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ABSTRACT: The energy of light is likely to be used to drive thermodynamically unfavorable redox reactions with the goal 

of storing energy in chemical bonds, for example via hydrogen production. To that end molecular systems involving at 

least four components (substrate, photosensitizer, sacrificial donor and catalyst) are designed as a step toward building 

photoelectrochemical devices. The efficiency of such photoinduced catalysis of redox reactions is often reported as turno-

ver numbers over time, leading to maximal turnover numbers and initial turnover frequencies. How these figures of merit 

are related to the properties of the system (light absorption, excited state quenching, catalytic rate constants, back elec-

tron transfers etc…) is however lacking, thus making reliable comparison of systems difficult. Herein we propose a general 

analytical kinetic framework for the analysis of photoinduced catalytic processes. In particular we show that, even for 

ideal systems, the turnover number does not increase linearly with time due to increasing unproductive cycles over time 

via back electron transfers. We then incorporate limiting processes corresponding to photosensitizer or catalyst degrada-

tion in the kinetic analysis and we provide analytical expressions for the maximal turnover numbers in such situations. 

Finally, the kinetic model is used to successfully rationalize experimental data corresponding to light-driven hydrogen 

production in water using ascorbate as sacrificial donor, a cobalt tetrazamacrocyclic complex as catalyst and two different 

photosensitizers, the classical [Ru(bpy)3]
2+ and a robust triazatriangulenium organic dye TATA+. 

Introduction 

Using the energy of light to drive thermodynamically 
unfavorable redox reactions is at the core of contemporary 
energy challenges. 1-7 For instance, photoinduced catalytic 
systems for water oxidation into O2,

8-14 proton (water) 
reduction into H2 

15-21 22-28 and CO2 reduction 29-33 have been 
extensively developed in homogeneous solution during the 
last two decades as a first step toward building 
photoelectrochemical devices. These systems can be purely 
molecular or hybrid, combining molecular and inorganic 
components. A typical homogeneous molecular system 
involves a minimal number of four components a 
photosensitizer (PS), a catalyst (Catox), a sacrificial electron 
donor (SD) or acceptor (SA) and the substrate (Sox), that 
can be the solvent. In such systems, the photo-induced 
electron transfer processes leading to the catalytic reaction 
are initiated by the absorption of light by the PS leading to 
its conversion to an excited state (PS*). It is exemplified in 
Scheme 1 in the case of a model light-driven one electron 

reduction (Sox + SD -> Pred + SD+). Because the excited state 
of the photosensitizer PS* is usually both a strong 
reductant and a strong oxidant, two pathways are in 
competition, namely a reductive quenching mechanism 
and an oxidative quenching mechanism (Scheme 1).34,35 36,37 
In the case of reductive quenching (Scheme 1a), PS* is 
efficiently quenched by the sacrificial donor (SD)38 to form 

an homogeneous reductant (PS) which then reduces the 
molecular catalyst (Catox) to its active form, Catred, while 
reforming the ground-state PS. Catred then acts as the 

actual homogeneous reductant of the substrate (Sox). Note 

that two back electron transfers from either PS or Catred to 

SD+  can render the absorption of light unproductive 
regarding the redox reaction. 39 Alternatively, in the 
oxidative quenching pathway (Scheme 1b), PS* is efficiently 
quenched by the catalyst itself (Catox) to form its active 

form, Catred, while generating PS+. Catred then acts as the 
actual homogeneous reductant of the substrate (Sox) 
whereas the ground state photosensitizer is regenerated via 
electron transfer to the sacrificial donor SD. Again two 

back electron transfers from Catred to either SD+ or PS+ can 
render the absorption of light unproductive regarding the 
redox reaction. For a given targeted conversion of Sox to 
Pred, the large number and diversity of available 
combination of SD, PS, and Catox requires the development 
of tools for comparing one to another. Besides mandatory 
thermodynamic considerations that have been used as 
guidelines in the choice of the various components, it 
seems timely to focus on kinetic criteria. 

