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Treatment of Ir(OH), with sodium periodate in aqueous solu-
tion results in formation of dioxygen following the rate law v
= Kops[Ir]O63[104]°°, with ks = 1.5X102% ({Ir(OH), =
[IrCp* (Me,NHC)(OH),], where Me,NHC = N-dimethylimid-
azolin-2-ylidene and Cp* = cyclopentadienyl}. In situ ESI-MS
experiments in combination with DFT calculations show that
[Ir"™(IO3)]* and [IrV(=0)(I03)]* species are present in the re-
action mixture. On the basis of the presence of these species,
a mechanistic pathway was calculated illustrating that water
is not necessarily the source of the oxygen. A low-lying path-

way exists wherein O, production proceeds via two consecu-
tive O-atom-transfer reactions from periodate to the catalyst.
The resulting iodite ligand is further oxidized to close the
catalytic cycle. The rate-determining step in this process is
formation of the O—O bond. For this transition a 21.8 kcal/mol
barrier was found. This value fits very well with the observed
turnover frequency of 0.27 s~!. Although it is difficult to prove
that this is the dominant pathway, these data clearly illustrate
that one has to be very careful with interpretation of catalytic
results in periodate-driven water oxidation reactions.

Introduction

Fossil-fuel reserves are rapidly decreasing and oil reserves
in particular will be depleted shortly.l'! Moreover, the total
amount of natural gas is limited.[' Coal is still abundant,
but especially since global climate change is directly linked
to CO, emissions, increased coal usage is undesirable.
Hence it is of extreme importance to shift our energy source
from fossil fuels to renewable energy. As solar energy is the
major source of renewable energy,! yet is not abundant for
24 hours a day, it is important that we learn how to store
solar energy as a chemical fuel. Water oxidation allows us
to split water on irradiation with solar energy and thereby
to store solar energy in the form of hydrogen.”) Conse-
quently, interest in catalytic water oxidation has grown
large, and recently various molecular ruthenium,?! irid-
ium, manganese,”! iron,®! cobalt,!”! and even copper cata-
lysts!® have been reported. Some of these molecular systems
have been reported to catalyze more than 20,000 turn-
overs,># and recently a water oxidation system was dem-
onstrated that has a similar rate to the oxygen-evolving cen-
ter of photosystem IL1% However, large improvements in
catalytic performance and a better general understanding
of the mechanisms underlying these catalytic transforma-
tions is required to further improve these numbers and al-
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low use of water oxidation catalysts in future industrial ap-
plications.

