
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

N-heterocyclic carbene IrCp*LX₂ molecular water oxidation catalysis;
mechanistic insights and immobilization strategies

Koelewijn, J.M.

Publication date
2016
Document Version
Final published version

Link to publication

Citation for published version (APA):
Koelewijn, J. M. (2016). N-heterocyclic carbene IrCp*LX₂ molecular water oxidation catalysis;
mechanistic insights and immobilization strategies. [Thesis, fully internal, Universiteit van
Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/nheterocyclic-carbene-ircplx-molecular-water-oxidation-catalysis-mechanistic-insights-and-immobilization-strategies(3844aa96-dc4f-42a2-93e9-4002c796fd8b).html


   

 
37 

 

Chapter 2 
 

 

 

 

Reaction progress kinetic analysis 

as tool to reveal ligand effects in 

Ce(IV)-driven IrCp*LX2 catalyzed 

water oxidation. 
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2.1 Introduction 

 

Water oxidation catalysts and proton reduction catalysts are essential key components in the 

construction of an artificial leaf as has been discussed in Chapter 1. This chapter will focus on 

the development of molecular water oxidation catalysts. Important questions that need to be 

answered when integrating any form of water oxidation catalyst in an artificial photosynthetic 

device, is the nature of the catalytically active species that facilitates the oxidation of H2O and 

the rate at which the catalytic cycle is completed when the reaction is either chemically or 

electrochemically driven. In addition, the overpotential at which catalysis takes place is of 

importance as it is a determining factor in the efficiency of the overall water splitting process 

(see chapter 1, section 1.1.2). A convenient way in expressing the catalytic rate is the turnover 

frequency (TOF), defined as moles of product produced per mole catalyst per second. Related 

to this is the robustness of the catalytically active species under the harsh oxidative conditions 

applied, which is reflected in the turnover number (TON) and defined as the total moles of 

product produced per mole catalyst (nO2/ncat). Structural integrity of the catalytic precursor is 

key when strategies involving further functionalization of the molecular complex for electrode 

surface anchoring (discussed in chapter 3) or the covalent attachment of suitable sensitizers 

come into play. 

In chapter 1 a few examples were highlighted of molecular water oxidation catalysts based on 

ruthenium (compounds 1-3 in figure 1.9). In addition, two generalized mechanistic pathways 

were discussed. Both mechanisms, the WNA (Water Nucleophilic Attack) pathway and the ROC 

(Radical Oxo Coupling) pathway, differ in the way the O-O bond is formed during the catalytic 

oxidation of H2O (chapter 1, figure 1.8). Complexes with first row transition metals like Mn, 

Fe, Co and Cu have also proven to be active in the (electro)catalytic oxidation of water, 

however, the reported TONs or TOFs  are lower compared to systems based on Ru and Ir.1–9 

In this chapter, the focus is on iridium based molecular complexes, and in particular iridium 

compounds containing a η5-Cp* ligand in a ‘pianostool’ configuration. In 2008 Bernhard et. al. 

reported a first example of a homogeneous single site iridium water oxidation catalyst that was 

active in the cerium ammonium nitrate (CAN) driven oxidation of water (figure 2.1). These 

cyclometalated octahedral iridium complexes with two free sites available for H2O coordination 

show an average TOF of 0.0042 mol mol-1 s-1. 

 

 Compound TOF TON 

 

R1 = H; R2 = H 0.0041 2490 

R1 = CH3, R2 = H 0.0038 2270 

R1 = CH3, R2 = Ph n.d. n.d. 

R1 = CH3, R2 = F 0.0047 2760 

R1 = CH3, R2 = Cl n.d. n.d. 

Figure 2.1 TOF and TON data obtained for 4 using CAN as the chemical oxidant. n.d. = not 

determined.10,11 
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Various Cp* ligated iridium pianostool complexes were evaluated in 2010 by the group of 

Crabtree.12 The IrCp* complexes gave relatively high TOFs compared to the octahedral iridium 

complex of Bernhard (figure 2.2). 

 

     
0.91 >1500 0.20 n.d. 0.28 213 0.24 320 0.14 n.d. 

     
0.065 n.d. 0.11 n.d. 2.2 n.d. n.d. n.d. 0.092 281 

Figure 2.2 TOF (bottom left) and TON (bottom right) data reported for compounds 5-14 using CAN 

as the chemical oxidant. 12 was determined using NaIO4 as the chemical oxidant.12 

 

Mechanistic insight with respect to iridium catalyzed water oxidation has been proven difficult 

and is limited to theoretical approaches.13,14 On the basis of DFT calculations Crabtree proposed 

that the mechanism for single site iridium catalytic water oxidation involved a Ir5+=O 

intermediate. In general, H2O attacks the highly electrophilic oxo group of Ir5+=O, following a 

WNA mechanistic pathway (figure 2.3). This mechanism resembles the pathway that was 

proposed for water oxidation catalysts based on ruthenium (figure 1.10, chapter 1).12,15 

 

 
 

Figure 2.3 Proposed mechanistic cycle for the iridium catalyzed water oxidation via either a WNA or 

ROC pathway.16 
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The formal Ir5+=O (closed-shell) oxidation state can also be described as a Ir4+-O• (open shell) 

species, which opens the possibility for the formation of O2 to occur via a ROC pathway.16 When 

both closed and open shell pathways are accessible, WNA may be expected to be slower than 

ROC.16 

 

2.1.1 N-heterocyclic carbene ligated IrCp* systems for catalytic water oxidation. 

 

Iridium systems for water oxidation catalysis containing (normal or abnormally ligated) N-

heterocyclic carbene (NHC) ligands were reported as it was expected that the strong electron 

donating character of the carbene ligand could be beneficial in stabilizing the required high 

oxidation states of the iridium center (figure 2.4). Significant differences in TOFs were not 

observed. However, for complexes 17 and 18 a remarkable increase in turnover number was 

reported. A clear description of the beneficial role of the ligand leading towards these higher 

TONs, however, is still a matter of speculation. 

 

Figure 2.4 TOF (bottom left) and TON (bottom right) data obtained for compounds 15-18 using CAN 

as the chemical oxidant.17–19 

 

Our group has reported an active water oxidation catalyst in 2011 where the NHC ligand is 

bound in a monodentate fashion (left panel in figure 2.5).20 Compounds 19 and 20 are unique as 

they differ in comparison to the other reported IrCp* based water oxidation catalysts, in that 

the catalytic precursor has two coordination sites available for H2O to coordinate after 

displacement of the chloride anions under aqueous conditions. The catalytic activity and stability 

of compounds 19 and 20 have been evaluated (electro)chemically and under the experimental 

conditions applied, within a certain concentration window, a first order dependence in CAN 

and a first order dependence in catalyst concentration was reported.13,21 The first order 

dependence in the concentration of the catalyst would suggest that the molecular nature of the 

catalyst remains intact during the oxidation of H2O. This is important as decomposition of 

molecularly based iridium water oxidation complexes into iridium oxide species is frequently 

  
0.10 1419 0.20 2779 

  
- 8350 - 10000 
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observed leading also to an active water oxidation catalyst.22,23 Compound 20 shows a strong pH 

dependence in the electrocatalytic activity, which is in contrast to mesoporous iridium oxide, 

supporting that for this system the catalytic activity comes from a molecular species.24,25 It was 

therefore reported that the organometallic structure of compound 20 remains intact under 

anodic working conditions.25 

 

In addition, Crabtree and Hetterscheid recently reported the first evidence for the presence of 

bis-µ-oxo bridged dimeric iridium species when compound 12 (figure 2.2) and compound 19 

are used as catalysts for the water oxidation reaction.25,26 For the 2-(2’-pyridyl)-2-propanolate 

(pyalc) ligated complex 12 it is assumed that the bis-µ-oxo bridged [Ir(pyalc)(H2O)2(µ-O)]2
2+ 

dimer is the catalyst resting state in the NaIO4 driven catalytic water oxidation. In this system, 

upon formation of the catalytically active species, the Cp* ligand is removed during successive 

oxidation steps (top-right panel of figure 2.5).26–28 For NHC complex 20, however, it was 

reported that under electrocatalytic conditions a [{Ir4+}2(µ-O)]2
2+ dimer is formed where the 

Cp* ligand remains attached. This dimer is proposed to be the active catalytic site (bottom-right 

panel of figure 2.5).25 Both authors have reported that after formation of the dimeric species 

further oxidation steps of the complex are required before H2O is catalytically oxidized to O2. 