So far, the efficiency of photoinduced catalytic systems is 
mainly reported as turnover frequencies or turnover 
numbers as well as sometimes quantum yields. How these 
first two figures of merit relate to the various steps of the 
mechanisms depicted in Scheme 1 and their corresponding 
rate constants remains however largely elusive. In the 
present contribution, we provide a first approach to this 
issue by developing a formal kinetic framework for 
photoinduced catalytic processes. As these processes are 
diverse and complex, it is not possible to propose a kinetic 



 

model covering all experimental situations. Considering 
that in many experimental systems the sacrificial donor is 
in large excess over the catalyst, we will only consider a 
reductive quenching process. To reach a degree of 
generality, we will also only consider the minimal set of 
chemical steps. In that regards, the reaction scheme 
depicted in Scheme 1a (and the corresponding rate 
constants defined in the scheme) captures ideal systems 
with no degradation of any of the components (PS or Cat). 
This system is analyzed in a first place with particular 
emphasis on the effect of back electron transfer steps. In 
order to get a realistic kinetic model, the additional effect 
of various degradation pathways is then analyzed and 
discussed. Finally, the kinetic model is used to rationalize 
previously reported experimental data on light-driven 
hydrogen production in water. This will require adaptation 
of the kinetic model to two electrons reduction processes. 

Scheme 1. Photo-induced catalysis of redox reactions  

(a) Reductive quenching 

 

(b) Oxidative quenching  

 

 

Results and Discussion 

We consider a redox reaction Sox + SD -> Pred + SD+ where 

Sox is the targeted substrate and SD a sacrificial electron 
donor. The reaction is uphill and requires the energy of 
light to be driven. Although reactions of interest are usually 
more complex often involving multiple electron transfers, 
the minimal set of steps depicted in Scheme 1 provides the 
essential features of the problem in ideal conditions, i.e. no 
degradation of any component. As additional general 
simplifications, we consider that the SD is in excess so that 
its concentration is considered as constant during the 
reaction and the reductive pathway (Scheme 1a) is the only 
pathway. We also assume that the process is irreversible in 

the sense that the final products, Pred and SD+, do not react 
with each other to give back the reactants although this 
process is thermodynamically favorable. As already 
indicated, irreversible sacrificial electron donors are used to 
decrease back electron transfers. However, in some cases, 
the final oxidized form of the sacrificial donor 
accumulating in solution  can undergo back electron 
transfers. Therefore, for the sake of simplicity, we consider 

a simple SD+/SD couple capturing the essential features of 
a typical sacrificial donor. Finally, all intermediates are 
assumed to be at steady-state and hence do not 
accumulate. 

In all cases considered in the following, the observable is 
the concentration of the product Pred formed over time. 
Depending on the operating conditions, the evolution of 
the reaction can be reported with different metrics. If the 
substrate is consumed during the experiment, it is 
convenient to introduce the yield of conversion. 
Alternatively, if experiments are performed with large 
excess of substrate (typically when the solvent is the 
substrate), the useful metrics is the turnover number 
(TON). In the following, we will only consider the situation 
where the substrate is in large excess. Definition of the 
TON requires attention as two different definitions can be 
introduced. The number of product made relative to the 
number of catalyst, catTON : 
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or the number of product made relative to the number of 
photosensitizer, corresponding to the photocatalytic 
turnover number,  
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where ox 0
Cat    and  

0
PS  are the introduced 

concentrations of Catox and PS. In modeling photoinduced 
catalysis of redox reactions, we will focus on catTON  as it is 

the quantity usually reported in the literature. Finally, the 
corresponding turnover frequency (TOF) can be defined for 
each of these quantities as the time derivative: 

 d TON
TOF

dt


 (3) 



 

However, as shown below, except for specific conditions, 
the time evolution of the product concentration is not 
linear and therefore the TOF  is not a constant; the 

reported value is then its initial value 0TOF . 