Typically, in a first experiment catalytic water oxidation
is tested by addition of a stoichiometric oxidant. Cerium
ammonium nitrate (CAN) is most frequently used,!'!! de-
spite major drawbacks. The experimental conditions are
harsh and the stability of CAN is limited to very acidic
conditions (pH < 1), while its oxidation potential is very
high (E = 1.8V vs normal hydrogen electrode).l'?l Ad-
ditionally, CAN may actively take part in the water oxi-
dation process, rather than being an innocent one-electron
oxidant. Berlinguette et al. showed that incorporation of
O from nitrate into molecular oxygen can occur in CAN-
promoted catalytic water oxidation.['?a] Moreover Sakai et
al. illustrated by means of DFT calculations that
[{Ce(OH)(NO5)s} >, the hydrolysis product of CAN, is bet-
ter described as a cerium(III) species with a hydroxy radical
coordinated.['3] From here it is not difficult to imagine that
instead of electron transfer from the catalyst to the oxidant,
transfer of a hydroxy radical from the oxidant to the cata-
lyst can take place. This results a shunt pathway in the ac-
tual water oxidation mechanism. Consequently several re-
searchers decided to use other oxidants for chemical cata-
Iytic water oxidation. Periodate is an interesting alternative
to CAN as it is a much weaker oxidant and is stable under
mild conditionst®®!4 (the redox potential of CAN is 1.8 V
at pH 0, while the redox potential of periodate at pH 7 is
1.2 V).[14dl However, periodate does contain atomic oxygen
and in theory could produce O, in the absence of water. If
this is the case, periodate is obviously not a good model for
the study of catalytic water oxidation, even though some of
the catalytic intermediates may be the same. It is difficult
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to verify experimentally whether O, production is actually
the result of catalytic water oxidation or decomposition of
periodate. Both reactions have the same overall stoichio-
metry, and because of the equilibrium of 10, with water
to produce H;IO4, 'O-labeling experiments to identify
whether dioxygen production originates from water oxi-
dation or periodate decomposition are inconclusive (Fig-
ure 1).[140.151 Although periodate was expected to act as a
one-electron oxidant in catalytic water oxidation reactions,
experimental evidence of such a one-electron pathway has
been reported only once.'®l Examples of inner-sphere two-
electron oxidations and O-atom transfer!!”! are much more
common. Even though the pathway of oxidation is ambigu-
ous, the use of periodate as a chemical oxidant in catalytic
water oxidation is becoming increasingly popular. In
the case of several IrCp* complexes!!*l beside
[IrCp*(Me,NHC)(OH),] {Ir(OH),} (see below), dioxygen
production was observed upon addition of periodate in
water {Ir = [IrCp*(Me,NHC)], where Me,NHC = N-di-
methylimidazolin-2-ylidene and Cp* = cyclopentadienyl}.
Intrigued by the noninnocence of periodate, and prompted
by the idea that O, production might proceed via two O-
atom-transfer reactions instead of catalytic oxidation of
water, we investigated such a pathway by in situ mass spec-
troscopy experiments and with DFT for Ir(OH),. In this
paper we demonstrate that when periodate is used as the
chemical oxidant: (1) a water-independent pathway for O,
evolution exists in the presence of Ir, and (2) that “O”-
atom-transfer shunts are readily accessible. We expect that
these findings will prove relevant to several more water oxi-
dation catalysts when periodate is used as the chemical oxi-
dant.

water oxidation:

2'04_+2H2° —>2|03_+02+2H20

periodate decomposition:

210, — 21057 +0,

periodate equilibrium resulting in scrambling of the 180 label:

2 |04_ +2 H20 2 H4IOG-

Figure 1. Oxygen labeling and the mechanism of catalytic water
oxidation: (top) both oxygen atoms in the formed dioxygen mole-
cule originate from water; (middle) periodate decomposition,
wherein one or both oxygen atoms in the dioxygen stem from per-
iodate instead, and (bottom) the equilibrium between ortho- and
meta-periodate results in fast scrambling of oxygen.['!

