
III

(H)(dmbpy)2]
2+

, [Rh
II
(dmbpy)2(X)2]

n+
 

[Rh
II
(dmbpy)2(X)]

n+
, [Rh

II
(H)(dmbpy)2(X)]

n+
, [Rh

II
(H)(dmbpy)2]

+
, [Rh

I
(dmbpy)2]

+
 and 

[Rh
I
(dmbpy)2(dmbpy

•-
)]

0
 (X = Cl

-
, H2O, HA

-
) have been optimized by means of density 

functional theory (DFT) with the B3LYP functional in the electronic ground state in water.
61-63

 

LanL2DZ (Los Alamos ECP plus DZ) basis sets have been used for ruthenium and rhodium 

atoms
64,65

 and 6-31G(d,p) basis sets
66,67

 for the others. Solvent corrections has been 

considered with the Polarizable Continuum Model (PCM) using the integral equation 

formalism variant (IEFPCM) for water (ε = 78.3553).
68

 Vibrational analysis has been 

performed for all the optimized structures to confirm true energy minima and transition states. 

Intrinsic reaction coordinate (IRC) calculations have been carried out for each transition state 

to verify whether the structure connect the expected minima. A schematic picture of the 

thermodynamics of the reaction pathways has been obtained by free energies differences. In 

the present calculation, only the translational, rotational, and vibrational contributions have 
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 5

been included. The solvation free energy was not considered. In order to check the effect of 

addition of water molecules on the system, the driving force of some reactions (entries 8, 9, 

17, 18, 31 in Table 1), where H2O participates, have been also recalculated. The comparison 

of the absolute ∆G° values of the two cases, in which the water molecule as reactant or 

product is located or not near the rhodium complex (see Table S12), show that ∆G° changes 

when H2O molecules are added to the system, but the thermodynamics (exergonic or 

endergonic features) of each reaction is conserved and the interpretation of these driving 

forces is unchanged. Thus only the case, where no further H2O molecule was added to the 

system, was discussed in details in this theoretical study. 

The theoretical absorption spectra of [Ru
II
(bpy)3]

2+
, [Rh

III
(dmbpy)2(Cl)2]

+
, 

[Rh
III

(dmbpy)2(H2O)2]
3+

, [Rh
II
(dmbpy)2(Cl)]

+
, [Rh

II
(dmbpy)2(H2O)]

2+
, [Rh

I
(dmbpy)2]

+
, 

[Rh
III

(H)(dmbpy)2(Cl)]
+
 and [Rh

III
(H)(dmbpy)2(H2O)]

2+
 have been calculated by means of 

time-dependent DFT (TD-DFT)
69,70 

using Stuttgart relativistic small-core effective core 

potential (Stuttgart RSC 1997 ECP) with the corresponding double-ζ valence basis sets on the 

metal atoms
71

 and Dunning double-ζ polarized (DZP) basis sets
72 

for the others including 

solvent corrections (water). The calculations have been performed with Gaussian 09 quantum 

chemistry software.
73

 

 

RESULTS AND DISCUSSION 

Benchmarking of structural and optical properties. In order to validate the theoretical 

approach for the study of the mechanism of H2 production, the optimized structures and the 

calculated absorption spectra of the ruthenium and rhodium complexes involved in H2 

evolution are commented and compared to the experimental data when available in the 

literature (see the supporting information for more details, Figures S1-S6 and Tables S1-S11). 

Among all the calculated structures, the [Rh
III

(dmbpy)2(Cl)2]
+
 and [Rh

I
(dmbpy)2]

+
 complexes 

exhibit respectively an octahedral and distorted square-planar geometry and their optimized 

structure matches well with the crystallographic structure reported in literature for their 

analogues [Rh
III

(bpy)2(Cl)2]
+
 and [Rh

I
(bpy)2]

+
.
74,75

 The theoretical study also permits to define 

the coordination sphere of the active species for H2 evolution, the Rh
III

(H) and Rh
II
(H) 

hydrides. Rh
III

(H) is a hexa-coordinated complex adopting preferentially an octahedral 

geometry (i.e. [Rh
III

(H)(dmbpy)2(X)]
n+

, X = H2O or Cl
-
, n = 2 or 1), while Rh

II
(H) is stable in 

a penta-coordinated structure with a distorted square-pyramidal geometry (i.e. 

[Rh
II
(H)(dmbpy)2]

+
). Although Rh

III
(H) has been isolated and characterized by spectroscopy 

Page 5 of 26 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 6

techniques, no structural data is available for this complex. Concerning Rh
II
(H), this species is 

too unstable to be observed experimentally. The UV-visible absorption spectra of all the Rh 

complexes were also calculated and the agreement with the experimental data was rather good 

(see the supporting information for more details). 

Photocatalytic hydrogen production. The different possible pathways involved in H2 

evolution are shown in Figures 1-3 and their calculated free energies are listed in the Table 1. 

The redox reactions in the framework of Marcus theory. The Marcus theory
76,77

 correlates 

the kinetics of an electron transfer (k) to its driving force (∆G°) and to the global 

reorganization energy (λ) of the system in which the redox reaction occurs. It is well-known 

that, when ∆G°>-λ, the electron transfer lies in the normal region of Marcus and its kinetics 

increases when the absolute value of ∆G° increases. When ∆G°<-λ, the electron transfer is in 

the inverted region of Marcus and its kinetics behaves differently towards the driving force, it 

decreases when the absolute value of ∆G° increases. In order to determine in which region of 

Marcus the electron transfers are, we have calculated the reorganization energy of each 

electron transfer step occurring in the photocatalytic system 

[Rh
III

(dmbpy)2Cl2]
+
/[Ru

II
(bpy)3]

2+
/H2A/HA

-
 (Entries 1-5, 28-29 in Table 1). By using the 

classical definition of the λ value
77

 that can be expressed as sum of the inner and outer 

reorganization energies (see the supporting information for the calculation details, Table S13), 

the λ values have been estimated largely higher than 1.1 eV, which corresponds to 106.1 kJ 

mol
-1

. Consequently, considering that the driving forces of electron transfers occurring in this 

three component system are ranging from -2.8 to -101 kJ mol
-1

 (Entries 1-5, 28-29 in Table 1), 

their ∆G° should be superior to -λ and the kinetics of these processes must lie in the normal 

region of Marcus and should exhibit a normal behavior towards ∆G°. 