Photoinduced catalytic mechanisms are initiated by light 
absorption by PS to form the excited state PS*. We describe 
this process kinetically as a first-order reaction 
characterized by a rate constant absk  (s-1) which depends 

on the light source power but also on experimental 
conditions such as the reactor geometry and all the 
parameters that determine how much light is ultimately 
absorbed by the photocatalytic solution. The excited state 
has a lifetime characterized by the corresponding first 
order rate constant bk  (s-1). Throughout our analysis, we 

make the assumption that abs bk k  corresponding to 

situations where, under illumination, the resting state of 
the photosensitizer is PS. In the presence of a sacrificial 
donor SD, the excited state is reductively quenched with an 
efficiency characterized by the dimensionless parameter 

 
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Q
Q

b Q

k
p

k k
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
 ( Qk  is the quenching rate constant in M-

1s-1) . The formation of the reduced photosensitizer PS 
triggers a photoinduced catalysis that we now analyze. 

Photoinduced catalysis: ideal system 

Although the reduced photosensitizer PS may be a good 
reductant in terms of outersphere electron transfer, it may 
not be able to interact efficiently with the substrate Sox. The 
ideal scheme is thus the one depicted in Scheme 1a and the 
process referred to as a “photoinduced-catalysis of the 
redox reaction”. In such a framework, it is shown in the 
Supporting Information (SI) that the time evolution of the 
turnover number relative to the catalyst is given by a third 
order polynomial relationship: 
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. ETk  (M-1s-1) is the 

electron transfer rate constant, betk  and betck  (M-1s-1) the 

back electron transfer rate constants, k  (M-1s-1)  is the 

catalytic rate constant (Scheme 1). The system is ideal (no 
degradation pathway) and the substrate is in excess (its 
concentration maintained constant) hence, according to 
equation (4) catTON   when t  . However, because 

of both back electron transfers and the gradual increase of 

SD+ concentration, the pace of increase of catTON , i.e. the 

turnover frequency, is gradually decreasing, starting with 

the initial value 
 

 
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Q
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. This 

initial turnover frequency is independent on the catalytic 
rate constant k. As just mentioned, the deviation from 
linearity of catTON  with time arises from back electron 

transfers either from the reduced photosensitizer or from 
the reduced catalysts. However, the first one, an 
outersphere electron transfer from the reduced form of the 
sensitizer to the oxidized sacrificial donor, is in 
competition with an outersphere electron transfer from the 
reduced sensitizer to the catalyst. Both electron transfers 
have large driving forces and therefore, in many cases, the 

competition parameter bet
bet

ET

k
p

k
  is expected to be close to 

unity because both betk  and ETk  are close to diffusion 

limit, unless the corresponding electron transfers stand in 
the Marcus inverted region. It thus expected from equation 
(4), that, in many cases, as soon as catTON  is larger than 

few units, the second and third order terms are dominant 
over the first order term. This leads to a non-linear time 
evolution of catTON  and also this makes the notion of 

,0catTOF  not useful. It is exemplified in Figure 1 where 

simulations of the evolution of catTON  according to 

equation (4) are shown as function of the  dimensionless 

parameter ,0catTOF t  . 

 

Figure 1. Time evolution of the turnover number in 
photoinduced catalysis of a redox reaction for an ideal 

system for various values of betcp


 0, 10-3, 10-2 (from top to 

bottom) and betp  3 (black lines). The dashed red line 

corresponds to the second order term alone when betcp




0: ,02 /cat cat betTON TOF t p  . The dashed blue line 

corresponds to the third order term alone: 
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k
  3, it is shown that the second order term is 

dominant (dashed red line in Figure 1). The kinetic 
information that can be retrieved is then 
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information on the catalytic rate constant k is obtained in 

such a situation. Alternatively, if bet betc
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 is large 

enough, then the third term becomes quickly dominant 
(dashed blue line in Figure 1) and the kinetic information 
obtained from the plot is: 
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It can provide information on the catalytic step provided all 
other rate constants are known independently. It is 
important to also emphasize that in all cases the retrieved 
information depends on absk  which depends on 

experimental conditions determining how much light is 
ultimately absorbed by the photocatalytic solution. We also 
note that the shallow increase of catTON  over time when 

the third order term is dominant may give the wrong 
impression that catTON  plateaus. This might be the source 

of an incorrect interpretation. 