 

 

 
Figure 2.5 (left) TOF and TON of NHC-IrCp*X2 19 and 20 using CAN as the chemical oxidant.20 

(right) proposed active state for catalytic precursor 12 and 20.25 

 

For NHC IrCp*Cl2 water oxidation catalyst 19 and 20, the data indicates that the complex does 

not decompose into iridium oxide during the oxygen evolution reaction within the specified 

experimental conditions and is therefore a promising candidate to be implemented into an 

artificial photosynthetic device. The relatively high TOF of this catalyst in comparison to similar 

IrCp* water oxidation catalysts with ligands bound in a bidentate fashion, and the apparent 

(electro)chemical stability validates further exploration of the catalyst and more specifically the 

role of the NHC ligand upon formation of the catalytically active species. 



   

 
42 

However, the TONs and TOFs reported for the various IrCp* compounds, are very dependent 

on the experimental conditions used. This impedes a proper comparison of NHC IrCp*Cl2 19 

with reported data of related iridium systems shown in figure 2.1-2.4. Apparent ligand effects 

on the observed catalytic rate, the mechanism and the formation of the catalytically active 

species may thus easily be overlooked. In this chapter the application of reaction progress 

kinetic analysis (RPKA) on kinetic data with respect to the cerium ammonium nitrate (CAN) 

driven catalytic oxidation of H2O is demonstrated, using a variety of IrCp* compounds (figure 

2.6). The data is obtained using stopped-flow UV-VIS spectrometry which allows rapid mixing 

of reactive solutions within the millisecond timescale, after which the reaction progress can be 

monitored by UV-VIS. Loss of essential kinetic data at initial reaction is thus prevented and a 

full kinetic profile of the catalytic activity can be obtained. Reaction progress kinetic analysis, a 

methodology developed by Blackmond,29 has not been applied to water oxidation catalysis 

before and leads to novel insights of the influence of the ligand bound to the iridium center with 

respect to the formation of the catalytically active species in iridium based water oxidation 

catalysis. Under the experimental conditions used in this chapter, kinetic differences are readily 

observed between catalysts employing monodentate or bidentate ligands of which the 

mechanistic implications will be discussed in this chapter. 

 

   
  

 

 

Figure 2.6 IrCp* class of compounds that have been investigated and discussed throughout this chapter, 

selected on the basis of the precursor ligand structure denticity and electron donating capabilities. 
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2.2 Results and discussion 

 

2.2.1 Reaction progress kinetic analysis of the consumption of Ce4+ during catalytic water oxidation. 

 

Compounds 19, 14, 23, 23b and 12 (figure 2.6) were synthesized according to previously 

published procedures.20,30–33 Compound 21 could easily be obtained by adding an excess of 

pyridine to a solution containing {IrCp*Cl2}2 in CH2Cl2 and compound 22 was prepared by 

adding NaOMe to a mixture of 2-pyridinesulfonic acid and {IrCp*Cl2}2 in MeOH. In both 

procedures the addition of pentane to the solution results in precipitation of the compound as a 

yellow amorphous powder in good yield. The activity of the various complexes as catalyst in the 

oxidation of H2O was determined using cerium ammonium nitrate (CAN) as a sacrificial one-

electron oxidant in 0.1 M HNO3. The catalytic rate was measured monitoring the decrease in 

concentration of Ce4+ at a wavelength of 360 nm according to reaction equation 1: 

 

        
  

     [  ]     
→                

        [1] 

 
Complex 19 was studied at catalyst concentrations ranging from 1 µM to 5 µM in the presence 

of 1.5 mM CAN. In all measurements, Ce4+ is quantitatively consumed, corresponding to 

turnover numbers of 375 to 75 respectively (figure 2.7, left). Values for kobs were obtained from 

the slope of the curves and an experimentally observed kobs value of 3.52E-08 M s-1 was 

determined as the background reaction (see experimental section for more details). A plot of 

the observed kobs values against the catalyst concentration immediately reveals a non-first order 

behaviour in [19] (figure 2.7, right) with an apparent TOF of 0.67 mol mol-1 s-1. 

  
[Ir] [Ce4+] [Ce4+]/[Ir] Max. TON kobs (M s-1) 

1.00E-06 1.50E-03 1500 375 1.95E-07 

2.00E-06 1.50E-03 750 187 6.64E-07 

3.00E-06 1.50E-03 500 125 1.34E-06 

4.00E-06 1.50E-03 375 93 1.97E-06 

5.00E-06 1.50E-03 300 75 2.70E-06 

Figure 2.7 (left) Decrease in Ce4+ concentration for 1-5 µM 19 with 1.5 mM CAN; (right) [19] against 

kobs, y=0.67x-0.01358, R2 0.999 (bottom) Experimental conditions for the catalytic evaluation of 19. 
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Figure 2.8 (left) Log-log plot of [19] against kobs; (               , R2 = 0.996) (right) Kinetic 

data represented as a graphical rate equation for 1-5 µM 19 with 1.5 mM CAN. 

 

A conventional log-log plot of kobs against the catalyst concentration reveals an order of 1.64 in 

[19] (figure 2.8, left). In the right panel of figure 2.8 the kinetic data obtained for compound 19 

is represented as a graphical rate equation (RPKA).† On the y-axis the TOF is plotted, which 

represents the rate in the Ce4+ consumption (in mol Ce4+ [mol Ir]-1 s-1). On the x-axis the 

decrease in Ce4+ is plotted, represented as the ratio between the concentration of Ce4+ at the 

start and at time t of the reaction (see experimental section for more details). In such a plot, the 

reaction progress for the consumption of Ce4+ should be read starting at the right side of the 

plot where [Ce4+]t/[Ce4+]0 equals 1. A horizontal trend in the consumption of Ce4+ points 

towards a zero order dependence in [Ce4+], whereas a linear slope progressing towards the 

origin of the graph points towards a first order dependence in [Ce4+].29 In the event that the 

consumption of Ce4+ is first order dependent in catalyst concentration, and if there is no 

product inhibition nor catalyst decomposition, the plots of the catalytic reaction performed at 

different catalyst concentrations should overlap.29 The benefits of using this representation as 

opposed to the representation in the top-left panel of figure 2.7, is that the Ce4+ consumption 

rate at initial reaction conditions can easily be observed and compared. In addition, all the data 

points are used during the conversion of Ce4+ (vide infra). 

 

At catalyst concentrations of 3 - 5 µM the change in the Ce4+ consumption rate seems to occur 

rapidly, before it reaches a constant value and becomes zero order dependent in [Ce4+]. The 

consumption rate decreases at the point where the Ce4+ concentration is too low and becomes 

rate limiting. At lower catalyst concentrations the rate first decreases before it becomes 

constant and zero order dependent in [Ce4+]. All kinetic curves reveal that after an incubation 

time a stable catalytically active species is formed which shows a zero order dependence in 

Ce4+. The order of 1.64 in [Ir] is reflected in the kinetic curves that do not overlap once the 

active species has been formed. 

                                                           
† The TOFs are defined as mol Ce4+ [mol Ir]-1 s-1 and appear lower than the apparent TOF of 0.67 mol mol-1 s-1 which is 
extracted from the slope using the four highest kobs values in the top-right panel of figure 2.7. This is the result of an 
overestimation of the latter TOF value due to the nature of the analytical method. 
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Figure 2.9 Kinetic data shown in a conventional representation (top-left, top-right) and as a graphical 

rate equation (middle-left, middle-right) for 1-5 µM 21 and 14 respectively with 1.5 mM CAN. 

(bottom-left) [19], [21] and [14] plotted against kobs (bottom-right) overlapping respective log-log plots 

revealing a similar broken order of 1.65. 

 

Tris-aqua complex 14, pyridine coordinated complex 21 and 2-(2’-pyridyl)-2-propanolate 

ligated compound 12 were measured under the exact same conditions. It was found that the 

obtained kinetic profiles for tris-aqua complex 14 and pyridine coordinated complex 21 appear 

identical to the kinetic profile obtained for 19 (top-left and top-right panels in figure 2.9). Both 

catalysts show a non-first order behavior in [Ir] within the applied concentration range, with an 

order of 1.65 for compound 21 and 1.65 for compound 14 as indicated by the log-log plot of 

the obtained kobs values against the catalyst concentration, shown in the bottom-right panel of 
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figure 2.9. An apparent TOF of 0.73 mol mol-1 s-1 and 0.64 mol mol s-1 is extracted from the 

data for pyridine complex 21 and the tris-aqua complex 14, respectively, which is similar to the 

TOF found for the NHC complex 19 (bottom-left panel of figure 2.9). The graphical rate 

equation obtained for both pyridine complex 21 and the tris-aqua complex 14, depicted in the 

middle panels of figure 2.9 show, in contrast to 19, that the change in the Ce4+ consumption 

rate occurs gradually, increasing to a maximum value. The rate in Ce4+ consumption decreases 

at the point where [Ce4+] becomes rate limiting, in analogy to what has been described for 

compound 19 in the right panel of figure 2.8. The graphical rate equation obtained for 

compound 12 differs significantly from the kinetic profiles of tris-aqua complex 14, NHC 

complex 19 and pyridine complex 21 in terms of the TOF and the reaction order in [Ce4+] as 

depicted in figure 2.10. 

