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Supporting Information  

ABSTRACT: Thermodynamics and kinetics of hydroxide ion binding to iron tetraphenylporphyrin (TPPFe) at different redox 

states is investigated by electrochemistry and UV-vis spectroscopy. The reduction of TPPFe drastically decreases the binding affini-

ty of hydroxide ions. An activation-driving force correlation is revealed showing that the strongest the binding affinity, the largest 

the association rate constant and vice-versa. Comparison with chloride ions shows that hydroxide ions are stronger ligands for iron 

tetraphenylporphyrin. However, kinetic data indicate that coordination and de-coordination of chloride ions is intrinsically faster 

than coordination and de-coordination of hydroxide ions. Finally, the consequence of hydroxide ion binding dynamics when TPPFe 

is used as a molecular catalyst for electrochemical reactions liberating hydroxides is discussed in the framework of self-modulation 

of catalytic processes. 

Introduction 

Transition metal coordination complexes are widely used as 

molecular catalysts for electrochemical transformations with 

particular interest for small molecule activation in the context of 

contemporary energy challenges. 1 They indeed present several 

interesting features such as the ability to cycle over many coor-

dinated metal redox states and the possibility to fine tune their 

redox properties through ligand modifications. 2 Nonetheless, 

for a transition metal complex to be a chemical catalyst, i.e., 

activate a substrate via an innersphere process, it is required that 

a vacant coordination site is created and regenerated in the cata-

lytic cycle. We have recently shown that ligand exchanges 

(Cl

/OH


), at the metal center of a bipyridyl tricarbonyl rhenium 

complex, play a crucial role in the modulation of the catalysis of 

nitrous oxide reduction.3 A self-modulation process is indeed at 

play because the hydroxide ion, a co-product of the reaction, 

binds to the rhenium and prevents regeneration of the free coor-

dination site unless more energy is injected in the system. Simi-

lar effects can also be found in other systems such as thus for 

the electrochemical reduction of CO2 to CO catalyzed by 

[Ni(cyclam)]
2+

 molecular catalyst partially inhibited by the 

formation of [Ni(cyclam)(CO)]
+
 4 or, thus for the reductive 

cleavage of chloroacetonitrile catalyzed by Co(I) cobalamins 

and cobinamides slowed down by free chlorides, produced by 

the reaction, binding to the catalyst.5 When ligand exchange is 

involved in a catalytic cycle, the thermodynamics and kinetics 

of the corresponding steps may indeed play a role in the overall 

catalyst efficiency, either showing up in the turnover frequency 

or in the overpotential. It is thus important to quantitatively 

evaluate the thermodynamic and kinetic characteristics of ligand 

exchange processes at various redox states of a given complex 

and a given ligand.  