Results and Discussion

In a previous communication we mentioned that
Ir(OH), is a catalyst for water oxidation, both electrochemi-
cally and in the presence of CAN as a stoichiometric oxi-
dant. Catalytic intermediates pointing to a molecular active
species have been observed by ESI-MS.™1 In the present
case, dioxygen evolution on treatment of Ir(OH), with
NalO, in water, and with [NBuy]IO, in organic solvents,
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was studied. In the absence of water, no O, formation was
observed. Addition of small amounts of water to a 100 mm
periodate solution in dichloromethane in the presence of
1 mM catalyst resulted in formation of a purple solution and
formation of small amounts of O,. These events occurred
predominantly in small water pockets that separated from
the dichloromethane solution. In polar organic solvents
such as acetonitrile and DMF large amounts of water were
required before any O, evolution, which never occurred in
large quantities. When Ir(OH), was treated in water, imme-
diate evolution of O, was observed. The reaction of
Ir(OH), with periodate was studied with a Clark electrode
in the liquid phase; very diluted iridium concentrations
were used and initial rates recorded, minimizing possible
involvement of iridium oxo nanoparticles,'® which are
formed relatively slowly for IrCp* complexes, even the
[IrCp*(OH,)5]** parent complex.['*l A turnover frequency
of 0.27s ' was observed at 27 um Ir(OH), and 274 mm
NalO, concentrations, and a broken rate order of 0.51 in
NalO,4 and 0.65 in catalyst was found (Figure 2). When
CAN was used as a chemical oxidant a turnover frequency
of 0.43 s7! and a first-order dependence on both CAN and
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Log [rate] (M/s)
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‘58 T L] 1 1
7.5 %) 6.5 -6
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-6.2 -
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Figure 2. Log-log plots of the rate as a function of the periodate
and the catalyst concentration. (Top) The NalO,4 concentration was
varied between 16 mm and 270 mm while the Ir(OH), concentration
was fixed at 27 um. (Bottom) The Ir(OH), concentration was varied
between 0.5 um and 25 pm while the NalO,4 concentration was fixed
at 234 mM. From these plots a rate law of v = ko, [Ir]*-9[10,4]*> was
deduced, with ko, = 1.5 X 103 and a turnover frequency of 0.27 s !
at 237 mm NalO, and 27 um Ir(OH), concentration.
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catalyst were observed. Ir(OH), partly dimerizes at high
pH, and this dimerization may have caused the fractional
order dependence on catalyst at pH 7. The order of 0.5 with
respect to periodate points to a one-electron oxidation as
the rate-determining step, like the first-order dependence on
CAN. Addition of iodate did not inhibit the catalytic reac-
tion.

In order to unravel the mechanism of O, production at
Ir(OH),, in situ mass spectrometry measurements were car-
ried out. Treatment of Ir(OH), with iodate results in forma-
tion of iodate complexes. Whereas relatively large signals at
mlz = 441 and 481, corresponding to [Ir(OH)]* and
[Ir(OH), + Na]*, were observed in the absence of iodate,']
addition of iodate to Ir(OH), resulted in formation of new
species (Figure 3, top). The signals at m/z = 689, 707, and
725 confirm the formation of the iodate complex [Ir(1I0);]*
with 5, 6, and 7 additional water molecules present. In ad-
dition, a signal is seen at m/z = 847, which corresponds to
a protonated bisiodate complex and four water molecules.
Apparently, iodate is a good ligand for Ir. When Ir(OH), is
treated with sodium periodate, a more complicated mixture
of products is observed (Figure 3, bottom). The signal at
mlz = 389 indicates formation of the same [Ir(IO3)]* com-
plex, suggesting that this species may be important in the

120
100 /
80
60

40

Relauve inensity

LAl

catalytic mechanism of O, production. The signals at m/z =
705 and 723 correspond to the “periodate” [Ir + I + 40]*
species with five and six water molecules. If periodate in-
deed coordinates to iridium, it seems likely that oxidation
proceeds via O-atom transfer. However, it is important to
note that these signals may also correspond to iodate com-
plexes that have been oxidized at the metal site. Finally, the
signals at m/z = 703 and 721 point to species that have been
even further oxidized.

Since the ESI-MS data point to coordination of iodate
and periodate, these species were investigated by means of
DFT calculations. Remarkably, optimization of [Ir(I04)]*
did not result in a stable species, and spontaneous [-O bond
cleavage occurred, resulting in [Ir(=0)(I105)]*. For this spe-
cies it was found that the triplet state was slightly lower
in energy than the singlet state, while a broken symmetry
optimization did not afford new species. Only when a con-
straint was placed on the I-O bond did the calculation con-
verge to [Ir(I04)]*. The I-O bond scission was calculated
to be exergonic by 25.4 kcal/mol. Hence, the species that
was observed by ESI-MS cannot have been [Ir(I0,)]*;
[Ir(=0)(105)]* seems to be a much better candidate. Since
[Ir(I05)]" and most likely [Ir(=0)(I03)]* have been ob-
served, a catalytic pathway involving both these species was