 

 
Figure 2.10 Kinetic data represented as a graphical rate equation for 1-5 µM 12 with 1.5 mM CAN. 

 

In analogy to the reaction profile of NHC complex 19, it is evident that for compound 12 at 

catalyst concentrations of 1 - 5 µM the change in the Ce4+ consumption rate occurs rapidly. 

However, for 12 the change in the Ce4+ consumption rate occurs between a [Ce4+]t/[Ce4+]0 

ratio of 1.0 and 0.90 followed by a decrease in the TOF, showing a clear first order dependence 

in [Ce4+], whereas for the NHC complex 19, the change in the Ce4+ consumption rate occurs 

between a [Ce4+]t/[Ce4+]0 ratio of 1.0 and 0.97 (figure 2.8). This indicates that in the 

experiment with 12, more Ce4+ is consumed during the formation of the active species in 

comparison to 19, and the active species shows a faster rate in the consumption of Ce4+ in 

comparison to the active species formed for NHC complex 19. In addition, the kinetic traces do 

not overlap in figure 2.10, and a broken order in the catalyst concentration was found. 
 

The nature of the catalytically active species for iridium based water oxidation catalysts has been 

a matter of debate.23,34–38 However, in the introduction of this chapter it was discussed that for 

NHC IrCp*(OH)2 compound 20 and the the 2-(2’-pyridyl)-2-propanolate ligated compound 12, 

reported by Hetterscheid and Crabtree respectively, evidence was found that the catalytically 

active species might invole a bis-µ-oxo bridged dimer (figure 2.5). On the basis of these findings 
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a rational assumption can be made that explains the trend of the graphical rate equations 

constructed for compounds 19, 14, 21 and 12. 
 

As mentioned in the introductory section, earlier studies report a first order dependence in the 

catalyst and CAN concentration for NHC IrCp*(OH)2 complex 20. The experimental 

evaluation, however, was performed at much higher catalyst and CAN concentrations.21,39 

Under the experimental conditions used in the current study, the structurally related complex 

19 and both the pyridine complex 21 and the tris-aqua complex 14 show a broken order in the 

catalyst concentration of 1.65. The broken order points at the presence of a monomer-dimer 

equilibrium before the rate determining step (RDS) of the mechanistic cycle that affects the 

overall rate of the catalytic oxidation of H2O. The existence of a monomer-dimer equilibrium 

was previously suggested by Crabtree for the tris-aqua complex 14 after evaluation of a variety 

of IrCp* water oxidation catalysts.12,26,38 It is assumed that the broken order of 1.65 found for 

NHC complex 19 and pyridine complex 21 is the result of a similar monomer-dimer 

equilibrium. This equilibrium is assumed to be caused due to the reversible formation of 

catalytically active bis-µ-oxo bridged dimeric species in solution, displayed in figure 2.11, of 

which the molecular structure resembles the dimeric species found for complex 20 when 

studied under electrocatalytic conditions (bottom-right panel in figure 2.5).25 
 

 

Figure 2.11 (left) Monomer-dimer equilibrium before the rate determining step (RDS) leads to a 

broken order in catalyst concentration. (right) Postulated in-situ dimer formation for NHC complex 19 

(L = NHC) and tris-aqua complex 14 (L = H2O). 

 

The graphical rate equation for pyridine complex 21 and tris-aqua complex 14 show a similar 

trend in the maximum TOF and the reaction order in [Ir]. The graphical rate equation for NHC 

complex 19 is also similar in terms of the maximum TOF and the reaction order in [Ir] but 

differs in the change of the Ce4+ consumption rate at the start of the reaction where 

[Ce4+]t/[Ce4+]0 equals 1 (depicted in figure 2.12, indicated by the arrow). The similarities 

between pyridine complex 21 and tris-aqua complex 14 implies that under the experimental 

conditions the pyridine ligand is readily decoordinated to be replaced with H2O, forming 

essentially the same catalytic precursor as tris-aqua complex 14.‡ This has been assumed to be 

the case for tetramethylethylenediamine complex 11 as well (see figure 2.2), as similar kinetic 

                                                           
‡ In the event that both chloride ions dissociate as well upon dissolving complex 12 in 0.1 M HNO3.  
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profiles have been reported for this complex compared to tris-aqua complex 14.12 The 

difference in the change of the Ce4+ consumption rate for NHC complex 19, however, indicates 

the influence of the strongly electron donating NHC ligand. It is assumed that in contrast to the 

pyridine ligand, the NHC ligand is retained to the iridium metal center and leads to a more 

facile oxidation of the metal center and thus to a more rapid formation of the catalytically active 

species.13 

 

 

 

 
Figure 2.12 Superposition of the kinetic data represented as a graphical rate equation for NHC 

complex 19, pyridine complex 21 and tris-aqua complex 14 obtained for 3 µM iridium catalyst. 

 

The graphical rate equation for NHC complex 19 in the right panel of figure 2.8 can now be 

divided into three phases. In the first phase Ce4+ is consumed in the process that transforms the 

catalytic precursor 19 to the catalytically active species. The structural identity of the true active 

species is currently unknown but it involves the formation of a bis-µ-oxo bridged dimer, such as 

displayed in the right panel of figure 2.11. Oxygen formation is assumed to be facilitated by 

such dimers as kinetically faster radical pathways become accessible resulting in higher observed 

TOFs in comparison to monomeric pathways that follow a WNA mechanism (figure 2.3). Under 

these reaction conditions an equilibrium exists between the bis-µ-oxo bridged dimer and the 

monomer. In the second phase, Ce4+ is consumed at a steady rate were the difference in catalytic 

rate at different catalyst concentrations is explained by the monomer-dimer equilibrium that 

shifts with the concentration. In the third phase the Ce4+ becomes depleted and the reaction 

becomes dependent on [Ce4+]. For NHC complex 19, the rate at which the monomer-dimer 

speciation sets in differs in comparison to the tris-aqua complex 14, due to the electron 

donating effect of the NHC ligand. Based on these carefully executed kinetic experiments it can 

be concluded that direct degradation of the catalyst precursors to IrOx is not likely as the 

inhomogeneous nature of IrOx particle formation would not result in such a clean 

reproducibility of the kinetic data. For 2-(2’-pyridyl)-2-propanolate ligated compound 12 it was 

reported that the Cp* is lost prior to formation of the active species when NaIO4 is used as the 

chemical oxidant (top-right panel in figure 2.5). This could fit in explaining the graphical rate 

equation of compound 12 shown in figure 2.10. In the event that the Cp* ligand is rapidly 
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oxidized by Ce4+, followed by dissociation prior to formation of the dimeric 

[{Ir4+}(pyalc)(H2O)2(µ-O)]2
2+ complex, this would explain that the region where the catalytic 

species shows a first order dependence in [Ce4+] occurs after a certain quantity of Ce4+ has been 

consumed. The broken order in the catalyst concentration for compound 12 is explained in 

analogy to NHC complex 19, that a monomer-dimer equilibrium is established upon formation 

of the bis-µ-oxo bridged dimer and that oxygen formation is facilitated by this dimer. 

 

2.2.2 Pretreatment of NHC complex 19 and pyridine complex 21 with cerium ammonium nitrate. 
 

The difference in the rate at which the monomer-dimer equilibrium sets in, observed when 

NHC complex 19 is compared to pyridine complex 21, is further explored. In a follow up 

experiment where concentrations of both complexes in 0.1 M HNO3 were pre-activated with 

500 equivalents CAN (according to the conditions presented in the third entry of table 2.7). 

The solutions where left to stir in the dark for 600 seconds, such that all Ce4+ had reacted which 

was visually confirmed by the gradual disappearance of the yellow colour of the solution. 

 

  
  

  
 

Figure 2.13 (top-left) 3.0 µM 19 (kobs1 1.34E-06) and 3.0 µM  21 (kobs2 1.30E-06) with 1.5 mM CAN 

(top-right) pretreated 3.0 µM 19 (kobs1 7.76E-07) and 3.0 µM  21 (kobs2 8.48E-07) with 1.5 mM CAN. 