Photoinduced catalysis: limiting processes 

Photoinduced catalysis of redox reactions are limited by 
degradation of one or multiple components of the system. 
Examination of all possible degradation processes is not 
possible as they may be complex and they are often specific 
of a given system. We consider in the following the effect of 
two pathways on the maximal turnover number. These 
pathways are: (i) first order irreversible degradation of the 
reduced form of the catalyst (rate constant ck  (s-1), Scheme 

2), and (ii) first order irreversible degradation of the 
reduced photosensitizer (rate constant ik  (s-1), Scheme 2). 

Following the methodology presented here, adaptation to 
other degradation processes corresponding to specific 
experimental systems is possible. In the presence of one of 
considered degradation pathways, catTON  reaches a 

limiting value lim
catTON  which expression is given in Table 1 

(see SI for details on the derivation). Experimentally, 
analysis of the solution at the end of an experiment should 
allow knowing which component has been degraded, 
catalyst, photosensitizer, or both. We assume here that one 
degradation pathway is prevalent and that it determines 

lim
catTON . 

It is seen that in the case of degradation of the catalyst, the 

limiting value of lim,c
catTON  is equal to the inverse of the 

competition parameter 
oxS

c
c

k
p

k


  

. Importantly, lim,c
catTON  

is independent on both the concentration of the catalyst 

and the concentration of the photosensitizer. It can thus be 
used as a criteria to identify or discard such a degradation 

pathway. It is also interesting to note that lim,c
catTON  has the 

same expression as the maximal turnover number if the 
same reduction (Sox to Pred) is driven electrochemically 
catalyzed by the same homogeneous catalyst (Catox) 
undergoing a first order degradation in its reduced form. 40 

Scheme 2. Reductive quenching in photoinduced catalysis 
of redox reactions with degradation processes.  

 

The time evolution of catTON  in the presence of catalyst 

degradation depends on the three dimensionless 

parameters betp , betcp


 and cp  as well as on ,0catTOF  via 

an implicit expression (see SI for derivation): 
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Table 1. Limiting value of the turnover number. 
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Figure 2 exemplifies the effect of catalyst degradation on 
the time evolution of the turnover number according to 
equation (5). 

 

Figure 2. Time evolution of the turnover number in 
photoinduced catalysis of a redox reaction for a system 
with catalyst degradation for various values of 0cp  , 10-4, 

10-3 (from top to bottom) with betp  3 and betcp


 10-3. Note 

that the limiting values are not reached.  

We now consider the degradation of the reduced form of 
the photosensitizer via a first order reaction as the only 
degradation pathway. We obtain that the maximal turnover 
number depends on the value of 
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 and therefore 

proportional to the square root of the concentration of the 
photosensitizer and inversely proportional to the square 
root of the catalyst concentration. Interestingly, an increase 

of lim
catTON  was indeed reported in various studies upon 

lowering the catalyst concentration. 41,42,43 It was proposed 
that this phenomenon occurs because only a fraction of the 
catalyst molecules is active at high concentration while the 
remainder acts as a reservoir when the catalyst is 
progressively deactivated over time. 43 However, we show 
here that this phenomena can occur without deactivation 

of the catalyst. Variations of lim,i
catTON with the 

photosensitizer and the catalyst concentration can be used 
as criteria to analyze the degradation process in a 
photoinduced catalysis of a redox reaction. The time 
evolution of the turnover number is governed by a 

differential equation (see SI for derivation) depending on 

 , betp , betcp


, ip  as well as on ,0catTOF : 
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Numerical resolution of this differential equation allows 
getting typical profiles of the time evolution of the turnover 
number for various values of ip  for a given set of  , betp , 

betcp


values as exemplified in Figure 3. 

 

Figure 3. Time evolution of the turnover number in 
photoinduced catalysis of a redox reaction for a system 
with photosensitizer degradation for various values of 

0ip  , 10-4, 5 10-4, 10-3 (from top to bottom) with   100, 

betp  3 and betcp


 10-2. 