Iron tetraphenylporphyrins (TPPFe) are well-studied molecular 

catalysts for small molecule activation, in particular dioxygen 

reduction to water at the level of the formal Fe(III)/Fe(II) redox 

couple 6 and carbon dioxide reduction to carbon monoxide at the 

level of the formal Fe(I)/Fe(0) redox couple. 7 Even at the level 

of the Fe(II)/Fe(I) redox couple, provided an appropriate modi-

fication of the ligand environment is designed. 8 Recently, 

TPPFe(0) has also been shown to trigger nitrous oxide reduc-

tion. 9 All these reactions involve a deoxygenation process, 

usually assisted by protons, and likely generating hydroxide 

ions, known as ligands for iron porphyrins. Hydroxide iron 

tetraphenylporphyrin TPPFe(OH) complexes may therefore be 

intermediates involved in the catalytic cycles of the above-

mentioned reactions as well as in other reactions. Thereafter we 

report on the reduction of TPPFe(III)(OH) in 

dimethylformamide (DMF) with the aim to characterize ther-

modynamically and kinetically the ligand exchange processes at 

various redox states. While TPPFe(OH) has been studied for a 

long time, in particular in relation with the formation of µ-oxo 

dimer, 10 coordination and de-coordination properties of the 

hydroxo ligand have not been quantitively characterized. The 

influence of the latter properties on the electrochemical behavior 

of TPPFe, cycling between Fe(III) and Fe(0) formal states, will 

be described in the framework of the ladder eight members 

scheme shown in Scheme 1. We will then compare the proper-

ties of hydroxides vs. chlorides as axial ligands 11 and discuss 

the consequences coordination of hydroxide ions might have 

when TPPFe is used as a molecular catalyst for electrochemical 

reactions with particular emphasis on the self-modulation pro-

cesses. 

Results  

Thermodynamics and UV-vis characterizations  

In the absence of any axial coordinating ligand besides the sol-

vent (DMF), TPPFe(III) exhibits three successive one electron 

reversible reduction waves in DMF + 0.1 M KPF6 electrolyte as 



 

attested by the cyclic voltammetry curve (CV) or linear scan 

voltammetry (LSV) on a rotating disk electrode (figure 1). DMF 

axial ligands are not explicitly considered throughout the paper. 

The standard potentials of corresponding formal TPPFe(III)/(II), 

TPPFe(II)/(I) and TPPFe(I)/(0) redox couples are at 0

III/IIE   -

0.185, 0

II/IE   -1.165 and 0

I/0E   -1.840 V vs. SCE respectively 

(in agreement with literature data 12), thus giving three of the ten 

thermodynamic constants of the ladder shown in Scheme 1.  

Scheme 1. 

 

                                    a                                            b 

 

Figure 1. TPPFe(III) (0.5 mM) in DMF + 0.1 M KPF6 under Ar 

on a 3 mm diameter GCE (a) CV at 0.1 V/s. (b) LSV at 2000 

rpm and 0.01 V/s. 

Starting from TPPFe(III), a one-electron exhaustive electrolysis 

is performed at -0.72 V vs. SCE leading quantitatively to a 0.5 

mM solution of TPPFe(II). Then, successive additions of 

Et4NOH (from 0.54 mM to 27 mM; i.e.  1 to 54 mole equiva-

lents with respect to TPPFe) allows a progressive conversion of 

TPPFe(II) to TPPFe(II)(OH) followed by UV-vis (figure 2a). 

The characteristic Q-bands of both TPPFe(II) and 

TPPFe(II)(OH) are gathered in table S1. Their equilibrium 

concentrations can be calculated for each concentration of added 

hydroxides (figure 2b) and, considering the equilibrium corre-

sponding to equation (1), the equilibrium constant IIK  can be 

evaluated as IIK   630 M
-1

 (see Supporting Information (SI) 

for details).  

T P P F e (II)  +  O H  T P P F e (II)(O H ) 

II

f

II

b

k

k

  
   (1) 

In the presence of an excess of OH

, the reversible CV wave of 

Fe(III)/Fe(II) couple is shifted toward cathodic potentials (figure 

3a) due to the stronger affinity of TPPFe(III) with hydroxide 

ions compared to TPPFe(II). The corresponding standard poten-

tial 
-

0 ,O H

III/II
E  is -0.815 V vs. SCE compared to 0

III/IIE   -0.185 V 

vs. SCE. Considering the thermodynamical relationships within 

a square diagram, we have: 

-
0 ,O H 0 II

III/IIIII/II

III

ln
R T K

E E
F K

 
   

 

 (2) 

and therefore, we obtain IIIK  2.4 10
13

 M
-1

 >> 1 corresponding 

to the equilibrium constant of equation (3) and leading to the 

full thermodynamic characterization of the first square scheme 

of the ladder. 

                                a                                            b 

 

Figure 2. (a) in-situ evolution of UV-vis spectra (Q-bands l= 1 

mm) of a solution of TPPFe(II) (0.5 mM) upon successive addi-

tions of Et4NOH in DMF + 0.1 M KPF6 under Ar; the initial 

TPPFe(II) spectrum is in red and the final spectrum is in magen-

ta. ([Et4NOH] = 27 mM). (b) Equilibrium concentrations of 

TPPFe(II) (red) and TPPFe(II)(OH) (magenta) as function of 

added Et4NOH concentration.  