  

Page 6 of 26Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 7

Table 1. Free energies (kJ mol-1) of the different possible pathways involved in H2 production. 

Rh
I
 formation ∆G

°
 

1 
3
[Ru

III
(bpy)2(bpy

•-
)]
2+
 + HA

-
 → [Ru

II
(bpy)2(bpy

•-
)]
+
 + HA

•
 -79.0 

2 [Rh
III
(dmbpy)2(Cl)2]

+
 + [Ru

II
(bpy)2(bpy

•-
)]
+
 → [Rh

II
(dmbpy)2(Cl)2] + [Ru

II
(bpy)3]

2+
 -77.2 

3 [Rh
III
(dmbpy)2(Cl)2]

+
 + [Ru

II
(bpy)2(bpy

•-
)]
+
 → [Rh

II
(dmbpy)2(Cl)]

+ 
+ Cl

-
 + [Ru

II
(bpy)3]

2+
 -98.7 

4 [Rh
II
(dmbpy)2(Cl)]

+
 + [Ru

II
(bpy)2(bpy

•-
)]
+
 → [Rh

I
(dmbpy)2]

+
 + Cl

-
 + [Ru(bpy)3]

2+
 -101.4 

5 2[Rh
II
(dmbpy)2(Cl)]

+
 → [Rh

I
(dmbpy)2]

+
 + [Rh

III
(dmbpy)2(Cl)2]

+
 -2.8 

6 [Rh
I
(dmbpy)2]

+
 + [Ru

II
(bpy)2(bpy

•-
)]
+
 → [Rh

I
(dmbpy)(dmbpy

•-
)]
0
 + [Ru

II
(bpy)3]

2+
 +23.7 

Rh
III
(H) hydride formation  

7 [Rh
I
(dmbpy)2]

+
 + H3O

+
 → [Rh

III
(H)(dmbpy)2(H2O)]

2+
 -102.5 

8 [Rh
I
(dmbpy)2]

+
 + H3O

+
 → [Rh

III
(H)(dmbpy)2]

2+
 + H2O -95.2 

9 [Rh
III
(H)(dmbpy)2]

2+
 + H2O → [Rh

III
(H)(dmbpy)2(H2O)]

2+
 -7.3 

10 [Rh
III
(H)(dmbpy)2]

2+
 + Cl

-
 → [Rh

III
(H)(dmbpy)2(Cl)]

+
 -51.1 

11 [Rh
III
(H)(dmbpy)2(H2O)]

2+
 + Cl

-
 → [Rh

III
(H)(dmbpy)2(Cl)]

+
 + H2O -43.8 

12 [Rh
III
(H)(dmbpy)2(H2O)]

2+
 + HA

-
 → [Rh

III
(H)(dmbpy)2(HA)]

+
 + H2O -30.3 

13 [Rh
I
(dmbpy)2]

+
 + H2A → [Rh

III
(H)(dmbpy)2]

2+
 + HA

-
 +85.6 

14 [Rh
I
(dmbpy)2]

+
 + H2A → [Rh

III
(H)(dmbpy)2(HA)]

+
 +48.0 

Rh
III
(H) reactivity towards H2 evolution  

15 [Rh
III
(H)(dmbpy)2(Cl)]

+
 + H3O

+
 → [Rh

III
(dmbpy)2(Cl)(H2O)]

2+
 + H2 -85.9 

16 [Rh
III
(H)(dmbpy)2(H2O)]

2+
 + H3O

+
 → [Rh

III
(dmbpy)2(H2O)2]

3+
 + H2 -52.1 

17 [Rh
III
(H)(dmbpy)2(Cl)]

+
 + H3O

+
 → [Rh

III
(dmbpy)2(Cl)]

2+
 + H2O + H2 -50.9 

18 [Rh
III
(dmbpy)2(Cl)]

2+
 + H2O → [Rh

III
(dmbpy)2(Cl)(H2O)]

2+
 -35.0 

19 [Rh
III
(H)(dmbpy)2(H2O)]

2+
 + H3O

+
 → [Rh

III
(dmbpy)2(H2O)]

3+
 + H2O + H2 -11.5 

20 [Rh
III
(dmbpy)2(H2O)]

3+
 + H2O → [Rh

III
(dmbpy)2(H2O)2]

3+
 -40.6 

21 [Rh
III
(H)(dmbpy)2(Cl)]

+
 + H2A → [Rh

III
(dmbpy)2(Cl)(HA)]

+
 + H2 +76.5 

22 [Rh
III
(H)(dmbpy)2(H2O)]

2+
 + H2A → [Rh

III
(dmbpy)2(H2O)(HA)]

2+
 + H2 +74.7 

23 [Rh
III
(dmbpy)2(Cl)]

2+
 + Cl

-
 → [Rh

III
(dmbpy)2(Cl)2]

+
  -84.4 

24 [Rh
III
(dmbpy)2(Cl)(H2O)]

2+
 + Cl

-
 → [Rh

III
(dmbpy)2(Cl)2]

+
 + H2O -49.4 

25 [Rh
III
(dmbpy)2(H2O)2]

3+
 + 2Cl

-
 → [Rh

III
(dmbpy)2(Cl)2]

+
 + 2H2O -127.0 

26 2[Rh
III
(H)(dmbpy)2(H2O)]

2+
 → 2[Rh

II
(dmbpy)2(H2O)]

2+
 + H2 -12.0 

27 2[Rh
III
(H)(dmbpy)2(Cl)]

+
 → 2[Rh

II
(dmbpy)2(Cl)]

+
 +H2 +13.6 

Rh
II
(H) hydride formation  

28 [Rh
III
(H)(dmbpy)2(Cl)]

+
 + [Ru

II
(bpy)2(bpy

•-
)]
+
 → [Rh

II
(H)(dmbpy)2]

+
+ Cl

- 
+ [Ru

II
(bpy)3]

2+
 -47.8 

29 [Rh
III
(H)(dmbpy)2(H2O)]

2+ 
+ [Ru

II
(bpy)2(bpy

•-
)]
+
 → [Rh

II
(H)(dmbpy)2]