(bottom-left) Initial 25 seconds of the absorbance intensity at millisecond resolution of 3.0 µM 19 and 

21 with 1.5 mM CAN and (bottom-right) after pre-activation with 500 equivalents CAN. 
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Injection of the pre-activated solutions into the reaction chamber of the stopped-flow 

spectrophotometer resulted in a final concentration of 3 µM of the respective pre-activated 

catalyst, which was reacted with 1.5 mM CAN in 0.1 M HNO3. The results are compared to 

the kinetic traces depicted in figure 2.8 and figure 2.9 where 3 µM non-pretreated 19 and 21 

were reacted with 1.5 mM CAN in 0.1 mM HNO3. Pre-activated catalysts should not display an 

initial incubation phase prior to the second phase in the reaction progress. Figure 2.13 shows the 

results of the decrease in absorbance intensity at second and millisecond resolution for the non-

pretreated and pretreated solutions of both NHC complex 19 and pyridine complex 21. 

 

The top-left panel in figure 2.13 shows three consecutive injections of non-pretreated 3 µM 

concentrations of 19 and 21 where for complex 21 the presence of an incubation time is 

reflected in a shift of the onset in the Ce4+ consumption rate at the first injection. The top right 

panel in figure 2.13 shows the result of 3.0 µM 19 and 3.0 µM 21 with 1.5 mM CAN after the 

pretreatment with 500 equivalents of CAN. In this case, no incubation time is present at the 

first injection and both catalysts show a similar overall rate in the Ce4+ consumption. The 

bottom-left and bottom-right panels in figure 2.13 show a more detailed observation of this 

incubation effect, when the same experiment was repeated using millisecond resolution 

conditions. Here, three superimposed consecutive injections for both NHC complex 19 and 

pyridine complex 21 show the reproducibility of the experiment at second timescales. It is 

observed that for NHC complex 19 the induction period lasts 5 seconds before the system 

shows a zero order dependence in the Ce4+ consumption rate (indicated by the arrow in the left 

panel of figure 2.13). This induction period is significantly larger for pyridine complex 21. 

 

 

When the kinetic data for the preactivated pyridine compound 21 is represented as a graphical 

rate equation (figure 2.14), the trend changes from a parabolic curvature to a curve showing a 

zero order dependence in [Ce4+] between a [Ce4+]t/[Ce4+]0 ratio of 0.9 and 0.3. In addition, the 

 
Figure 2.14 Kinetic data represented as a graphical rate equation for concentrations of 3.0 µM NHC 

complex 19 and pyridine complex 21 pretreated with 500 equivalents of CAN. 
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graphical rate equation obtained for the pre-activated NHC complex 19 is similar. Compared to 

the kinetic traces of the untreated catalysts, a lower TOF of 0.25 mol mol-1 s-1 is observed 

compared to 0.45 mol mol-1 s-1 (see figure 2.9). However, the similarities between both curves 

in figure 2.14, suggests that NHC complex 19 and pyridine complex 21 are indeed precursors 

to a similar active species and that the difference in the Ce4+ consumption at the initial phase of 

the reaction in the absence of pre-activation are attributed to the NHC ligand affecting the rate 

of formation of the active species. The exact nature of the catalytically active species at this 

point is not known. As was previously assumed, under acidic conditions, the pyridine ligand of 

21 probably readily dissociates forming the tris-auqa complex 14 prior to entering the catalytic 

cycle. However, from the current data it cannot be concluded if the Cp* ligand dissociates in 

analogy to the assumed active species of the 2-(2’-pyridyl)-2-propanolate ligated compound 12. 

In the scenario where the Cp* ligand is retained to the active species,  it would resemble the 

structure as represented in the right panel of figure 2.11. Here, L = NHC in the case for 

precursor 19 and L = H2O in the case for precursor 21. However, the similarities in the TOF 

for both active species in figure 2.14 may suggest that the electron donating NHC ligand is 

either lost during the incubation process or has no direct influence on the rate determining step 

of the catalytic cycle for the oxidation of H2O. 

 

2.2.3 Effect of ligand lability on the formation of the catalytically active species. 

 

In a study performed by the group of Macchioni, the pyridine carboxylate ligated compound 23 

was evaluated as a WOC using cerium ammonium nitrate as the chemical oxidant. Under the 

experimental conditions applied, a TOF of ~0.1 mol mol-1 s-1 was reported for compound 23 

with either a chloride or nitrate anion present in the inner coordination sphere.32 Compared to 

the apparent TOFs of 0.64-0.73 mol mol-1 s-1, found for NHC complex 19, pyridine complex 

21 and tris-aqua complex 14, this is relatively low. This suggests that the bidentate character of 

the pyridine carboxylate ligand has a large effect in the catalytic oxidation of H2O. However, 

the current study shows that compound 12, of which the 2-(2’-pyridyl)-2-propanolate ligand is 

also bound in a bidentate fashion, displays a significantly higher TOF of ~1.0 mol mol-1 s-1 

(figure 2.10). Because of these differences the pyridine carboxylate ligated compound 23 and 

compound 23b, in which the chloride anion was substituted by a NO3
- anion, were reevaluated 

with the analytical methodology used in this chapter. In addition, the structurally similar 

compound 22 and compound 22b, in which a pyridine sulphonate ligand is bound in a bidentate 

(κ-N,O) fashion, were evaluated. Pyridine sulphonate ligated IrCp* complexes are so far 

unexplored systems in the water oxidation reaction. Both compounds were studied to evaluate 

if a similar monomer-dimer equilibrium is found, similar to what has been observed for NHC 

complex 19, pyridine complex 21, tris-aqua complex 14 and compound 12.  

In figure 2.15 it shows that for PyrSO3-IrCp*Cl compound 22, when evaluated under the same 

reaction conditions, also a clear broken order of 1.58 in the catalyst concentration is obtained. 

The broken order indicates that for PyrSO3-IrCp*Cl 22, a similar monomer-dimer equilibrium 
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is involved before the rate determining step of the catalytic cycle. In addition, when compared 

to the kinetic traces of pyridine complex 21, taken at different time resolutions, it becomes 

evident that both catalysts show a similar catalytic rate. Also the profile at the initial phase of the 

reaction is the same (bottom-left and bottom-right panels of figure 2.15). 

 

  
  

  
Figure 2.15 (top-left) Decrease in Ce4+ concentration for 1-5 µM 22 with 1.5 mM CAN (top-right) 

log-log plot of [22] against kobs. (bottom-left) 3.0 µM 21 (kobs1 1.34E-06) and 3.0 µM 22 (kobs2 1.37E-06) 

with 1.5 mM CAN showing a manually induced 50 s offset for comparison reasons (bottom-right) 

Initial 60 seconds of the reaction progression obtained at millisecond resolution. 

 

When a graphical rate equation is constructed, the profile resembles the graphical rate equation 

observed for pyridine complex 21 and tris-aqua complex 14 (left panel in figure 2.16). In 

contrast, a major difference is observed when a graphical rate equation is constructed for 

PyrCO2-IrCp*Cl 23, evaluated under the exact same reaction conditions (right panel of figure 

2.16). For compound 23, the change in the Ce4+ consumption rate occurs rapidly at initial 

reaction conditions, however, a relatively low maximum TOF of 0.18 mol mol-1 s-1 is obtained, 

similar to what has been reported by Macchioni. The TOF is a factor three lower as compared 

to that of PyrSO3-IrCp*Cl 22 and a factor six compared to that of 2-(2’-pyridyl)-2-propanolate 

ligated compound 12. The maximum TOF for compound 23 is followed by a slight decline after 

which in the second phase the Ce4+ consumption initially shows a zero order dependence in 

[Ce4+]. 
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Figure 2.16  Kinetic data represented as a graphical rate equation for 1-5 µM 22 and 23 with 1.5 mM 

CAN. ( = 5 µM,  = 4 µM,  = 3 µM,  = 2 µM,  = 1 µM). 

 

After the second phase, the reaction progress changes and shows a perfect first order dependence 

in the catalyst concentration and a first order dependence in [Ce4+] within the regio of 0.2 – 0.5 

[Ce4+]t/[Ce4+]0. This is indicated, as previously mentioned, by the overlap of the curves of the 

different experiments and the linear progress of the curves to the origin of the graph. 

Interestingly, in the region in which the system is zero order in [Ce4+], the TOF is lowest when 

the highest concentration of catalyst is present (indicated by ). 