 

In agreement with this very large binding constant, addition of 

OH
 

on TPPFe(III) leads to quantitative transformation to 

TPPFe(III)(OH) as observed in UV-vis. (figure 3b). The UV-vis 

exhibits two Q-bands at 570 and 610 nm in agreement with 

literature data. TPPFe(III)OH is expected to evolve over time to 

form a µ-oxo dimer which UV-vis spectrum is expected to be 

similar to the UV-vis spectrum of TPPFe(OH) although with 

broader bands and a bathochromic shift. 
13,14

 However, we do 

not observe any change in UV-vis (and CV) over 3 hours (figure 

S1). Moreover, the
 
EPR spectrum recorded at 100 K is similar to 

those reported for a monomeric high spin TPPFe(III)(OH) with 

effective g values 6.56, 5.75 and 1.98 (figure S2) whereas a µ-

oxo dimer would not show EPR features. 
13,14
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Figure 3. TPPFe(III) (0.5 mM) in DMF + 0.1 M KPF6 under Ar 

(a) CVs at 0.1 V/s on a 3 mm diameter GCE in the presence of 

27 mM of Et4NOH. (b) Time evolution of UV-vis spectrum (Q-

bands, l= 1 mm) upon addition of 0.54 mM Et4NOH; the initial 

spectrum is in dark blue and the final spectrum is in light blue 

after 80 s.  

Still in the presence of an excess of hydroxide ions, the reduc-

tion wave of TPPFe(II)(OH) occurs at more negative potential 

compared to the reduction of TPPFe(II) (-1.46 V vs. SCE ; 

figure 4a, peak 1). The wave is not reversible because of the 

kinetically limiting coordination of hydroxides to TPPFe(I) as 

discussed in more detail in the kinetic section. Nonetheless a 

partial reversibility is observed with a small kinetic anodic wave 

at ca. -1.40 V vs. SCE (peak 2 in figure 4a) hence leading to an 

estimation of the standard potential
-

0 ,O H

II/I
E  in the range of -1.50 

V vs. SCE. Thus, considering again a thermodynamical rela-

tionship within a square diagram, we have: 

-
0 ,O H 0 I

II/III/I

II

ln
R T K

E E
F K

 
   

 

 (4) 

leading to IK  << 1 M
-1

 for the equilibrium constant of equation 

(5). These values will be refined latter on when analyzing the 

kinetics of reaction (5). 

T P P F e (I)  +  O H    T P P F e (I)(O H )

I

f

I

b

k

k

  
    (5) 

This gives a thermodynamic characterization of the second 

square scheme of the ladder. 

                               a                                                  b 

 

Figure 4. CVs recorded in DMF + 0.1 M KPF6 under Ar at 0.1 

V/s on a 3 mm diameter GCE in the presence of 27 mM of 

Et4NOH containing (a) TPPFe(II)(OH) (0.5 mM). (b) TPPFe(I) 

(0.5 mM).  

Regarding the lower square scheme of the ladder in Scheme 1, 

no information have been obtained concerning the hypothetical 

TPPFe(0)(OH) species. Even in the presence of excess of hy-

droxide ions (27 mM), de-coordination of OH

 occurs at the 

level of Fe(I) and the TPPFe(I)/TPPFe(0) wave remains un-

changed (figure 4b). 
15

 No attempt was made to add larger ex-

cess of hydroxide ions. Based on the equilibrium constant esti-

mated above, even at 1 M of hydroxides, less than 1 % of 

TPPFe(I) at 0.5 mM would be converted to TPPFe(I)(OH).  