+
 + H2O + [Ru

II
(bpy)3]

2+
 -91.6 

30 [Rh
II
(H)(dmbpy)2]

+
 + Cl

-
 → [Rh

II
(H)(dmbpy)2(Cl)] +54.4 

31 [Rh
II
(H)(dmbpy)2]

+
 + H2O → [Rh

II
(H)(dmbpy)2(H2O)]

+
 +81.6 

32 [Rh
III
(H)(dmbpy)2]

2+
 + [Ru

II
(bpy)2(bpy

•-
)]
+
 → [Rh

II
(H)(dmbpy)2]

+
 + [Ru

II
(bpy)3]

2+
 -98.9 

Rh
II
(H) reactivity towards H2 evolution  

33 [Rh
II
(H)(dmbpy)2]

+
 + H3O

+
 → [Rh

II
(dmbpy)2(H2O)]

2+
 + H2 -155.3 

34 [Rh
II
(dmbpy)2(H2O)]

2+
 + Cl

-
 → [Rh

II
(dmbpy)2(Cl)]

+
 + H2O -31.0 

35 2[Rh
II
(H)(dmbpy)2]

+
 → 2[Rh

I
(dmbpy)2]

+
 + H2 -93.7 
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Electron transfer reactions between [Ru(bpy)3]
2+
 and [Rh(dmbpy)2(Cl)2]

+
. We previously 

evidenced by a transient absorption spectroscopy study
25

 that the first step of the 

photocatalytic process is mainly a reductive quenching of the triplet excited state (
3
MLCT) of 

Ru photosensitizer (denoted [Ru
III

(bpy)2(bpy
•-
)]

2+
) by the sacrificial electron donor HA

-
, 

giving the reduced [Ru
II
(bpy)2(bpy

•-
)]

+
 form and the neutral radical HA

•
 (Figure 1). As an 

experimental proof of this mechanism, the spectral signature of [Ru
II
(bpy)2(bpy

•-
)]

+
 was 

observed in the transient absorption spectra at 510 nm in the time range between 100 ns and 

200 µs. 

DFT calculation confirmed that this initial reductive quenching of the excited state of Ru 

photosensitizer by ascorbate is thermodynamically favourable with ∆G
°
 = -79 kJ mol

-1
 (Table 

1, entry 1). Then, the potential of the reduced state [Ru
II
(bpy)2(bpy

•-
)]

+
 is sufficiently negative 

(E1/2 = -1.50 V vs SCE in water
78

) to enable this species to reduce the [Rh
III

(dmbpy)2(Cl)2]
+
 

catalyst into [Rh
I
(dmbpy)2]

+
 (Epc = -0.79 V vs SCE in water

25
) (Figures 2 and 3, steps 1-4). 

The two-electron reduction of Rh
III

 into Rh
I
 was previously established by cyclic voltammetry 

in CH3CN for the dmbpy derivative
25,79

 through the observance of an irreversible two-electron 

metal-centred reduction process (Epc(Rh
III/I

) = -0.98 V vs SCE). The chemical process 

responsible of the irreversibility is the loss of choride ions during the reduction. At more 

negative potentials, the two successive reversible one-electron reductions of the bipyridyl 

ligands (E1/2 = -1.47 V and -1.71 V vs SCE) are observed. 

 

Figure 1. Reductive quenching of the Ru photosensitizer excited state by ascorbate. Cat and Cat
-
 are 

respectively the ground and reduced states of the rhodium catalyst. 

As previously discussed by DeArmond
79

 and Meyer
80, the metal centered reduction process 

O O

O OH

HO

HO

ascorbate salt 2+

+

2+

N

N

N

NN

N
RuII

N

N

N

NN

N
RuII

N

N

N

NN

N
RuIII

[RuII(bpy)2(bpy )]+

MLCT3

HA-

HA

h

Initial photosensitizer

Cat

Cat

O O

O OH

HO

HO

[RuIII(bpy)2(bpy )]2+

[RuII(bpy)3]
2+
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 9

could occur according to an EECC or ECEC pathway. The EECC mechanism is based on the 

release of two Cl
-
 after the two electron reductions, while the ECEC process involves the 

release of one chloride after each one-electron reduction step (Figures 2-3, steps 1-4). The 

mechanism of the two-electron reduction of Rh catalyst has never been supported by 

theoretical studies. DFT calculations give us a clearer insight on both mechanism aspects of 

the Rh catalyst reduction. From our theoretical study, it appears that the ECEC mechanism is 

more favourable than the EECC one, since [Rh
II
(dmbpy)2(Cl)]

+
 + Cl

-
 (Table 1, entries 3 and 2, 

respectively) is more stable by -21.5 kJ mol
-1

 than [Rh
II
(dmbpy)2(Cl)2] in free energy. This 

indicates that, after the first reduction of Rh
III

 into Rh
II
 by [Ru

II
(bpy)2(bpy

•-
)]

+
, the release of 

the first chloride ligand should be effective, affording [Rh
II
(dmbpy)2(Cl)]

+
 (Figures 2-3, steps 

1-2). DeArmond and coworkers
79

 showed, via an electrochemical study in acetonitrile, that 

the loss of chloride ligand following the reduction Rh
III/II

 is very fast. 

 

Figure 2. Possible photoinduced catalytic cycles for H2 evolution with the 

[RhIII(dmbpy)2(Cl)2]
+/[Ru(bpy)3]

2+/H2A/HA- system via a rhodium(III) hydride intermediate. 

Then, the [Rh
II
(dmbpy)2(Cl)]

+
 species should be reduced into [Rh

I
(dmbpy)2(Cl)] by 

[Ru
II
(bpy)2(bpy

•-
)]

+
 complex. We have not obtained the theoretically calculated structure of 

the reduced five-coordinated species [Rh
I
(dmbpy)2(Cl)], therefore this Rh

I
 complex should be 

unstable and could release Cl
-
 soon after gaining an electron from [Ru

II
(bpy)2(bpy

•-
)]

+
 

complex, yielding the distorted square planar [Rh
I
(dmbpy)2]

+
 (Table 1, entry 4). Indeed, 
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 10

although the involvement of the [Rh
I
(dmbpy)2(Cl)] species in the two-electron reduction of 

the rhodium catalyst was postulated in a previous study, this Rh
I
 complex was never isolated 

experimentally most probably due its unstable nature, which would confirm our calculations. 