Photoinduced catalysis: light-driven hydrogen production 

The present kinetic analysis framework is now used as a 
framework to analyze previously reported experimental 
data of light-driven hydrogen production in water. Many 
experimental systems have been described in the literature 
in which photoinduced catalysis of hydrogen evolution is 
carried out in aqueous media at pH 4-5 with ascorbate 

(Scheme 3, HA) as sacrificial donor, a molecular 
photosensitizer, often Ru(bpy)3

2+ (Scheme 3, Ru) and a 
molecular catalyst, often a cobalt complex.18,41,44-64 In 
particular, some of us have reported that remarkable 
performances can be obtained by associating an 
hydrosoluble tris(ethoxyethanol)-triazatriangulenium 
photosensitizer (Scheme 3, TATA+) and an efficient 
catalyst, a cobalt tetrazamacrocyclic complex 
[CoIII(CR14)Cl2]

+ (Scheme 3, 1).65 
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Scheme 3. Photosensitizers, sacrificial donor and catalyst 
considered in this work  

 

 

Quasi-ideal system: TATA+ as photosensitizer 

Application of the present kinetic model to the previously 
reported data requires an adaptation to take into account 
the stoichiometry of the redox reaction, which is equal to 2 
for hydrogen production. Considering a reaction scheme in 
which an intermediate I (here a cobalt hydride) is first 
formed and then easily reduced by the catalyst to give the 
product (hydrogen) via reaction with a second proton 
donor molecule (Scheme 4), it is shown in the SI that, 
provided the intermediate I is at steady-state, the time 
evolution of the turnover number of an ideal system is 
given by (instead of equation (4)): 

 

 

2,2

3,2
,0,2

2

4
          

3

betc bet
cat cat

betc
bet cat cat

p p
TON TON

p
p TON TOF t





 
  
 

  

 (7) 

with ,0,2 / 2cat Q absTOF p k , ,2 0

1 ox 0

Cat

2 S

betc oxbetc
kp

k

  


  

. 

1 ox 0
Sk     can also be noted catk , a pseudo first order 

catalytic rate. All other parameters have the same 
definition as in the one electron scheme. We note that the 
intermediate I can be alternatively reduced by Catred. 

However, PS is a stronger reductant than Catred. 

Moreover, as shown in the SI, both PS and Catred are at 
steady-state and their concentrations are related as follows:
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. Taking into account 

that 1 oxS SDbetck k
     

 is the inverse of the lifetime of 

Catred which has been estimated to be ca. 140 µs, 65 and 

oxCatETk    5 103 s-1, we have redCat / PS 0.7
      

, we 

only consider the reduction of I by PS. 

Scheme 4. Reductive quenching in photoinduced catalysis 
of two electrons redox reactions.  

 

Previous photophysical and transient absorption 
measurements have led to the determination of several rate 
constants for the present experimental system, namely bk , 

Qk , betk , betck  and ETk . 65 These data are gathered in Table 

2 and their determination recalled in the SI. 

Table 2. Rate constants of experimental systems 

Photosensitizer TATA+ Ru(bpy)3
2+ 

bk
 (s-1) 7.14 107 1.65 106 

Qk
 (M-1s-1) 

3.6 109 2.5 107 

betk
(M-1s-1) 3.26 109 3.5 109 

betck
(M-1s-1) 2.6 107 2.6 107 

ETk
(M-1s-1) 7.35 108 1.4 109 

1 ox 0
Scatk k     (s-1) 

7.1 103 7.1 103 

absk
 (s-1) 3.16 103 1.3 103 

These rate constants are used to fit the experimental data 
recorded with [TATA+] = 500 µM and [1]= 2.5, 5 and 10 µM, 
hence   200, 100, 50 respectively. Taking into account 

that the concentration of the sacrificial donor was [HA] = 

0.076 M, 
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Q
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0.79. Rate constants given in 

Table 2 provide bet
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  4.435, 0
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2

betc

betc
cat

k

p
k

 
 

 

0.915. Data are fitted with equation (7) thus considering the 
system as ideal since only little degradation of the 
photosensitizer was observed experimentally.65 Figure 4 
shows the fitting of the kinetic expression (7) to the 
experimental data via adjustment of a simple parameter 

absk   3.16 103 s-1. This rate constant characterizing light 

absorption by the photosensitizer TATA+ is obviously 
dependent on the irradiation conditions. To check that our 
analysis with an analytical model is valid, we have 
performed additional simulations using a Kinetics 
Simulator Gepasi (see SI and Figure S1). 