 

Kinetics 

The thermodynamic binding constant of hydroxide ions to 

TPPFe(III) is so large ( IIIK  2.4 10
13

 M
-1

) that addition of 

hydroxide ions at 0.54 mM on a solution of 0.5 mM TPPFe(III) 

leads to a quantitative conversion to TPPFe(III)(OH) after less 

than 80 s as already shown in figure 3b. The time evolution of 

the absorbance at 702 nm, upon addition of hydroxide ions (0.54 

mM) on a solution of 0.5 mM TPPFe(III) allows to extract the 

rate constant III

fk   2000 M
-1

 s
-1

 corresponding to the forward 

direction of reaction (3) considering initial conditions where 

[TPPFe(III)] ;  [OH

] and therefore (see figure 5 and SI for 

details): 
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Consequently, the backward rate constant of reaction (3), corre-

sponding to the de-coordination of hydroxide ions from 

TPPFe(III)(OH) is as slow as III

bk   7.15 10
-11

 s
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Figure 5. Time evolution of the inverse of the concentration of 

TPPFe(III) (initially 0.5 mM) in DMF + 0.1 M KPF6 under Ar 

in the presence of 0.54 mM Et4NOH. Linear fitting according to 

equation (6) (see SI for details). 

The thermodynamic binding constant of hydroxide ions to 

TPPFe(II) is only IIK   630 M
-1

 so that an excess of hydrox-

ides is required to fully convert 0.5 mM of electrogenerated 

TPPFe(II) to TPPFe(II)(OH) (figure 2). As seen in figure 6, 

upon addition of 54 mM of Et4NOH to 0.5 mM of TPPFe(II) 

generated by an exhaustive electrolysis of a TPPFe(III) solution 

at -0.82 V vs. SCE, complete conversion of TPPFe(II) to 

TPPFe(II)(OH) is obtained within less than 10 seconds.   

                                   a                                                b 

 

Figure 6. TPPFe(II) upon addition of 54 mM Et4NOH in DMF 

+ 0.1 M KPF6 under Ar (a) Time evolution of UV-vis spectrum 

(Q-bands, l= 1 mm) ; the initial spectrum is in red and the final 

spectrum is in magenta. (b) Time evolution of the concentration 

of TPPFe(II). Fitting according to equation (7) (see SI for de-

tails). 

From the time evolution of the absorbance at 616 nm, a pseudo-

first order rate constant can be obtained leading to the rate con-

stant II

fk   25 M
-1

 s
-1

 corresponding to the forward direction of 

reaction (2) (see figure 6b and SI for details): 

 

 
 

0

T P P F e (II)
e x p O H

T P P F e (II)

II

f

t

k t




  
 

 (7) 

Hence, the backward rate constant of reaction (2), correspond-

ing to the de-coordination of hydroxides from TPPFe(II)(OH) is 

II

bk   0.04 s
-1

. 

The thermodynamic binding constant of OH

 to TPPFe(I) is so 

small ( I 1K   M
-1

) that, as already indicated, preparation of 

TPPFe(I)(OH) from TPPFe(I) would require an excessively 

large amount of hydroxide ions. Therefore, to get insights into 

the dynamic of reaction (5), we consider the effect of the dy-

namics of this equilibrium on the cyclic voltammogram of 

TPPFe(II) reduction in the presence of Et4NOH. As observed in 

figure 4a, only a small amount of TPPFe(II) is present according 

to IIK   630 M
-1

 and noting that II

fk   25 M
-1

 s
-1 

and
 II

bk   

0.04 s
-1

 lead to a quasi-frozen equilibrium on the timescale of a 

CV at 0.1 V/s. (i.e. 
O H

1
/

II II

f bk k

F v R T

  
 