The disproportionation of [Rh
II
(dmbpy)2(Cl)]

+
 which can also produce [Rh

I
(dmbpy)2]

+ has 

been considered (Table 1, entry 5) and, from a thermodynamic point of view, this process is 

much less favourable than the reduction by [Ru
II
(bpy)2(bpy

•-
)]

+
 (Figure 4 and Table 1, entry 4). 

By contrast to our photocatalytic system, Fukuzumi and co-workers
24

 previously reported a 

similar system in which [Rh
III

(bpy)Cp*(H2O)]
2+

 (Cp* = η
5
-pentamethyl-cyclopentadienyl) is 

used as catalyst instead of [Rh
III

(dmbpy)2(Cl)2]
+
, and they evidenced by transient absorption 

spectroscopy measurements that the second step of the rhodium reduction affording Rh
I
 

species occurred by disproportionation between two [Rh
II
(bpy)Cp*(H2O)]

+
. In our 

photocatalytic system, even though the disproportionation pathway for the second reduction 

of rhodium catalyst (i.e. [Rh
II
(dmbpy)2(Cl)]

+
 ) is thermodynamically disfavoured, it could not 

be ruled out from the reaction mechanism since this pathway could be kinetically favoured. 

Further calculations on the activation barrier are needed to give a clearer answer. 

 

Figure 3. Possible photoinduced catalytic cycles for H2 evolution with the 

[Rh
III

(dmbpy)2(Cl)2]
+
/[Ru(bpy)3]

2+
/H2A/HA

-
 system via a rhodium(II) hydride intermediate. 
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Figure 4. Calculated free energy profile for the postulated reaction pathways to form the rhodium(I) 

species, precursor of the rhodium(III) hydride species. 

Bernhard et al
81

 also proposed the possibility of the reduction of [Rh
I
(dmbpy)2]

+
 by the 

reduced form of the ruthenium photosensitizer into [Rh
I
(dmbpy)(dmbpy

•-
)]

0
, as a precursor of 

the Rh(H) hydride species (Table 1, entry 6). Nevertheless, this process is clearly endergonic 

with a driving force of +23.7 kJ mol
-1

. 

Catalytic cycle via Rh
III
(H) hydride species 

Formation of Rh
III
(H) hydride. In this study, the hexa-coordinated Rh(III) hydride species 

was considered under its various potential forms: [Rh
III

(H)(dmbpy)2(H2O)]
2+

, 

[Rh
III

(H)(dmbpy)2(Cl)]
+
 and [Rh

III
(H)(dmbpy)2(HA)]

+
. We proposed that the formation of the 

Rh
III

(H) hydride (Figures 2-3, step 5a) can take place via two reaction pathways: the one step 

reaction (or concerted reaction) and the two steps reaction. In the case of the 

[Rh
III

(H)(dmbpy)2(H2O)]
2+

 hydride, the concerted reaction implies that [Rh
I
(dmbpy)2]

+
 traps a 

proton from H3O
+
 and in the same time a molecule of H2O coordinates to the rhodium center 

to generate the hexa-coordinated [Rh
III

(H)(dmbpy)2(H2O)]
2+

 hydride. This concerted pathway 

is very favourable with a driving force of -102.5 kJ mol
-1

 (Table 1, entry 7). Besides, due to 

the presence of the chloride and ascorbate anions in solution, the ligand exchange of H2O in 

the Rh
III

(H) hydride with Cl
-
 or HA

-
 ion can also occur (Table 1, entries 11-12) and, among 

these ligands, Cl
-
 ion coordinates most strongly to the rhodium metal. Nevertheless, since 

water is the medium of the photocatalysis and consequently it is present in higher 

concentration than Cl
-
 ions, it could be supposed that [Rh

III
(H)(dmbpy)2(H2O)]

2+
 and 

[Rh
III

(H)(dmbpy)2(Cl)]
+
 are possibly present in solution (Figure 4). 

Regarding the two steps reaction for the formation of Rh
III

(H) hydride, the [Rh
I
(dmbpy)2]

+
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 12

complex gains one proton from H3O
+
 to form the [Rh

III
(H)(dmbpy)2]

2+
 penta-coordinated 

hydride which is followed by the coordination of water or chloride ligand.
82

 The oxidative 

addition of a proton to the metal occurs very easily from thermodynamic and kinetic point of 

view, since a high ∆G
°
 value is obtained (-95.2 kJ mol

-1
, Table 1, entry 8) and the potential 

energy curve calculated by changing Rh-H distance shows no barrier for this reaction (Figure 

S7). Then coordination of H2O or Cl
-
 to [Rh

III
(H)(dmbpy)2]

2+
 should occur rapidly due to the 

fact that the hexa-coordinated structure for the Rh
III

(H) hydride is more stable than the 

penta-coordinated one by 7.3 kJ mol
-1

 for [Rh
III

(H)(dmbpy)2(H2O)]
2+

 and by 51.1 kJ mol
-1

 for 

[Rh
III

(H)(dmbpy)2(Cl)]
+
 (Table 1, entries 9 and 10). Actually, for this last step, two possible 

pathways have been considered: (i) [Rh
III

(H)(dmbpy)2]
2+

 changes its coordination geometry 

with a barrier of +54.5 kJ mol
-1

 and then H2O or Cl
-
 coordinates to the empty space (Figures 

5a and 6a) or (ii) the coordination of H2O or Cl
-
 and the change of geometry occur 

simultaneously with a barrier of +71.0 and +51.3 kJ mol
-1

 with H2O and Cl
-
, respectively 

(Figures 5b and 6b). Since the mechanism involving the structure change of rhodium complex 

followed by the H2O coordination (Figure 5) has the lower activation barrier, thus it is the 

most favoured from a kinetic point of view. However, if a chloride ion exists near the 

[Rh
III

(H)(dmbpy)2]
2+

, the second path leading to the generation of [Rh
III

(H)(dmbpy)2(Cl)]
+
, 

where the geometry change and the Cl
-
 coordination take place in a concomitant manner, is 

slightly more favoured with a lower activation barrier (+51.3 kJ mol
-1

) than that of the 

sequential one (Figure 6). 