689 Ir(10,)* * 5 H,0

847 r(10,)(10,)(H)* » 4 H,0

707 Ir(105)* * 6 H,0

725 Ir(105)* ¢ 7H,0

651 682 712 743 774 802 833 863 894
mass (m/z)
20 4 689 Ir(10,)* ¢ 5 H,0
181 - 703 Ir(10,)(0,)* * 4 H,0

s
S

=
N

Relative intensity
®» ©°

651 661 671

705 Ir(10,)*

5H,0

Vs 721 1(10,)(0,)* * 5 H,0

/ 723 IK(10,)* * 6 H,0

682 693 705 716 726 736 747 757 768 778 788 799

mass (m/z)

Figure 3. (Top) ESI-MS spectra of Ir(OH), after treatment with NalOs;. The observed signals are consistent with formation of
[Ir(I05)]" and Ir(I03), species. No signs of Ir(OH), have been observed in the ESI-MS. (Bottom) Treatment of Ir(OH), with NalO,
results in formation of a mixture of species. Beside masses that correspond to [Ir + I + 40]*, species that have lost or gained an oxygen

atom are also present.
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investigated by DFT calculations. Although the first turn-
over cannot include iodate, [Ir(IO;)]* was chosen as the
starting point of the catalytic pathway and its energy was
used as a reference point (Figure 4). It was found that the
[Ir(I04)]* species with an O-I constraint of 2.0 A was
24.1 kcal/mol higher in energy and thus inaccessible from
[Ir(I05)]*. Formation of [Ir(IO,)]" therefore could only oc-
cur, if at all, at the initiation or very early stage of the cata-
lytic reaction when the 103~ concentration is very low.
Cleavage of one of the Ir-O bonds of the chelate [Ir(1I03)]*
results in formation of a vacant site at iridium. This reac-
tion is uphill by only 1.1 kcal/mol and thus can take place
readily. Coordination of periodate to this species yields neu-
tral Ir(I03)(I104), requiring 14.2 kcal/mol. Comparison of
neutral complexes with charged complexes in these gas-
phase calculations is difficult and gives rise to a relatively
large error, despite the COSMO solvent corrections that
were applied. For neutral Ir(I05)(I103) a relatively high en-
ergy of 8.0 kcal/mol was found, although this species was
observed experimentally by ESI-MS. Probably the entropy
change of coordination of iodate in these relatively concen-
trated iodate solutions is overestimated by these gas-phase
calculations. Hence, the calculated energy of Ir(I03)(I10,) is
probably too high as well. O-atom transfer from periodate
to the iridium complex via cleavage of the I-O bond results
in facile formation of [Ir(=0)(I03)]* and 105~ via a very
broad and low barrier that consequently was impossible to
find. From stepwise elongation of the I-O bond it was esti-

C~N
" ~ _0
ESI-MS  Ir(I0) I
ESI-MS O
Ir(=0)(105)"

mated that the barrier must be 2-3 kcal/mol at most. O-O
bond formation by coupling of the oxo fragment of
[Ir(=0)(103)]* with periodate was found to proceed over a
very high barrier with an enthalpy of 35 kcal/mol. Since
such a huge enthalpy change was found, no hessian was
calculated for this transition state. Given the bimolecular
nature of this reaction, the entropy contribution is expected
to further increase the total Gibbs free energy. To circum-
vent this, an intramolecular nucleophilic attack of periodate
was considered. Displacement of iodate at [Ir(=0)(105)]*
by periodate to form [Ir(=0)(I10,)]* was found to be uphill
by 9 kcal/mol. The transition state of the subsequent intra-
molecular O-O bond formation was found at 45 kcal/mol
(singlet TS) or 38 kcal/mol (triplet TS) and is not accessible
at room temperature. Remarkably, the singlet transition
state of intramolecular nucleophilic attack of iodate on the
oxo fragment was found at a much lower energy at
20.5 kcal/mol. This O-O bond formation results in forma-
tion of a IrOOIO pentacycle, which was found at 15.6 kcal/
mol. The unexpected large difference in transition-state en-
ergy between O-O bond formation at [Ir(=0)(I0,)]" and
[Ir(=0)(105)]* is most likely the result of iodate being a
much better nucleophile than periodate. The intramolecular
nucleophilic attack on the Ir(=0) moiety, which has an elec-
trophilic character, is much easier for the iodate complex.
Whereas {IrffOOI(O)O]}* has a local minimum as a singlet
species, triplet {IrffOOI(0)O]}* immediately opens an I-O
bond, forming transient [Ir(I0,)(n'-O,)]*. For this reaction,