 ).
16

 The reduction wave 

is thus split in a first wave (peak 0 in figure 7) corresponding to 

the conversion of the fraction of TPPFe(II) to TPPFe(I) and a 

second wave (peak 1 in figure 4a and figure 7) corresponding to 

an EC mechanism leading predominantly to TPPFe(I) (scheme 

2a). This second wave growth at the expand of the former as the 

amount of added hydroxide ions is increased. On the reverse 

scan the CV exhibits a weak wave at ca. -1.40 V vs. SCE corre-

sponding to the oxidation of TPPFe(I) to TPPFe(II)(OH) via a 

CE process (scheme 2b, peak 2 in figure 4a and figure 7) 

whereas a second larger oxidation wave at a less negative poten-

tial corresponds to the EC pathway (scheme 2c, peak 3 in figure 

7) leading to a mixture of TPPFe(II) and TPPFe(II)(OH) de-

pending on the amount of hydroxides. Then a wave correspond-

ing to TPPFe(III)(OH)/TPPFe(II)(OH) couple is observed 

(peaks 4 and 5 in figure 7). The position and shape of the waves 

corresponding to peaks 1 and 2 depends on the parameters 
-

0 ,O H

II/I
E , IK  and 

I

fk  (or I

bk ). Taking into account equation (4), 

only two parameters need to be adjusted to describe that posi-

tion and shape of the waves. Using digital simulations (see SI), 

we roughly evaluate 
-

0 ,O H

II/I
E ;  -1.45 V vs. SCE, hence IK ;  

10
-2

 M
-1

, and 0 .1
I

fk ;  M
-1

 s
-1 

and
 I

bk ;  10 s
-1

. All equilibrium 

constants and rate constants are gathered in Table 1. 

 

Figure 7. CVs recorded in DMF + 0.1 M KPF6 under Ar at 0.1 

V/s on a 3 mm diameter GCE in the presence TPPFe(II) (0.54 

mM) and Et4NOH: 0 (black), 0.54 (blue), 1.08 (green), 2.7 (red) 

and 5.4 mM (magenta); second cycles are shown. 

Scheme 2. 
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Discussion 

A thermodynamic characterization of the ladder (Scheme 1) 

corresponding to TPPFe/TPPFe(OH) equilibrium at various 

redox states was performed. We took advantage of the fact that 

the equilibrium constant for hydroxide coordination/de-

coordination is neither to large nor to small at the Fe(II) redox 

state to measure it by simple spectrometric titration. It would 

not have been possible at the TPPFe(III) redox state because the 

equilibrium constant for OH
 

binding is too large and it would 

not have been possible at the TPPFe(I) redox state because the 

equilibrium constant for hydroxide binding is too small. How-

ever, as methodologically explained in reference 11, the deter-

mination of the differences of the standard potentials allows to 

derive these equilibrium constants via equations (2) and (4).  

Table 1. Equilibrium and rate constants 

ligand OH

 Cl

  a
 

Equilibrium constants 

IIIK  (M
-1

) 2.4 10
13

 2.5 10
5
 

IIK  (M
-1

) 630 56 

IK  (M
-1

) 1.5 10
-3

 - 

Rate constants 

III

fk  (M
-1

s
-1

); III

bk  (s
-1

) 
2000; 7.15 10

-11
 9.6 10

7
; > 4 10

2
 

I I

fk  (M
-1

s
-1

); I I

bk  (s
-1

) 
25; 0.04 10

5
; 2 10

3
 

I

fk  (M
-1

s
-1

); I

bk  (s
-1

) 
0.1; 70 - 

a
 from reference 11.  

The very large value of 
IIIK  is in line with previously evaluated 

binding constants of the hydroxide ions with other 

iron(III)tetraphenylporphyrins protected from µ-oxo dimer 

formation with “basket-handle” type aliphatic hydrocarbon 

chains. Binding constant of the order of 10
23

 and 10
20

 M
-1

 have 

been reported in benzonitrile.
14 The binding affinity of OH


 

dramatically decreases, by more than ten orders of magnitude; 