 

Figure 5. Calculated free energy profile for the coordination of H2O to [Rh
III

(H)(dmbpy)2]
2+

 complex, 

(a) when the change in the coordination structure is followed by H2O coordination, or (b) when the 

change in the coordination structure and H2O coordination occurs simultaneously. TS: Transition State. 
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 13

 

Figure 6. Calculated free energy profile for the coordination of Cl- to [RhIII(H)(dmbpy)2]
2+ complex, 

(a) when the change in the coordination structure is followed by Cl
-
 coordination, or (b) when the 

change in the coordination structure and Cl- coordination occurs simultaneously. TS: Transition State. 

Comparing the concerted reaction (Table 1, entry 7) and the two steps reaction (Table 1, 

entries 8-10) for the formation of the Rh
III

(H) hydride species, it is difficult to discriminate 

which one of these both pathways is the most favourable. Nevertheless, since the rhodium(III) 

complex is more stable in a hexa-coordinated geometry than in a penta-coordinated geometry 

(vide supra), it could be inferred that the concerted reaction for the formation of the Rh
III

(H) 

hydride is the most favourable mechanism. 

With the aim to obtain a more realistic system for the formation of the Rh
III

(H) hydride 

species, we added water molecules around the [Rh
I
(dmbpy)2]

+
 complex and its co-reactant 

H3O
+
. Indeed, we have already observed that the surrounding water molecules reduce the 

proton donor ability of H3O
+
, when we have examined the effect of explicit water molecules 

in proton transfer reaction from H3O
+
 to [Rh

I
(dmbpy)2]

+
 (Figure S7). However, this proton 

transfer still seems easy to occur. With three water molecules around H3O
+
, there exist a low 

activation barrier of 9.9 kJ mol
-1

 between the Rh
I
 and Rh

III
(H) species and 

{[Rh
III

(H)(dmbpy)2]
2+

 --- (H2O) --- 3(H2O)} system is less stable than {[Rh
I
(dmbpy)2]

+
 --- 

(H3O
+
) --- 3(H2O)} by 7.1 kJ mol

-1
 (Figure S8). Even though the energy difference and 

reaction barrier between reactant and product is still small, the product will soon be stabilized 

by the coordination of a water molecule or a chloride ion. These calculations show that sole 

H3O
+
 with a PCM model is enough to evaluate the driving force of the pentacoordinated 

Rh
III

(H) hydride generation. We also try to investigate the effect of the addition of a water 

molecule on the formation of the hexacoordinated Rh
III

(H) hydride species (Table S14), since 

PCM model cannot incorporate the microsolvation of anion in water such as hydrogen bond 
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between H2O and Cl
-
 or HA

-
. Thus, a water molecule should stabilize the free ions compared 

with those coordinated to the metal. For example, we have examined the effect of a water 

molecule on the reaction {[Rh
III

(H)(dmbpy)2]
2+

 + Cl
-
 → [Rh

III
(H)(dmbpy)2(Cl)]

+
} (Table 1, 

Entry 10) in which ∆G° is -31.3 kJ mol
-1

, while ∆G° is -51.1 kJ mol
-1

 without any additional 

water. For similar reaction with HA
-
 (i.e. [Rh(dmbpy)2(H)]

2+
 + AH

-
 → 

[Rh(dmbpy)2(AH)(H)]
+
, Table 1, Entries 9 + 12), ∆G° is equal to -17.5 and -37.6 kJ/mol with 

and without an additional water molecule. Consequently, even if the addition of water 

molecules decreases the ∆G° values of these reactions, they don't change the final conclusion 

that chloride anion coordinates most strongly to the rhodium metal and that the aqueous 

Rh
III

(H) derivative is the least stable hydride species. 

In addition, DFT calculations allowed to highlight the source of proton at the origin of the 

hydride generation, by showing that [Rh
I
(dmbpy)2]

+
 cannot gain a proton from ascorbic acid 

since this reaction is endergonic (Table 1, entry 13), even considering the simultaneous 

coordination of HA
-
 (Table 1, entry 14). Consequently, even if the ascorbate/ascorbic acid 

buffer (i.e. HA
-
/H2A) governs the pH of the aqueous solution, the real source of protons is 

most probably H3O
+
 rather than H2A. 

Reactivity of Rh
III
(H) hydride towards H2 production. For the production of H2, we 

considered two possible forms of the hexa-coordinated hydride, i.e. [Rh
III

(H)(dmbpy)2(Cl)]
+
 

and [Rh
III

(H)(dmbpy)2(H2O)]
2+

. From these Rh
III

(H) species, two main routes are feasible for 

H2 evolution: the heterolytic and homolytic pathways (Figure 2, steps 6a and 6b). 

 

Figure 7. The heterolytic (a) and homolytic (b) pathways for H2 production from 

[RhIII(H)(dmbpy)2(X)]n+ hydride species (X = Cl- or H2O, n = 1 or 2). 

The heterolytic path consists in a reaction between one Rh
III

(H) hydride and H3O
+
 which 

involves the heterolysis of the Rh-H bond and gives one molecule of H2 and the initial 

[Rh
III

(dmbpy)2(X)2]
n+

 catalyst (X = Cl
-
 or H2O; n = 1 or 3) (Figure 7a). The homolytic 

(a)

(b)
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mechanism is based on a reaction between two Rh
III

(H) hydrides along with a homolytic 

rupture of the Rh-H bond, generating one molecule of H2 and two [Rh
II
(dmbpy)2(X)]

n+
 (X = 

Cl
-
 or H2O; n = 1 or 2) (Figure 7b). 