By

/ Ireno-!
N7 v o
NG

Ir(10,)(104) ° o
[ A
Nl—///lr\O 1
SN 3
i -35.5
1oyt © 5
/ |’
[R0le)
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esi-me VO3]

Figure 4. Calculated pathway of water-independent O, generation from periodate mediated by [Ir(IO;)]* species. Energies are in kcal/

mol.
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a spin crossover point was found at 16 kcal/mol. This tran-
sition state is an upper limit for the crossover of the singlet
to the triplet state and the {IrffOOI(O)O]}* species therefore
must be very labile. The Mullikin spin distribution analysis
of the resulting [Ir(I0,)(n'-O,)]* species revealed that most
spin density of the unpaired electrons is located on both O
atoms of the O, ligand. [Complex Ir(I0,)(n'-O,)]* is there-
fore best described as an iridium(III) species with a side-
on coordinated dioxygen ligand rather than an iridium(IV)
superoxide complex. This [Ir(I0,)(n'-O,)]* species sponta-
neously decoordinates dioxygen in a barrierless reaction
producing [Ir(I0,)]* and triplet dioxygen. The [Ir(I0,)]*
species was found at —6.7 kcal/mol relative to [Ir(I05)]".
Dissociation of free iodite is thermodynamically not feas-
ible, and [Ir(I0,)]* must therefore be relatively stable in the
absence of any periodate. In the presence of excess per-
iodate, coordinated iodite is believed to undergo a very fac-
ile comproportionation reaction to produce iodate. Coordi-
nation of periodate to [Ir(I0,)]" results in Ir(I0,)(I0,) in
an uphill reaction of 13.4 kcal/mol. As for Ir(IO3), and
Ir(I05)(I0,), this energy change is probably overestimated.

Cleavage of the I-O bond of coordinated periodate of
Ir(I04)(I10,) proceeds over a very low and broad barrier (1—
4 kcal/mol) resulting in formation of Ir(I03) via a concerted
O-I bond formation with exclusion of 105~ and closes the
catalytic cycle. The overall energy of O, formation from
periodate corresponds very well to the experimentally val-
ues (DFT: —35.5, experimental: —33.2 kcal/mol).!""! It is im-
portant to note that metaperiodate complexes did not con-
verge, and coordination of water to Ir simultaneously with
iodate resulted in spontaneous decoordination of water dur-
ing optimization.