when TPPFe is reduced from Fe(III) to Fe(II) formal redox 

states. We also note that the equilibrium constant 
IIK  is smaller 

than the corresponding constants evaluated with the protected 

“basket-handle” iron(II)tetraphenylporphyrins (1.6 10
3
 and 2.3 

10
6
 M

-1 
vs 630 M

-1
 for 

IIK ).
14

 One explanation could be that, in 

the protected porphyrins, the aliphatic hydrocarbon chains are 

linked to the ortho positions of the phenyl groups by amides 

functionalities providing dipolar and H-bonding interactions 

stabilizing the hydroxo ligand. Reducing once more TPPFe to 

the Fe(I) formal state, again induced an important decrease of 

the binding affinity by several orders of magnitude. Interesting-

ly, equilibrium constants have been previously determined for 

the binding of chloride ions to TPPFe(III) and TPPFe(II) (see 

Table 1).
11

 In both cases, the binding affinity of Cl

 is smaller 

than the binding affinity of OH

 indicating that hydroxide is a 

stronger ligand for iron tetraphenylporphyrin than chloride.  

 

Figure 8. Activation ( ln
i

b

R T
k

F
) - driving force (

0
ln iG R T K   with I = I, II or III) plot for ligand de-

coordination from TPPFe(L) (L=OH

 in black, L=Cl


 in red). 

See Table 1 for data. Dashed line and curve: respectively linear 

and quadratic fitting of the activation-driving force correlation. 

We have also been able to determine the rate constants for hy-

droxide coordination to and de-coordination from TPPFe at 

three different redox states. As expected, the strongest the bind-

ing affinity, the largest the association rate constant and vice-

versa (Table 1). Therefore, an activation ( ln b

R T
k

F
) -driving 

force (
0

G ) correlation can be drawn for the de-coordination 

processes. As shown in figure 8, around 
0

0G  , the transfer 
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    is equal to 0.5 whereas it is larger 

at unfavorable driving force. It is reminiscent of electron trans-

fer 
17

 and dissociative electron transfer 
18

 activation-driving 

force relationships although the processes investigated here is a 

simple coordination chemistry reaction. De-coordination of 

chloride appears intrinsically faster than de-coordination of 

hydroxide because, for a similar driving force, the de-

coordination rate is much faster (see figure 8). More investiga-

tion is required to get deeper insights in the intrinsic reasons for 

such a behavior but these results encourage us to seek more in 

that direction in future work. Dynamics of ligand coordina-

tion/de-coordination is indeed deemed to play an important role 

in catalytic processes involving coordination complexes as 

catalysts. Hence, we will now discuss the possible influence of 

the formation of TPPFe(II)(OH) on a catalytic process when 

TPPFe plays the role of molecular catalyst at the level of 

TPPFe(II)/TPPFe(I) couple for an electrochemical reaction 

involving a two electron reductive deoxygenation reaction with 

water as proton source (equation 8): 

2H O
S u b s tra te  +  2  e    P ro d u c t +  2  O H


    (8) 

Typical examples would be the reduction of CO2 to CO, recent-

ly shown to possibly occurs at the Fe(II)/Fe(I) redox couple of 

well-designed iron porphyrins 
8Erreur ! Signet non défini.

 or the reduc-

tion of N2O to N2; many other reactions corresponding to equa-

tion (8) can also be envisioned. We consider a simple mecha-

nism depicted in Scheme 3 in which the rate determining step is 

the first chemical reaction involving the electrogenerated 

TPPFe(I) and the substrate to be reduced. Therefore, a steady-

state approximation can be considered for the intermediate. If 

the reaction is performed in a range of potentials, in which 

TPPFe(II)(OH) cannot be directly reduced at the electrode (i.e. 

E > -1.4 V vs. SCE), the framework considered here corre-

sponds to a self-modulation situation. Indeed, the catalytic reac-

tion generates hydroxide ions which will slow down and even-

tually inhibits the reaction via the formation of TPPFe(II)(OH). 

Scheme 3. 