Heterolytic pathway. As far as the heterolytic mechanism is concerned (Figure 2, step 6a), 

two reaction pathways can be envisioned: a concerted reaction and a sequential one. The 

concerted path suggested by Sauvage and coworkers
78

 is the reaction of Rh
III

(H) hydride with 

H3O
+
 to evolve H2 concomitantly to the coordination of water on the rhodium metal (Table 1, 

entries 15-16). From our calculations, this concerted heterolytic reaction is an exergonic 

process with a driving force of -85.9 and -52.1 kJ mol
-1

 from [Rh
III

(H)(dmbpy)2(Cl)]
+
 and 

[Rh
III

(H)(dmbpy)2(H2O)]
2+

 respectively (Figure 8). The sequential heterolytic mechanism (or 

the two steps reaction), in which the hydride attack on H3O
+
 is followed by the introduction of 

H2O into the coordination sphere of the rhodium metal, can be also considered (Table 1, 

entries 17-20). For the first step of this sequential mechanism, transition states were calculated 

along with a low or moderate barrier of +20.1 and +51.7 kJ mol
-1

 leading respectively to the 

transient metal-dihydrogen complexes, [Rh
III

(H2)(dmbpy)2(Cl)]
2+

 and 

[Rh
III

(H2)(dmbpy)2(H2O)]
3+

, which are able to release rapidly H2 and to generate the 

pentacoordinated [Rh
III

(dmbpy)2(X)]
n+

 (X = Cl
-
 or H2O; n = 2 or 3) (Figure 9). Similar 

dihydrogen intermediates were already calculated for H2 evolution with various cobaloximes 

as catalyst.
55,56

 

 

Figure 8. Calculated free energy profile for the production of H2 from the hydride species (a) 

[Rh
III

(H)(dmbpy)2(Cl)]
+
, (b) [Rh

III
(H)(dmbpy)2(H2O)]

2+
. 
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Figure 9. Calculated free energy profile for the production of H2 through the first step of the 

sequential heterolytic reaction via the intermediates [Rh
III

(H2)(dmbpy)2(Cl)]
2+

 (a) and 

[RhIII(H2)(dmbpy)2(H2O)]3+ (b). TS: Transition States. 

The first step of the sequential mechanism (Table 1, entries 17 and 19) is globally exergonic 

with a driving force of -50.9 and -11.5 kJ mol
-1

 from [Rh
III

(H)(dmbpy)2(Cl)]
+
 and 

[Rh
III

(H)(dmbpy)2(H2O)]
2+

 respectively. Then, sequential or simultaneous coordination of 

H2O molecule stabilize the 5-coordinated product by 35.0 and 40.6 kJ mol
-1

 for 

[Rh
III

(dmbpy)2(Cl)]
2+

 and [Rh
III

(dmbpy)2(H2O)]
3+

 respectively (Figure 9, Table 1, entries 

18-20). Ascorbic acid was also considered as a possible source of the second proton required 

for H2 evolution, but the reaction between the Rh
III

(H) hydride and H2A turned out to be 

disfavoured from a thermodynamic point of view (Table 1, entries 21-22). This confirms that 

the main source of proton for H2 evolution most probably stems from the H3O
+
 ion. 

In fine, the heterolytic reaction between [Rh
III

(H)(dmbpy)2(X)]
n+

 hydride (x = H2O or Cl, 

respectively n = 2 or 1) and H3O
+
 regenerates the initial Rh

III
 catalyst which can display 

several possible forms (i.e. [Rh
III

(dmbpy)2(H2O)2]
3+

, [Rh
III

(dmbpy)2(Cl)(H2O)]
2+

, 

[Rh
III

(dmbpy)2(Cl)2]
+
), since two different ligands can be coordinated to the rhodium metal 

(Cl
-
 and H2O). Coordination of Cl

-
 anion to [Rh

III
(dmbpy)2(Cl)]

2+
 (Table 1, entry 23) or ligand 

exchange within [Rh
III

(dmbpy)2(Cl)(H2O)]
2+

 (Table 1, entry 24) or [Rh
III

(dmbpy)2(H2O)2]
3+

 

(Table 1, entry 25), generating in all cases the original catalyst [Rh
III

(dmbpy)2(Cl)2]
+
, are 

exergonic reactions with a driving force of -84.4, -49.4 and -127.0 kJ mol
-1

, respectively. It is 

interesting to note that, among the three possible forms of the Rh
III

 species, the chloride 

derivative (i.e. [Rh
III

(dmbpy)2(Cl)2]
+
) is the most stable complex. 

Homolytic pathway. The H2 production from two [Rh
III

(H)(dmbpy)2(H2O)]
2+

 hydride via a 

homolytic pathway was also envisaged (Table 1, entry 28 and Figure 2, step 6b), but it is less 
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favourable from a thermodynamic point of view (∆G
°
 = -12.0 kJ mol

-1
) compared to the 

heterolytic pathway with H3O
+
 (Table 1, entry 16, ∆G

°
 = -52.1 kJ mol

-1
). If two 

[Rh
III

(H)(dmbpy)2(Cl)]
+
 hydrides react together, the H2 generation is clearly disfavoured with 

a driving force of +13.6 kJ mol
-1

 (Table 1, entry 27). Despite the fact that the heterolytic 

mechanism seems more probable from a thermodynamic point of view for both forms of 

Rh
III

(H) hydride species, both homolytic and heterolytic reaction pathways could be 

potentially involved in the process of H2 production since their kinetics have not been 

determined and could be close (Figure 8). 

Catalytic cycle via Rh
II
(H) hydride species 

Formation of Rh
II
(H) hydride. In parallel of heterolytic and homolytic pathways from 

Rh
III

(H) hydride, another route can be considered which is the reduction of Rh
III

(H) into 

Rh
II
(H) (Figure 3, step 5b). This reaction pathway was proposed first in the eighties by 

Mulazzani and co-workers
83,84

 and more recently by Bernhard and co-workers.
81

 Very recently, 

we succeeded to generate the [Rh
III

(H)(dmbpy)2(Cl)]
+
 hydride in CH3CN by electrochemical 

reduction of the [Rh
III

(dmbpy)2(Cl)2]
+
 complex in presence of formic acid and a reduction 

potential value of Epc = -1.34 V vs SCE for the couple Rh
III

(H)/Rh
II
(H) has been determined.