 

The different trends in the graphical rate equations for both compounds are explained by the 

coordination strength of the respective ligands. As the graphical rate equation for PyrSO3-

IrCp*Cl compound 22 resembles the graphical rate equation of pyridine complex 21 and tris-

aqua complex 14, the pyridine sulphonate ligand in complex 22 presumably readily dissociates 

under the acidic experimental conditions. However, the pyridine carboxylate ligand in 

compound 23 is retained, affecting the mechanism of the catalytic oxidation of H2O. Effects due 

to dissociation and oxidation of the chloride ligand by CAN on the catalytic behavior of 

precursor 22, 22b, 23 and 23b are negligible. Figure 2.17 shows that at initial reaction times no 

significant differences are observed between 22 and 22b. 

  
Figure 2.17 (left) 3.0 µM 22 and 22b with 1.5 mM CAN, showing the initial 60 seconds obtained at 

millisecond resolution (right) 3.0 µM 22b and 23b with 1.5 mM CAN. 
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Also, the rate in Ce4+ consumption is slower for 23b compared to 22b measured at 3 µM 

catalyst concentration, which is in line to what is observed for 23 and 22 (figure 2.17), 

indicating that chloride exchange for H2O under these catalytic conditions occurs readily. 

 

Crystallographic data obtained for PyrSO3-IrCp*Cl 22 and PyrSO3-IrCp*NO3 22b confirm the 

bidentate character of the ligand in the catalytic precursor as the 2-pyridinesulphonate is ligated 

in a κ-N,O fashion (figure 2.18). The measured Ir1-O1 bond distances of 2.18 Å en 2.15 Å 

found for 22 and 22b respectively, are both slightly longer than the Ir-O bond of 2.10 Å 

reported for the structurally analogous PyrCO2-IrCp*Cl 23. The bond is longer than typical Ir-

O bond lengths that range from 2.05-2.14 Å.32,40 The relatively long Ir-O bond length confirms 

the weak donating properties of the sulphonate anion, in line with the observed facile 

decoordination under aqueous conditions. In addition, under neutral and acidic conditions the 

presence of multiple species are observed when PyrSO3-IrCp*Cl 22 is dissolved in D2O, in 

contrast to PyrCO2-IrCp*Cl 23 (see supporting information). 

 

   
 

Figure 2.18 Crystal structure of PyrSO3-IrCp*Cl 22 and PyrSO3-IrCp*NO3 22b. Selected bond 

distances for 22 (Å) Ir1-O1 = 2.177, Ir1-N1 = 2.117, Ir1-Cl1 = 2.387 and 22b (Å) Ir1-O1 = 2.149, 

Ir1-N1 = 2.135, Ir1-Cl1 = 2.137. 

 

This observation, in combination with the observed longer Ir-O bond lengths in PyrSO3-

IrCp*Cl 22 leads to the conclusion that similar to pyridine complex 21, the pyridine sulphonate 

ligand (partly) dissociates. For PyrCO2-IrCp*Cl 23 the pyridine carboxylate ligand remains 

attached to the iridium center in a bidentate fashion. These results suggest that the observed 

differences for PyrSO3-IrCp*Cl 22 and PyrCO2-IrCp*Cl 23 can be attributed to the ability of 

pre-catalyst 22 to form bis-µ-oxo bridged dimeric species during the catalytic cycle. The 

mechanism for water oxidation is then dominated by kinetically faster pathways facilitated by 
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the dimer as these become accessible due to the generation of free coordination sites as the 

pyridine sulphonate ligand (partly) dissociates. This is reflected in both the higher observed 

TOF and the broken order in the catalyst concentration. For pyridine carboxylate compound 

23, in the event that both the Cp* and the bidentate pyridine carboxylate ligand remain attached 

to the iridium center, the catalyst is unable to form bis-µ-oxo bridged species. As a result, 

water is catalytically oxidized via a WNA pathway rather than the faster ROC pathway, as 

reflected in the low TOFs and the apparent first order in the catalyst concentration. In the 

scenario where the Cp* ligand is detached from precursor 23, the formation of bis-µ-oxo 

bridged species would become accessible in analogy to the active species of the structurally 

similar bidentate ligated 2-(2’-pyridyl)-2-propanolate 12. However, if a monomer-dimer 

equilibrium would be involved this should result in a clear broken order in the catalyst 

concentration of 23 and therefore at this point is not likely as this is not observed. 

 

Macchioni reported a zero order dependence in Ce4+ for pyridine carboxylate 23 at various 

catalyst concentrations (0.5 µM – 5.0 µM Ir) in the presence of 1.0 mM CAN. In contrast to 

their report, the graphical rate equation for PyrCO2-IrCp*Cl 23 clearly shows the existence of 

multiple kinetic regimes, indicated by changes in the reaction progress, where a change from 

zero order dependence to first order dependence in [Ce4+] is evident. Upon close inspection, 

multiple kinetic regimes are also observed in the initial phase of the reaction where 3 µM 

PyrSO3-IrCp*Cl 22 is reacted with 1.5 mM CAN (figure 2.16). 

 

 
Figure 2.19 3 µM 22 with 1.5 – 2.5 mM CAN. The dashed lines represent potential detachement of 

the pyridine sulphnonate ligand indicated by a change in the observed kinetic profile. 

 

These multiple regimes, indicated by a sudden change in the reaction progress, become more 

evident when the experiment for PyrSO3-IrCp*Cl 22 is repeated at variable CAN 

concentrations (figure 2.19). In this experiment, the highest maximum kobs value is obtained 

with the highest CAN concentration. However, the reaction profile can be separated into two 

phases, depicted in figure 2.19 using a dashed vertical line. Starting from the right part of the 

graph, for all CAN concentrations, first the change in the Ce4+ consumption rate occurs readily, 
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followed by a short region where a zero order dependence in [Ce4+] is evident, indicated by the 

horizontal trend in the consumption of Ce4+. This trend initially looks the same as that for 

PyrCO2-IrCp*Cl 23 (figure 2.16, right). However, the zero order dependence in [Ce4+] 

suddenly changes at the point indicated by the dashed vertical line. At this point, the change in 

the Ce4+ consumption rate seems to increase more gradually in analogy to pyridine complex 21 

and tris-aqua complex 14. This sudden change in reaction order for Ce4+ is attributed to a 

change in the ligand environment of the catalytic center during the reaction. Following the 

previous discussion, this change is attributed to the detachment of the pyridine sulphonate 

ligand during the reaction progress which becomes evident by the graphical rate equation. 

 

2.2.4 O2 evolution versus the Ce4+ consumption rate during catalytic water oxidation. 

 

The difference in the rate at which the monomer-dimer equilibrium sets in, observed when the 

graphical rate equation for NHC complex 19 is compared to that of pyridine complex 21, aqua 

complex 14, and PyrSO3-IrCp*Cl complex 22 was further explored by correlating the trend in 

the consumption of Ce4+ with the trend in the evolution of O2 according to equation 1. This 

was done in an experiment where the O2 evolution curves were measured in the reaction 

chamber of a Clark-type electrode by reacting 3 µM of the respective catalyst with 1.5 mM 

CAN, in accordance with the experimental conditions discussed in section 2.2.1 (figure 2.7). In 

addition, 2-(2’-pyridyl)-2-propanolate compound 12 and PyrCO2-IrCp*Cl compound 23 that 

show a significant different behavior in the Ce4+ consumption trend, where also evaluated. The 

focus of the discussion will be on the trend in O2 formation as absolute values for TOFs or 

TONs are dependent on many factors when operating the Clark electrode. 

 

In line with the kinetic experiments, NHC complex 19, pyridine complex 21, tris-aqua 

complex 14, and PyrSO3-IrCp*Cl complex 22 show a similar trend in the rate of O2 formation 

in correlation with the similar maximum rate in the consumption of Ce4+ observed for these 

compounds. Both bidentate ligated PyrCO2-IrCp*Cl 23 and 2-(2’-pyridyl)-2-propanolate 12 

show a different trend. Compound 12 initially shows a more rapid formation of O2 which 

gradually declines and compound 23 shows a slow but steady rate in O2 formation (figure 2.20, 

top-left). In the other panels of figure 2.20 the trend in Ce4+ consumption for compounds 12, 

19 and 14 and the formation of O2 are plotted in the same graph. All oxygen evolution rates 

follow the trend in the Ce4+ consumption rate in an opposite manner. The trends do indicate 

that for compounds 19, 21, 14 and 22 a similarly active species is formed. For NHC complex 

19 a difference in the onset of O2 formation, due to a faster formation of the dimer as observed 

in the stopped-flow kinetic data, is not observed with the Clark-electrode data. For compound 

21 the slow rate in O2 formation is in line with the previous made assumption that the catalyst 

precursor is unable to form bis-µ-oxo dimeric species during the catalytic cycle. For 2-(2’-

pyridyl)-2-propanolate complex 12, a clear induction period is observed before the onset of O2 

evolution. This induction period in O2 formation is in line with the observation made in figure 
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2.10, that a quantity of Ce4+ is consumed before formation of the catalytically active species. A 

similar observation was made by Grotjahn describing the need for several equivalents of Ce4+ 

before oxygen evolution is detected for related IrCp* compounds.23 After formation of the 

active species from precursor 12, a faster rate in the formation of O2 is observed compared to 

NHC complex 19, in agreement with the faster rate in Ce4+ consumption. 