 

To rationalize this effect, a kinetic analysis of such a self-

modulation catalytic process can be performed within simplify-

ing assumptions, such as excess of substrate and fast catalysis 

considering either cyclic voltammetry as an analytic technique, 

or constant potential electrolysis (CPE), with a controlled hy-

drodynamic regime (stirring of the solution). Fast catalysis 

corresponds in CV to the condition 1
/

c a t
C V

k

F v R T
l    with 

0

1ca t su b s tra tek k C  and v  the scan rate.
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 In CPE, fast catalysis 

corresponds to the condition 
2

1

/

c a t
C P E

k

D

l



   where D  and 

  are respectively the diffusion coefficient of TPPFe and the 

size of the diffusion layer in CPE, set by the stirring rate of the 

solution.
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 Because the rate constants for hydroxide  coordina-

tion to and de-coordination from TPPFe(II) are relatively slow (

II

fk   25 M
-1

 s
-1 

and
 II

bk   0.04 s
-1

), we restrict our analysis to a 

situation where catalysis is fast (see above assumptions) and 

occurs in a thin diffusion-layer close to the electrode surface 

generating hydroxide ions that interfere with TPPFe(II) in the 

diffusion layer as well as in the bulk of the solution (in the case 

of CPE). In that context, as shown in the SI, considering first 

CV, the system is controlled by two dimensionless parameters 

 

0

3 / 2

2

/

I I

f c a t c a t

C V

k C k

F v R T

   and 
0

II

2

/

ca t

C V ca t

k
K C

F v R T
  . If 

C V
  is 

large, a likely situation for fast catalysis taking into account that 

II
K =630 M

-1
 and that 

0

c a t
C  is typically in the sub-millimolar 

range, the coordination of OH

 to TPPFe(II) can be considered 

as irreversible on the timescale of the CV, hence making the CV 

dependent on a single parameter 
C V

 . Simulations (see SI for 

details) of the corresponding dimensionless CVs, i.e., 

0
2

c a t c a t

i

F S C D k

   vs.  
0

II/I

F
E E

R T
    ) as function of 

the parameter 
C V

  are shown in figure 9a. It is seen that an 

irreversible coordination of hydroxide ions to TPPFe(II) inhibits 

catalysis with a progressive departure of the current from the 

canonical S-shaped CV obtained in the absence of binding (

C V
  0). Note that the canonical CV can be reached at high 

scan rate, minimizing the inhibition process by decreasing the 

time scale of the CV and hence the charge passed and conse-

quently the amount of OH

 produced.  

                               a                                                     b 

 

Figure 9. Effect of self-modulation on catalysis. (a) Dimension-

less CVs corresponding to the mechanism in Scheme 3. 

0
2

c a t c a t

i

F S C D k

   vs.  
0

II/I

F
E E

R T
     for 

C V
  0 

(black), 0.01 (blue), 0.1 (red), 1 (green), 10 (magenta). (b) Di-

mensionless charge ( ) vs. time ( ) passed in CPE at an ap-

plied potential  
0

II/I
2 0

a p p lie d a p p lie d

F
E E

R T
      and corre-

sponding to the mechanism in scheme 3 for 
C P E

  0 (black), 

0.01 (blue), 0.1 (red), 1 (green), 10 (magenta). 

 

Considering now a CPE, the effect of self-modulation of the 

catalysis due to an irreversible binding of hydroxide ions pro-

duced by the catalytic reaction to TPPFe(II) can be formally 
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monitored by looking at the dimensionless charge passed during 

electrolysis, 
0

d



     vs.   where the dimensionless time is 

/

t

V D S



  ( V  is the volume of the electrolysis cell and S  

the surface area of the cathode). This dimensionless charge, 

0
/ / 2

c a t c a t

Q

F V C D k





  (
0

t

Q id t   is the actual charge 

passed), depends on a dimensionless parameter 
2

0

3 / 2
2

II

C P E f c a t c a t

V
k C k

D S


   according to an analytical expres-

sion (see SI):  

   

2
a rc ta n

1 e x p 2 1 e x p

C P E

C P E


 