50
 

According to this value, the reduced state of the ruthenium photosensitizer, 

[Ru
II
(bpy)2(bpy

•-
)]

+
 (E1/2 = -1.50 V vs SCE

78
), should be able to reduce the Rh

III
(H) into 

Rh
II
(H). Calculations show that this reduction is actually exergonic (∆G

°
 = -47.8 and -91.6 kJ 

mol
-1

 from [Rh
III

(H)(dmbpy)2(Cl)]
+
 and [Rh

III
(H)(dmbpy)2(H2O)]

2+
, respectively) (Table 1, 

entries 28-29) and the resulting product is a penta-coordinated [Rh
II
(H)(dmbpy)2]

+
 hydride 

(Figure 8 and S4). In fact, by contrast to the Rh
III

(H) hydride (vide supra), the 

penta-coordinated structure is more stable than the hexa-coordinated structure for the Rh
II
(H) 

hydride. This tendency to adopt a penta-coordinated geometry is confirmed by the fact that 

coordination of Cl
-
 or H2O to [Rh

II
(H)(dmbpy)2]

+
 is not favourable (Table 1, entries 30-31). 

Examples of Rh
II
(H) hydride are scarce but, for instance, Savéant and co-workers

85
 reported a 

penta-coordinated geometry for a Rh
II
(H) porphyrin hydride. Another reaction pathway for 

the formation of [Rh
II
(H)(dmbpy)2]

+
 hydride, resulting from the reduction of the 

penta-coordinated [Rh
III

(H)(dmbpy)2]
2+

 hydride, was envisaged (Table 1, entry 32). Even if 

the latter species is a hypothetical intermediate (vide supra), its reduction is clearly exergonic 

with a driving force of -98.9 kJ mol
-1

 when the change of coordination structure is considered 

(Table 1, entry 32) and of -64.3 kJ mol
-1

 when [Rh
II
(H)(dmbpy)2]

+
 has already a structure 

similar to that of [Rh
III

(H)(dmbpy)2]
2+

. DFT calculations also show that the reduction of 
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[Rh
III

(H)(dmbpy)2(Cl)]
+
 (Table 1, entry 28) is less favourable than its reaction with H3O

+
 to 

produce H2 molecule (heterolytic pathway) (Table 1, entry 15), while the reduction of 

[Rh
III

(H)(dmbpy)2(H2O)]
2+

 (Table 1, entry 29) has a stronger driving force than its reaction 

with H3O
+
 for H2 evolution (Figure 8 and Table 1, entry 16). Because we did not evaluate the 

activation barriers of each reaction (i.e. the reduction of the Rh
III

(H) hydride species and its 

reaction with H3O
+
), it is not possible to discriminate these processes, but it could be 

suggested that both Rh
III

(H) and Rh
II
(H) hydrides should be involved in H2 production. 

Reactivity of Rh
II
(H) hydride towards H2 production. Similarly to the Rh

III
(H) hydride 

species, the H2 evolution from [Rh
II
(H)(dmbpy)2]

+
 can take place via two competitive reaction 

pathways: heterolytic and homolytic routes (Figure 3, steps 6c and 6d and Figure 10). The 

heterolytic pathway, which consists of a reaction between [Rh
II
(H)(dmbpy)2]

+
 and H3O

+
, 

producing one H2 molecule and the Rh
II
 species, is a very exergonic reaction (∆G

°
 = -155.3 kJ 

mol
-1

, Table 1, entry 33). During this reaction, coordination of H2O to the rhodium center 

might occur. Then exchange of H2O ligand along with chloride anion can take place (Table 1, 

entry 34), regenerating the intermediate [Rh
II
(dmbpy)2(Cl)]

+
, initially formed by reduction of 

[Rh
III

(dmbpy)2(Cl)2]
+
 by [Ru

II
(bpy)2(bpy

•-
)]

+
 (Table 1, entry 3). Interestingly, the homolytic 

route leading to H2 production from two [Rh
II
(H)(dmbpy)2]

+
 (Table 1, entry 35) is also very 

favourable in terms of thermodynamics (∆G
°
 = -93.7 kJ mol

-1
) though less favourable than the 

heterolytic path (Table 1, entry 35). From a general point of view, these calculations confirm 

that Rh
II
(H) hydride is as reactive as Rh

III
(H) hydride towards protons or itself, allowing a 

highly efficient catalysis of H2 evolution. 
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Figure 10. Calculated free energy profile for the production of H2 from the [RhII(H)(dmbpy)2]
+ 

hydride species. 

Most probable pathways for the photocatalytic system. Figure 11 summarizes the most 

probable reaction pathways stemming from the DFT calculations for the photocatalytic 
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[Rh
III

(dmbpy)2(Cl)2]
+
/[Ru(bpy)3]

2+
/H2A/HA

- 
system which involve both rhodium(III) and a 

rhodium(II) hydride intermediates. The theoretical study confirmed that the initial step of the 

photocatalytic cycle is the reductive quenching of the Ru photosensitizer excited state by 

ascorbate, affording [Ru
II
(bpy)2(bpy

•-
)]

+
. The next step is the reduction of the Rh

III
 catalyst 

following an ECEC mechanism: the one-electron reduction of [Rh
III

(dmbpy)2(Cl)2]
+
 by 

[Ru
II
(bpy)2(bpy

•-
)]

+
 induces the very fast release of one choride to form the pentacoordinated 

[Rh
II
(dmbpy)2(Cl)]

+
 species, which is, in turn reduced by [Ru

II
(bpy)2(bpy

•-
)]

+
 inducing the fast 

release of the second choride to give the distorted square-planar [Rh
I
(dmbpy)2]

+
 (Figure 11, 

steps 1-4). The disproportionation of the intermediate [Rh
II
(dmbpy)2(Cl)]

+
 species, much 

more thermodynamically disfavourable compared to its reduction through [Ru
II
(bpy)2(bpy

•-
)]

+
, 

cannot be barely ruled out since it could be also favoured from a kinetic point of view. Then, 

[Rh
I
(dmbpy)2]

+
 complex gains one proton from H3O

+
 and coordinates H2O or Cl

-
 ligand via a 

sequential or a concerted pathway to give the active species for H2 evolution, i.e. the 

hexacoordinated [Rh
III

(H)(dmbpy)2(H2O)]
2+

 and [Rh
III

(H)(dmbpy)2(Cl)]
+
 hydride species 

(Figure 11, step 5a). DFT study also revealed that the real source of proton for the hydride 

formation is H3O
+
 rather than H2A, even if the couple HA

-
/H2A does govern the pH of the 

aqueous solution. 