 

 

Figure 4. Photocatalytic hydrogen production ( catTON ) as 

a function of time from a deaerated 1 M acetate buffer (5 
mL) at pH 4.5 under visible-light irradiation in the 
presence of TATA+ (0.5 mM), NaHA/H2A (0.1 M) and 
various concentration of the catalyst [CoIII(CR14)Cl2]

+ : 2.5 
µM (green), 5 µM (magenta) and 10 µM (red). Square: 
experimental data (from reference 65). Lines: simulations 
(see text).  

The analysis shows that our kinetic model is capturing the 
essential features of the system. In turn, it shows that 
photophysical and transient absorption measurements can 
be used to predict the behavior of the system provided the 
system is stable (ideal) and light absorption properties are 
known. As another outcome, this analysis illustrates that 
the time evolution of the turnover number is a complex 
combination of several phenomena, i.e. light absorption, 
quenching, electron transfer, catalysis that cannot be easily 
disentangle. Hence, the simple report of the apparent 
initial turnover frequency and the turnover number on a 
large irradiation time are not a reliable metrics to compare 
systems. 

Photosensitizer degradation: Ru(bpy)3
2+ as photosensitizer 

Ru(bpy)3
2+ is a commonly used photosensitizer due to its 

long lived excited state and good reducing properties of the 

reduced state [Ru(bpy)2(bpy)]+. However, comparison of 
the light driven hydrogen production with both TATA+ and 
Ru(bpy)3

2+ as photosensitizer in identical conditions shows 
significant differences. Whereas the behavior of the system 
can be considered as quasi-ideal over 24 hours of 
irradiation with TATA+ as photosensitizer (vide supra), 

catTON  quickly levels off when Ru(bpy)3
2+ is used as 

photosensitizer (Figure 5).65 This is attributed to the well-

known degradation of the reduced form [Ru(bpy)2(bpy)]+ 
which undergoes substitution of one of its bipyridine 
ligand in acidic aqueous solution by solvent molecules 
and/or anions such as ascorbate.41,59 We therefore analyze 
the previously reported data in the framework of a 
mechanism depicted in Scheme 5: a two electrons 
photoinduced catalytic process is considered with an 
intermediate I (here a cobalt hydride) at steady-state. First 
order degradation of the reduced form of the 
photosensitizer is considered as the only deactivation 
pathway. 

Scheme 5. Reductive quenching in photoinduced catalysis 
of two electrons redox reactions with photosensitizer 
degradation.  

 

Because of the two electrons stoichiometry, the kinetic 
model presented in the previous sections has to be adapted 
(see SI), leading to replacement of the governing 
differential equation (6) by equation (8): 
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. All 

other parameters have the same definition as in the one 
electron scheme. As in the case of TATA+, rate constants 
are known from previous photophysical and transient 
absorption measurements ( bk , Qk , betk , betck , ETk , catk ) 

and gathered in Table 2 (see SI for details). These rate 
constants are used to fit the experimental data recorded 
with [Ru(bpy)3

2+] = 500 µM and [1]= 5 and 10 µM, hence  

100, 50 respectively. Taking into account that the 

concentration of the sacrificial donor was [HA] = 0.076 M, 
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 is small compared to 

unity, it is shown (see SI), that the limited turnover number 
is: 

lim,
1 1 8
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Therefore, application of equation (9) to the experimental 
data (Figure 5) leads to ip = 1.88 10-5 and 1.28 10-5 (i.e. much 

smaller than 1, thus validating the assumption) for   50 
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and 100 respectively, hence corresponding to ik = 13.2 s-1 and 

9 s-1 respectively. Both values are close indicating that 

considering a first order degradation of [Ru(bpy)2(bpy)]+ 
as limiting process is reasonable. The time evolution of 

catTON  was then simulated by numerical resolution of 

equation (8) and adjustment of ,0,2 / 2cat Q absTOF p k . We 

obtain absk   1.3 103 s-1.  