 

  

  
Figure 2.20 (left) 3 µM [Ir] with 1.5 mM CAN in 0.1 M HNO3 ([Ce4+]/[Ir] = 500). (top-right) Ce4+ 

consumption trend compared to the O2 evolution trend of 3 µM 12, (bottom-left) 3 µM 19 and 

(bottom-right) 3 µM 14 with 1.5 mM CAN in 0.1 M HNO3. 

 

2.2.5 Detection of the active catalytic species under stopped-flow conditions. 

 

Absorption changes in the region of 450-650 nm have been ascribed to the formation of 

catalytically active species for related IrCp* complexes during the catalytic oxidation of 

H2O.23,26 In addition to the kinetic profiles obtained for WOCs 19, 14, 21, 23 and 12 by tracing 

the changes in the UV-VIS absorbance intensity related to the decrease in [Ce4+], the increase in 

absorption intensity in the 450-650 nm region was also studied under milli-second stopped-flow 

conditions. In the experiments, the catalyst and CAN concentration was increased by a factor 30 

with respect to the experiments described earlier in this chapter to allow the detection of the 

catalytic species, yet the ratio between the oxidant and the catalyst was maintained at 500, in 

accordance with the experimental conditions discussed in section 2.2.1 (figure 2.7). In the 

presence of NHC complex 19 an absorption grows in at 550 nm. After a gradual increase, this 

peak reaches a maximum intensity after 100 seconds and decreases after longer reaction times 
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(right panel in figure 2.21). A similar absorption has been reported by Grotjahn for the 

structurally similar hydroxy analog 20 which was ascribed to potentially formed IrOx 

nanoparticles as these show an absorbtion band within this spectral region.23 However, Crabtree 

reported that the absorption around 580 nm could also be attributed to d-d transitions of 

distorted octahedral Ir4+ complexes.41 

 

Under similar reaction conditions, compounds 14, 21, 23 and 12 were compared (figure 2.22). 

It can be observed that 19, 21 and 14 show a similar trend in the increase in absorption intensity 

between 450 – 650 nm, although for 21 it seems that the peak intensity has been shifted to 

longer wavelengths. In contrast, the same experiment for compound 23 shows that the 

absorption maximum has shifted to 590 nm and the absorption intensity is much lower. In the 

experiment where 12 was used as a complex, no clear absorption maximum could be defined. 

These observations show that for the different iridium complexes, different catalytic species are 

being formed.  

 

Figure 2.23 shows a two dimensional cut-through of the three dimensional plots measured at 

550 nm for 14, 19, 21 (left panel) and 590 nm for 23 and 12 (right panel). With this 

representation it becomes evident that in the experiment with 2-(2’-pyridyl)-2-propanolate 

precursor 12 and PyrCO2-IrCp*Cl 23 the steepest increase in absorbance intensity occurs in the 

first 10 seconds after mixing with CAN, followed by only a little change in the absorbance 

intensity at longer reaction times. For NHC complex 19, this rapid increase in the absorbance 

intensity is also observed, however, in contrast to 12, the absorbance intensity proceeds to 

increase gradually (indicated by the arrow in figure 2.23). No clear indication is found that 

suggests a more rapid formation of the catalytically active species in the case for NHC complex 

  
 

Figure 2.21 Change in the UV-VIS absorption intensity between 450-650 nm of 50 mM CAN in 0.1 M 

HNO3 (left) in absence of catalyst. (right) in the presence of 0.1 mM NHC-complex 19. 
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19 in comparison to pyridine complex 21 and tris-aqua complex 14. This is not in line with the 

previous observation made at lower catalyst concentrations, that for the NHC complex 19 the 

monomer-dimer equilibrium sets in more rapidly. 

 

  
  

  
 

Figure 2.22 Change in the UV-VIS absorption intensity between 450-650 nm of (top left) 0.1 mM 14, 

(top right) 0.1 mM 21, (bottom left) 0.1 mM 23 and (bottom right) 0.1 mM 12 in the presence of 50 

mM CAN. 

 

However, it is likely that these higher catalyst and CAN concentrations also strongly influence 

the formation of the active dimer. At higher catalyst concentrations, partly oxidized iridium 

species formed during the catalytic cycle are more prone to cluster to form larger particles.41 

For this reason, the gradual increase in the absorbance intensity observed for NHC complex 19, 

pyridine complex 21 and tris-aqua complex 14 could be ascribed to catalyst decomposition as 
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mixtures of catalytically active species are being formed. For precursors 2-(2’-pyridyl)-2-

propanolate 12 and PyrCO2-IrCp*Cl 23, the catalytically active species are more defined and 

seem less prone to decomposition reactions. Remarkably, it seems that similar concentrations of 

a catalytically active species are formed,§ yet as demonstrated earlier, the TOF with respect to 

the oxidation of H2O is significantly higher for the active species formed from precursor 12 than 

that formed from precursor 23, as indicated by both the consumption of Ce4+ as well as the 

formation of O2. This indicates that a minor change in the ligand structure leads to a large 

change in the observed catalytic activity, which clearly points to the involvement of the ligand in 

the catalytically active species. Table 2.1 summarizes the observed properties for the different 

water oxidation catalysts studied in this chapter. 

 

  
Figure 2.23 0.1 mM [Ir] with 50 mM CAN in 0.1 M HNO3. Cut through at 500 nm and 590 nm. 

 

Catalyst Precursor denticity 

 

Order 

Initial rapid increase in  

Ce4+ consumption rate. 

Formation of a stable species within 

450-650 nm. 

19 Monodentate 1.64 yes no 

21 Monodentate 1.65 no no 

14 - 1.65 no no 

22 Bidentate 1.58 yes - 

23 Bidentate 1.00 yes yes 

12 Bidentate -  yes yes 

Table 2.1 Summary of the observed properties of the complexes studied in this chapter. 

 

  

                                                           
§Assuming a similar molar absorptivity constant for both catalytically active species. 
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2.3 Conclusion 

 

The application of reaction progress kinetic analysis based on kinetic data obtained with 

stopped-flow UV-VIS spectroscopy, reveals ligand effects when IrCp*LX2 complexes are applied 

at low catalyst concentrations in the Ce4+ driven oxidation of H2O. The methodology allows to 

observe changes in the Ce4+ consumption rate, which normally would have been overseen. 

Instead of assuming a fixed order in [Ce4+], as is repeated throughout the literature, it is clearly 

evident that the consumption rate and order in [Ce4+] differs throughout the course of the 

reaction yielding information about the influence of the ligand environment on the formation of 

the catalytically active species. 

 

Based on the results obtained with this methodology it is concluded that with respect to iridium 

based molecular water oxidation catalysts, the formation of bis-µ-oxo bridged species is a 

crucial step in the transformation of the catalytic precursor to a catalytically active state that 

shows high TOFs with respect to the catalytic oxidation of H2O. It is assumed that the 

formation of such species facilitate the formation of oxygen through kinetically accessible faster 

pathways. The current study shows that the ligand environment of IrCp*LX2 catalytic 

precursors determines if the formation of bis-µ-oxo bridged species, leading to fast catalytically 

active species, is accessible. 

 

The formation of the catalytically active species and the influence of the ligand structure is 

dependent on the concentration of the catalytic precursor. At higher catalyst concentrations the 

results suggest that catalyst precursors with ligands bound in a bidentate fashion are less prone 

to decomposition reactions compared to catalyst precursors with ligands bound in a 

monodentate fashion. However, at lower catalyst concentrations, non-labile bidentate ligands do 

not allow for the formation of bis-µ-oxo bridged species if the Cp* ligand remains attached to 

the iridium metal as evident for the pyridine carboxylate catalytic precursor 23. While at higher 

catalyst concentrations, catalyst precursor 19 with the NHC ligand bound in a monodentate 

fashion is more prone to decomposition reactions, at lower catalyst concentrations the 

monodentate nature of the ligand allows for the formation of bis-µ-oxo bridged dimers were 

the N-heterocyclic ligand displays a role in the rate in the formation of the catalytically active 

species. 