  

Figure 11. Most favourable pathways for H2 evolution with the 

[RhIII(dmbpy)2(Cl)2]
+/[Ru(bpy)3]

2+/H2A/HA- photocatalytic system in water. 

active species

+

N

N

HN

N
RhII

+

N

N

HN

N
RhII

2+

N

N

X

HN

N
RhIII

N

N
RhI

N

N

+

N

N
RhI

N

N

n+
X

X = Cl, H2O

+ X

H2

H3O
+

H2

1

5b

2

3
4

5a
6c

6d H3O
+

X

X

n+

N

N

X

XN

N
RhIII

Initial catalyst

X = Cl, H2O

n+

N

N

X

XN

N
RhII

X = Cl, H2O

X = Cl, H2O

n+

N

N

XN

N
RhII

[RuII(bpy)2(bpy )]+

[RuII(bpy)3]
2+

[RuII(bpy)2(bpy )]+

[RuII(bpy)3]
2+

[RuII(bpy)3]
2+

[RuII(bpy)2(bpy )]+

[RhIII(dmbpy)2(X)2]
n+

[RhII(H)(dmbpy)2]
+ [RhIII(H)(dmbpy)2(X)]

n+

H2

H3O
+

6a

active species

-77.2 kJ/mol
X = Cl

-21.5 kJ/mol
X = Cl

-101.4 kJ/mol

X = Cl

-91.6 kJ/mol

-102.5 kJ/mol

-52.1 kJ/mol

-155.3 kJ/mol

-93.7 kJ/mol

X = H2O

X = H2O

X = Cl, H2O

X = H2O

-47.8 kJ/mol
X = Cl

-85.9 kJ/mol
X = Cl

X = H2O

-146.3 kJ/mol
X = Cl

disproportionation

X = Cl, H2O

n+

N

N

X

XN

N
RhIII

X = Cl, H2O

+

X

or
n+

N

N

XN

N
RhII

-2.8 kJ/mol
X = Cl

Page 19 of 26 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 20

From the Rh
III

(H) hydride, H2 evolution can occurs following two possible pathways. One of 

these is the heterolytic path between Rh
III

(H) and H3O
+
, regenerating the initial 

[Rh
III

(dmbpy)2(X)2]
n+

 catalyst (X = Cl
-
 or H2O) (Figure 11, step 6a); the homolytic pathway 

by reaction of two Rh
III

(H) leading to [Rh
II
(dmbpy)2(X)]

n+
 (X = Cl

-
 or H2O) being clearly less 

favoured (Figure 2, step 6b). The other favourable path for H2 production is the reduction of 

Rh
III

(H) into [Rh
II
(H)(dmbpy)2]

+
 by [Ru

II
(bpy)2(bpy

•-
)]

+
 (Figure 11, step 5b). From this 

species, both heterolytic (reaction with H3O
+
) and homolytic (reaction of two Rh

II
(H)) routes 

are very favourable pathways to evolve H2 (Figure 11, steps 6c and 6d). In spite of the lack of 

examples in the literature of Rh
II
(H) hydride, theoretical study suggests that it is 

penta-coordinated (i.e. [Rh
II
(H)(dmbpy)2]

+
), contrary to the Rh

III
(H) hydride which is 

hexa-coordinated. Besides, the study showed that the reduction of Rh
III

(H) to Rh
II
(H) is also 

thermodynamically possible. From these results, it appears that H2 evolution can follow 

different reaction pathways that could proceed in parallel via hetero/homolytic processes from 

both Rh
III

(H) and Rh
II
(H) species. The high efficiency for H2 production in water of the 

photocatalytic system [Ru
II
(bpy)3]

2+
/[Rh

III
(dmbpy)2(Cl)2]

+
/H2A/HA

-
 could thus be ascribed to 

the high reactivity of the Rh
III

(H) hydride species vis-à-vis protons, but also to that of Rh
II
(H). 

CONCLUSION. The mechanism of photocatalytic hydrogen production by the molecular 

[Rh
III

(dmbpy)2(Cl)2]
+
/[Ru

II
(bpy)3]

2+
/ascorbic acid system in aqueous solution has been 

analysed by DFT calculations. This study has provided mechanistic insight that cannot be 

obtained experimentally and has permitted to propose the most thermodynamically favourable 

mechanistic pathways for H2 evolution that proceeds through both Rh
III

(H) and Rh
II
(H) 

hydride species, the key intermediates for catalytic hydrogen release. From Rh
III

(H) species, 

the calculations have shown that H2 is preferentially released through an heterolytic 

mechanism since the homolytic pathway is less favoured. In contrast, both hetero- and 

homolytic mechanisms are thermodynamically favourable to evolve H2 from the Rh
II
(H) 

species. Calculations clearly indicate that Rh
II
(H) is as reactive as Rh

III
(H) towards the 

production of H2. Consequently the involvement of both Rh
III

(H) and Rh
II
(H) hydride species 

in the mechanism of H2 production could explain the high efficiency of the photocatalytic 

system. Otherwise the theoretical study allowed to establish the coordination sphere of the 

Rh
III

(H) and Rh
II
(H) hydride. The Rh

III
(H) hydride adopts preferentially a hexa-coordinated 

octahedral geometry while the Rh
II
(H) hydride is penta-coordinated complex and displays a 

distorted square-pyramidal geometry. DFT study also revealed that the real source of proton 

for the hydride formation and the H2 release is H3O
+
 rather than H2A, even if the couple 
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HA
-
/H2A does govern the pH of the aqueous solution. This theoretical study has permitted to 

explore the possible reaction pathways, but it did not enable to discriminate the different paths 

and to indicate which one of them dominates in the H2 evolution mechanism. Basically, the 

thermodynamic feature of each catalytic step has been calculated in this study while the 

kinetic aspect, which depends on the concentration of all species present in solution and the 

efficiency of each reaction pathway, was not fully studied and has to be further investigated. 

The investigation of both thermodynamic and kinetic features of reaction pathways is 

essential for the elucidation of the mechanism and for rational design of more effective 

catalysts for H2 production in fully aqueous solution. 

Electronic supplementary information (ESI) available: Optimized structures and 

UV-Visible absorption spectra in water of ruthenium photosensitizer and various rhodium 

complexes. A detailed discussion of theoretical data and a comparison with experimental data 

available in the literature are also given. 
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