 

Figure 5. Photocatalytic hydrogen production ( catTON ) as 

a function of time from a deaerated 1 M acetate buffer (5 
mL) at pH 4.5 under visible-light irradiation in the 
presence of Ru(bpy)3

2+ (0.5 mM), NaHA/H2A (0.1 M) and 
various concentration of the catalyst [CoIII(CR14)Cl2]

+ : 5 
µM (magenta) and 10 µM (red). Square: experimental data 
(from reference 65). Lines: simulations (see text).  

The parameters controlling the evolution of the turnover 
number as function of time with both TATA+ and 
Ru(bpy)3

2+ are summarized in Table 3.  

Table 3. Parameters  

Photosensitizer TATA+ Ru(bpy)3
2+ 

Qp
 

0.79 0.535 

betp
 4.435 2.5 

betcp
 0.915 0.915 

ip
 

0 ca. 1.5 10-5 

,0,2catTOF


 (s-1) 

2496 695 

The superiority of TATA+ over Ru(bpy)3
2+ as a 

photosensitizer is due not only to the higher stability of its 
reduced form ( ip  smaller) but also to the faster formation 

of this reduced form (higher 
,0,2cat

Q abs

TOF
p k


 ) due to a 

slightly higher ability to absorb the light from the 
irradiation lamp (higher absk ) combined with a more 

efficient quenching of the excited state by the sacrificial 
donor (higher Qp ). This is however balanced by a larger 

contribution of the back electron transfer (higher betp ) in 

the case of TATA+ vs. Ru(bpy)3
2+ making more 

photoinduced generation of the reduced form of the 
photosensitizer unproductive.  

Conclusion 

The bases have been laid for a kinetic analysis of 
photoinduced catalytic systems. The proposed kinetic 
model provides an analytical expression of the turnover 
number vs. time as function of dimensionless parameters 
related to the rate constant of the key-steps of the system. 
As an important result, we show that, even for an ideal 
system where no degradation occurs and with excess of 
substrates, the turnover number does not increase linearly 
with time due to of both increasing contribution of back 
electron transfers. Taking into account the possibilities of 
degradation of either the reduced photosensitizer or the 
reduced form of the catalyst, it is remarkable that, in each 
case, an analytical expression of the limiting turnover 
number is obtained which depends on well-identified 
dimensionless parameters. These expressions provide a 
useful tool in the aim to optimize a given system. For 
example, in the case of a limitation is due to the 
photosensitizer degradation, the maximal turnover number 
not only depends on the ratio of the rate constants of 
electron transfer to the catalyst from the reduced form of 
the photosensitizer and its deactivation rate constant ( ip ) 

but it also depends on a parameter characterizing the back 
electron transfer from the reduced catalyst ( /betcp  ).  

The kinetic model presented for a simple one electron 
redox reaction considering a reductive quenching catalytic 
process can be easily adapted to other situations, namely 
oxidative quenching and multiple electron transfer 
reactions. We have indeed extended the kinetic model to a 
two electrons transfer process adequate for an analysis of 
light-induced hydrogen production in water. The model 
has been successfully applied to recently reported 
experimental data. It is seen that using an hydrosoluble 
tris(ethoxyethanol)-triazatriangulenium photosensitizer in 
association with a cobalt tetrazamacrocyclic complex as 
catalyst together with ascorbate as sacrificial donor, the 
system behaves as a quasi-ideal system. Alternatively, using 
the classical Ru(bpy)3

2+ as a photosensitizer, the turnover 
number quickly levels off due to the degradation of the 

reduced form [Ru(bpy)2(bpy)]+. Interestingly, our 
thorough analysis allows deciphering the intrinsic reasons 
underlying the observation that the rising part of the 
turnover vs. time is similar with the use of either 
photosensitizer. We hope that our approach will stimulate 
kinetic analysis of various systems in the near future to the 
benefit of a lucid benchmarking of photoinduced catalytic 
systems.  
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