 

It is concluded that for catalyst precursor 19, the NHC ligand remains attached to the complex 

at least in the beginning of the reaction. In the context of the preparation of photoanodes for 

water splitting, this observation shows that functionalization of the NHC ligand with a surface 

anchoring group is validated. In chapter 3, NHC complex 19 is used as a water oxidation 

catalyst in the design of type II molecular composed, sensitized MxOy photoanodes (see chapter 

1). 
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2.4 Experimental section 

 

General – All chemicals were purchased from commercial suppliers and used without further 

purification. All syntheses were carried out under a nitrogen atmosphere using standard Schlenk 

techniques. MeOH was distilled from CaH2 under nitrogen. CH2Cl2 was distilled from sodium 

wire under nitrogen. NMR spectra were recorded on a Bruker AMX 400 (400.1 MHz for 1H). 

Optical measurements were performed using an OLIS USA Stopped-Flow UV-VIS dual beam 

spectrophotometer equipped with a 145 W Xenon light source, quartz glass optical chamber 

with a 2.0 cm pathlength and two photomultiplier tube (PMT) detectors. Measurements at 360 

nm were performed using a 600 L/mm ruling density - 300 nm blaze double grating scanning 

monochromator with 0.6 mm slid widths. Measurements within the 450 nm – 650 nm range 

were performed using a 400 L/mm ruling density - 500 nm blaze double grating set up in 

combination with a motor operated 16 x 1.0 mm ScanDisk unit operating at 62.5 Hz. 

Temperature of the injected samples and the sample compartment chamber was fixed at a 

constant 25 oC. Rates of oxygen evolution were recorded using a Hansatech Instruments 

Oxygraph. Crystallographic data was obtained using a Bruker Kappa Apex II or Bruker D8 

Quest Eco diffractometer equipped with a Triumph monochromator ( = 0.71073 Å). 

 

Compound 19 1H-NMR (400 MHz, CDCl3): δ = 6.96 (s, 2H, NHC), 3.97 (s, 6H, CH3), 1.66 

(s, 15H, Cp*). Compound 21 1H-NMR (400 MHz, CDCl3): δ = 8.97 (d, 2H, pyr), 7.73 (t, 1H, 

pyr), 7.35 (d, 2H, pyr), 1.59 (s, 15H, Cp*). Compound 14 (400 MHz, d6-DMSO) δ = 1.67 (s, 

15H, Cp*), 3.33 (br, H2O). Compound 23 (400 MHz, d6-DMSO) δ = 8.76 (d, 1H, pyrCO2), 

8.10, (t, 1H, pyrCO2), 7.92 (d, 1H, pyrCO2), 7.75 (t, 1H, pyrCO2), 1.65 (s, 15H, Cp*). 

Compound 23b (400 MHz, d6-DMSO) δ = 8.74 (d, 1H, pyrCO2), 8.12, (t, 1H, pyrCO2), 

7.92 (d, 1H, pyrCO2), 7.73 (t, 1H, pyrCO2), 1.66 (s, 15H, Cp*). Compound 12 (400 MHz, 

MeOD) δ = 8.71 (d, 1H, pyalc), 7.88 (t, 1H, pyalc), 7.41–7.36 (m, 2H, pyalc), 1.67 (s, 15H, 

Cp*), 1.45 (s, 6H, pyalc). 

 

Synthesis of PyrSO3-IrCp*Cl 22 – In a 50 mL Schlenk equipped with a magnetic stirring bar 250 

mg {IrCp*Cl2}2 (Mw: 796.71, 0.31 mmol, 0.5 eq.) was suspended in 20 mL MeOH. 

Subsequently 100 mg 2-pyridinesulfonic acid (Mw: 159.16, 0.63 mmol, 1.0 eq.) and 37 mg 

NaOMe (Mw: 54.02, 0.69 mmol, 1.1 eq.) were added and the reaction mixture was left to stir 

for 12 hours. Gradually the whole system homogenized into a bright yellow solution after which 

precipitation of a yellow amorphous powder occurred. The yellow solid was collected by 

filtration to yield 293 mg 22 (yield: 90%). Crystals of 22 were obtained by carefully layering a 

concentrated solution of 22 in 1 mL CH2Cl2 with pentane using a NMR tube as the sample 

holder. 1H-NMR (400 MHz, CDCl3): δ = 8.48 (d, 1H, pyrSO3), 8.05-7.95 (m, 2H, pyrSO3), 

7.55 (t, 1H, pyrSO3), 1.69 (s, 15H, Cp*). 
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Synthesis of PyrSO3-IrCp*NO3 22b – 100.0 mg 22 (Mw: 521.05, 0.191 mmol, 1.0 eq.) was 

dissolved in 5 mL CH2Cl2 in a 10 mL round bottom flask equipped with a magnetic stirring bar. 

98 mg AgNO3 (Mw: 169.89, 0.575 mmol, 3.0 eq.) was added and the reaction mixture was 

left to stir at room temperature. After 20 hours the suspension was filtered over Celite and the 

solvent removed under vacuum. The solid was redisolved in 1 mL CH2Cl2 which was added 

dropwise in a 100 mL vigorously stirring pentane. The precipitate was collected by filtration to 

yield 32.6 mg 22b (yield: 31%) as a pale yellow amorphous solid. Crystals of 22b were 

obtained by carefully layering a concentrated solution of 22b in 1 mL CH2Cl2 with pentane 

using a NMR tube as the sample holder. (400 MHz, CDCl3): δ = 8.45 (d, 1H, pyrSO3), 8.06-

7.95 (m, 2H, pyrSO3), 7.54 (t, 1H, pyrSO3), 1.68 (s, 15H, Cp*). 

 

Clark-electrode measurements – Prior to measurement the surface of the Clark-type platinum 

cathode and silver anode were polished using Hansatech rapid electrode disc polish. The system 

was set up and left to stabilize for several minutes as the oxygen electrode was polarized 

ensuring a stable signal. 2 mL air saturated deionized H2O at 22 oC was added and the system 

was carefully calibrated using a constant stirring speed where oxygen free conditions were 

obtained by introducing a N2 flow through the sample chamber. Throughout all experiments the 

stirring speed was kept at the same rate as used for calibration. The measurements were 

performed in open atmosphere at an acquisition speed of 0.5 s. The value for the stabilized 

starting O2 concentration prior to measurement was manually deducted from the obtained 

dataset. 

 

 
Figure 2.24 OLIS USA Stopped-Flow UV-VIS spectrophotometer. 

 

Stopped-flow UV-VIS spectroscopy method validation – Prior to measurement, the set-up as depicted 

in figure 2.24 was switched on and left to stabilize for 30 minutes. The reaction chamber (or 

measurement compartment cell) was flushed multiple times with an 0.1 M HNO3 solution. The 

high voltage (HV) for both PMTs (one PMT acting as the reference detector) was chosen such 

to obtain a signal around 3 V at 360 nm. This point was chosen as the baseline. A calibration 

curve was made by injecting a 4.0 mM, 3.0 mM, 2.0 mM and 1.0 mM CAN solution in 0.1 M 

HNO3 into the reaction chamber after which the absorbance intensity was measured. Final Ce4+ 

concentrations are diluted by a factor 2 due to  mixing of the syringe contents containing the 

CAN solution with the second syringe contents containing blank 0.1 M HNO3 before entering 
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the reaction chamber (left panel in figure 2.25). A linear relationship is obtained between the 

Ce4+ concentration and the absorbance intensity at 360 nm. Under acidic conditions the 

concentration of Ce4+ slowly decreases in time. This background reaction has a zero order 

dependence in [Ce4+] with a kobs value of 3.52E-08 M s-1 (right panel in figure 2.25). Both graphs 

show that the experimental set-up is linear with a fast and sensitive response time with respect 

to the decrease in [Ce4+]. 

 

  

Figure 2.25 (left) Calibration curve of [CAN] (              ; R2 = 0.99997; ε360 = 523 M-1 

cm-1). (right) Decrease in [Ce4+] over a time span of 5 minutes (         -         ; R2 = 

0.995; kobs = 3.52E-08 M s-1. 

 

In a typical experiment one syringe was filled with a 3 mM CAN solution in 0.1 M HNO3 and 

the other syringe with a variable concentration of catalyst, obtained by diluting an 0.2 mM stock 

solution of the respective catalyst in 0.1 M HNO3. Both syringe contents were flushed through 

the reaction chamber three times, to assure saturation of the optical chamber with the 

appropriate concentrations and to exclude dilution effects by previous measured samples. Table 

2.2 shows the result of a typical experiment where 1.5 mM CAN in 0.1 M HNO3 is reacted 

with 5.0 µM 19 in 0.1 M HNO3.  