  

 

 
        

    

 (9) 

and leading to: 

 
m ax

2 1 e x p
C P E




 

 
 

 

   
 

 (10) 

When 0
C P E

  , the charge passed increases linearly with time 

due to a sustained catalysis. Increasing values of 
C P E

  leads to 

an increasing deviation from this behavior due to a decrease of 

the catalytic current induced by the inhibition of the catalyst via 

irreversible binding of hydroxide ions (figure 9b). A maximal 

charge can be passed (
m a x

 ) from which a maximal turnover 

number, m a x m a x

lim 0
2 /2 c a tc a t

Q
T O N

D kF V C


  , can be evaluated. It 

corresponds to the maximal number of molecules of product 

formed (taking into account the stoichiometry of equation (8)) 

divided by the total amount of catalyst (TPPFe(II)) initially 

present in solution and eventually converted to TPPFe(II)(OH). 

When the applied potential is negative enough, then: 

lim 3 / 2 0
2

ca t

II

f ca t

D kS
T O N

V k C


  (11) 

As revealed by equation (11), 
lim

T O N  is not an intrinsic param-

eter of the chemical system, as opposed to the corresponding 

maximal turnover number reached when catalysis is limited by 

the degradation of the active form of the catalyst. In such a case, 

it has been shown that 
lim

ca t

i

k
T O N

k
  where 

i
k  is the first order 

apparent constant of degradation of the active form of the cata-

lyst; 
20

 here we have evolution of the resting state of the catalyst.
 

In self-modulation processes, besides intrinsic factors (
c a t

k , 
I I

f
k  

and the diffusion coefficient D ), 
lim

T O N  depends on opera-

tional factors, namely, the catalyst concentration and the charac-

teristic cell length /V S . Importantly, the kinetics of ligand 

binding, via 
I I

f
k , is crucial in modulating the catalysis efficien-

cy. It is therefore important to gather kinetic information on 

ligand exchange reactions on catalysts as shown here in the case 

of hydroxide ions and TPPFe. 

Conclusion 

We have investigated the redox behavior of TPPFe in the pres-

ence of hydroxide ions. By a combination of electrochemical 

and UV-vis measurements, the binding affinity of hydroxides 

with TPPFe(III), TPPFe(II) and TPPFe(I) was measured as well 

as the corresponding coordination rate constants. As expected, 

the strongest the binding affinity, the largest the association rate 

constant. Comparison with existing values in the literature for 

chloro ligands reveals that de-coordination of chloride ions is 

intrinsically faster than de-coordination of OH
.

  

TPPFe being widely used as a molecular catalyst for electro-

chemical reduction of substrates and in particular deoxygenation 

reactions generating hydroxides as co-product, we have investi-

gated the possible influence of hydroxide coordination on 

TPPFe(II) when TPPFe(II)/TPPFe(I) would be the catalyst 

redox couple. Our analysis shows that a self-modulation process 

leads to inhibition of catalysis and that the maximal turnover 

number that can be reached in controlled potential electrolysis is 

strongly dependent on the rate constant of hydroxide ion bind-

ing to metallic center in TPPFe(II). 

This study not only provides missing information on the redox 

behavior and kinetics of hydroxide coordination to TPPFe, but it 

also points out the crucial role of ligand exchange dynamics in 

the modulation of homogeneous molecular catalysis of electro-

chemical reactions.  
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Synopsis: Thermodynamics and kinetics of hydroxide ion 

coordination to iron center of tetraphenylporphyrin (TPPFe) at 

different redox states is determined and shown to follow an 

activation-driving force correlation. Comparison with chloride 

coordination shows that the hydroxide is a stronger ligand for 

iron tetraphenylporphyrin although intrinsically less labile. 

Binding dynamics of hydroxide ions, produced by a catalytic 

reaction, is predicted to induce a self-modulation of molecular 

catalytic electrochemical processes kinetically modelled.  
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