 

Every single curve represents the subsequent injection of both syringe contents in the reaction 

chamber by the set-up resulting in a complete regeneration of the contents within the optical 

chamber. The limited variation in the slope of the curves show the excellent reproducibility of 

the measurement, hence the set-up can be used to obtain fast and reliable kinetic data at low 

catalyst concentrations. kobs values (in mol l-1 s-1) were extracted from the slopes of the curves by 

multiplication with the factor -¼[Ce4+]0  according to equation 6. This equation can be derived 

from the integrated zero order rate law of equation 2, assuming a zero order dependence in the 

decrease of [Ce4+]. Rearrangement of equation 3 gives equation 6, where [Ce4+] is substituted 

with the absorbance intensity at 360 nm according to the Lambert-Beer law where A0 and At 

represent the absorbance intensity at the start and at time t of the reaction respectively. 
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Table 2.2 Consecutive injections of 5.0 µM 19 in 0.1 M HNO3. 

 

 Slope of the curve R2 

Injection 1 -0.00725 0.99995 

Injection 2 -0.00720 0.99993 

Injection 3 -0.00722 0.99993 

Injection 4 -0.00713 0.99990 
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To construct graphical rate equations for reaction progress kinetic analysis, the slope of the 

curve was determined at any point during the reaction progression. This was done by numerical 

derivation of the normalized absorbance intensities. The obtained dataset was multiplied by -

¼[Ce4+]0 to obtain values for kobs in analogy to what has been previously described. Within the 

representation of a graphical rate equation the plotted TOFs (in mol mol-1 s-1) are obtained by 

dividing the calculated kobs values by the applied catalyst concentration. In the final step the 

dataset was plotted against the [Ce4+]t/[Ce4+]0 ratio. The [Ce4+]t/[Ce4+]0 ratio follows from the 

expression for the normalized absorbance intensity At/A0 according to equation 5. This results 

in a representation of the turnover frequencies at any point during the reaction progress where 

[Ce4+]t/[Ce4+]0 = 1 and [Ce4+]t/[Ce4+]0 = 0 represent the start and end of the reaction 

respectively. 

 

X-ray crystal structure determination of 22 and 22b - 22 crystallized as an enantiopure compound. 

14351 reflections were measured at a temperature of 150 K up to a resolution of (sin /)max = 

0.65 Å-1. The intensities were integrated with the Eval15 software.42 Multiscan absorption 

correction and scaling was performed with SADABS.43 (correction range 0.30-0.43). 3766 

Reflections were unique (Rint = 0.016), of which 3757 were observed [I>2(I)]. The structure 
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was solved with Direct Methods using SIR-2011.44 Least-squares refinement was performed 

with SHELXL-201345 against F2 of all reflections. Non-hydrogen atoms were refined freely with 

anisotropic displacement parameters. All hydrogen atoms were located in difference Fourier 

maps and refined with a riding model. 206 Parameters were refined with one restraint (floating 

origin). R1/wR2 [I > 2(I)]: 0.0092 / 0.0212. R1/wR2 [all reflections]: 0.0092 / 0.0212. S 

= 1.11. Flack parameter refined as an inversion twin46 x = 0.004(4). Residual electron density 

between -0.52 and 0.52 e/Å3. Geometry calculations and checking for higher symmetry was 

performed with the PLATON program.47  

 

Table 2.3 Crystallographic data of 22. ORTEP structure at 50% probability level obtained at 150 K. 

Formula C15 H19 Cl Ir N O3 S 

 

Formula Weight 521.05 

Crystal System Monoclinic 

Space group P21 (No.  4) 

a, b, c (Å) 7.5094(2); 15.7195(4); 7.6564(2) 

alpha, beta, gamma (deg) 90, 114.992(1), 90 

V (Å3) 819.17(4) 

Z 2 

D(calc) (g/cm3) 2.112 

µ(MoKa) [/mm ] 8.450 

 

22b crystallized racemically. Absorption correction and scaling was performed with SADABS.48 

The structures were solved with SHELXTL. Least-squares refinement was performed with 

SHELXL-2013.49 

 

Table 2.4 Crystallographic data of 22b. ORTEP structure at 50% probability level obtained at 150 K. 

Formula C15 H19 Ir N2 O6 S 

 

Formula Weight 547.61 

Crystal System Monoclinic 

Space group P21/c (No.  14) 

a, b, c (Å) 8.7413(3); 14.2966(6); 15.2329(6) 

alpha, beta, gamma (deg) 90, 98.084(2), 90 

V (Å3) 1884.75(13) 

Z 4 

D(calc) (g/cm3) 1.930 

µ(MoKa) [/mm ] 7.227 
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2.5 Supporting information 
 
In CDCl3 the 1H-NMR for PyrSO3-IrCp*Cl complex 22 shows the expected splitting pattern 

for the pyridine sulphonate and Cp* ligand where the chemical shifts of the C5-H proton (see 

figure 2.18) and the Cp* ligand are indicated by . When dissolved in D2O, however, three sets 

of four signals are observed that originate from the pyridinesulphonate ligand of multiple species 

in solution (figure SI 1).

 

 
Figure SI 1 (top) 1H-NMR spectrum of 2 µmol PyrSO3-IrCp*Cl 22 in 1 mL CDCl3 and (bottom) in 1 

mL D2O. The chemical shifts at 8.93 (), 8.76 () and 8.59 () ppm originate from the C5-H 

proton of the pyridinesulphonate ligand bound to the respective species, present in a ratio of 1:1:1. 

 
In contrast, when PyrCO2-IrCp*Cl 23 is dissolved in D2O, only two sets of four signals are 

observed that originate from the aromatic protons on the pyridine carboxylate ligand of two 

different species (figure SI 2, bottom). 

 

 

As complex 23 presumably exists in solution as a mixture of the chloride and aqua complex 

which are in equilibrium, the occurrence of both sets are attributed to the Ir+-OH2 complex and 

 

 

  





 
Figure SI 2 1H-NMR spectrum of 2 µmol 23 (bottom) and 2 µmol 23b (top) in 1 mL D2O showing the 

proton chemical shifts of the pyridinecarboxylate ligand of Ir-Cl () and Ir+-OH2 (). 
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Ir-Cl complex of 23 respectively. Indeed, in the case when PyrCO2-IrCp*NO3 23b is dissolved 

in D2O, the set of signals attributed to the Ir-Cl complex disappears and the set of signals 

attributed to the Ir+-OH2 complex appears stronger (figure SI 2, top). Clearly, the NO3
- anion 

in 23b is less coordinating than Cl- and dissociates readily in an aqueous environment to form 

solely the Ir+-OH2 complex in solution. Both spectra point to the fact that the 

pyridinecarboxylate ligand in 23 and 23b does not dissociate under aqueous conditions. 

 

In the case for PyrSO3-IrCp*Cl 22, assignement of the peaks to the Ir+-OH2 complex and the 

Ir-Cl complex is less straightforward. The 1H-NMR spectrum of PyrSO3-IrCp*NO3 22b 

dissolved in D2O (figure SI 3, top), shows the disappearance of one set of four signals (with the 

C5-H proton chemical shift at 8.76 ppm) and a stronger appearance of the set of four signals 

originating with the C5-H proton chemical shift at 8.93 ppm compared to the 1H-NMR 

spectrum of 22 in D2O (figure SI 3, bottom). This indicates that the latter set originates from 

the pyridine sulphonate ligand bound to the Ir+-OH2 complex analogous to what is observed for 

PyrCO2-IrCp*NO3 23b. However, the remaining sets of signals at this point are not identified. 

 

 
Figure SI 3 1H-NMR spectrum of 2 µmol 22 (bottom) and 2 µmol 22b (top) in 1 mL D2O showing the 

proton chemical shifts assigned to the pyridinesulphonate ligand bound to the Ir+-OH2 complex. 

 
Complete decoordination of the pyridine sulphonate ligand upon dissolving complex 22 is ruled 

out as the proton chemical shift of sodium pyridine sulphonate in D2O does not overlap with 

any of the three sets of four signals observed in figure SI 1. The observation of multiple species 

for PyrSO3-IrCp*Cl 22 and PyrSO3-IrCp*NO3 22b have also been observed at pH 1 in contrast 

to the pyridine carboxylate ligand in 23 and 23b (figure SI 4). Although, the chemical shift 

assigned to the C5-H proton is shifted, the observation of multiple species in neutral and acidic 

environments points towards a partial decoordination of the pyridine sulphonate moiety in 

complex 22 in contrast to the pyridine carboxylate moiety in complex 23. 

 

 
 

Figure SI 4 2 µmol PyrSO3-IrCp*Cl 22 in D2O + MeOD acidified with D2SO4 to pH 1. 
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