As an alternative to intramolecular nucleophilic attack
of iodate on the metal oxo fragment of [Ir(=0)(105)]", nu-
cleophilic attack of water from the solution was considered
too (Figure 5). For the O-O bond formation we found a
transition state of 35 kcal/mol, which is too high in energy
to explain the observed O, production rates. However, the
entropy contribution of the bimolecular reaction of water
is probably greatly exaggerated in these gas-phase calcula-
tions, since water is abundantly present as it is the solvent.
The enthalpy of 28 kcal/mol for the transition state is prob-
ably a more meaningful number. As the water carries out its
nucleophilic attack on the metal oxo moiety, it also forms a
hydrogen bond with the iodate ligand. During formation of
the O-O bond, the proton is transferred from water to the
iodate ligand, preventing formation of an Ir-O-OH, spe-
cies. Similarly, in the case of other iridium and ruthenium
water oxidation catalysts, DFT calculations suggest that
formation of a metal-O-OH, species must be avoided to
obtain a low-lying transition state.””! In our approximation
the iridium center eventually coordinates a HIO; ligand.
The proton of coordinated periodic acid must be very acidic
and at pH 7 is probably lost to the solution simultaneously
with O-O bond formation. Addition of base as a buffer to
a periodate/Ir solution to promote this O-O bond forma-
tion step resulted in significantly higher rates.*!'l However,
this trend was also visible in the control experiments and
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may be an effect of the base on the stability or redox poten-
tial of periodate instead. In line with the apparent impor-
tance of stabilizing the proton, incorporation of additional
water molecules in the transition state have significantly re-
duced the transition state energy in the case of IrCp*(phen-
ylpyrine) catalysts.[*®! In the case of nucleophilic attack by
water on [Ir(=0)(105)]*, addition of one or two extra water
molecules did not reduce the energy of this transition state.

The apparent requirement of water for the formation of
dioxygen seems to point to an important role for water in
the catalytic mechanism. However, the lack of O, formation
in organic solvents may also be the result of inhibition of
the catalytic site by the organic solvent (e.g. MeCN, DMF)
or low stability of charged intermediates in solution, and
consequently slow ligand-exchange kinetics. The observa-
tion of [Ir + I + 30]* and [Ir + I + 40]" species in the ESI-
MS spectra fits very nicely with the mechanism outlined in
Figure 4, where [Ir(I05)]" and [Ir(=0)(105)]* are the low-
energy states. It therefore seems likely that these species are
involved in catalytic O, production mediated by Ir. Also,
the DFT calculations illustrate that iodate is not an inhibi-
tor, as coordination of iodate to [Ir(I0;)]* seems to be an
uphill reaction, which is in agreement with kinetic experi-
ments in the presence of excess iodate. Nevertheless, the ob-
served reaction kinetics do not entirely match the mecha-
nism outlined in Figure 4. In this scheme the rate-determin-
ing step is periodate-independent O-O bond formation at
[Ir(=0)(105)]*, which is preceded by a periodate-dependent
equilibrium. Since the concentration of periodate is very
large relative to that of the catalyst, we would have expected
a zero-order dependence or saturation kinetics for per-
iodate. Instead a rate dependence with respect to periodate
was found that fits best to a half-order dependence. Also,
the twofold O-atom-transfer pathway described in Figure 4
does not explain formation of the [Ir + I + 50]* species.
This species could be the result of ligand-based oxidation
reactions,”?l but may also be a species such as [Ir(n!-
0,)(I103)]*. According to DFT calculations, [Ir(n!-O,)-
(I03)]* behaves similarly to [Ir(n'-O,)(I0,)]*, and is best
described as an iridium(I1I) species with a coordinated di-
oxygen ligand on the basis of Mullikin spin-population
analysis. In the absence of constraints, the complex sponta-
neously loses the dioxygen ligand. It is therefore impossible
that this species would be present in solution in sufficiently
large amounts be trapped with ESI-MS. The alternative
structure in which the O, fragment is coordinated side-on
to the iridium center seems to be a better candidate, as this
iridium(V) peroxide species is thermodynamically stable.
However, it is not clear how this species is formed instead
of the transient iridium(III)-dioxygen species as a result of
the water nucleophilic attack mechanism outlined in Fig-
ure 5.

The observed transition state of 21.8 kcal/mol found for
O, evolution via two subsequent O-atom-transfer reactions
fits well with the observed turnover frequency of 0.27 s7'.
This illustrates that, even though this may not necessarily
be the dominant pathway under the conditions studied, it
may very well be a relevant route. The first O-atom transfer
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Figure 5. Water nucleophilic attack mechanism at [Ir(=0)(IO3)]*. Energies are in kcal/mol; enthalpies are given in parentheses.

in particular is facile, and this part of the catalytic cycle
may in fact be the dominant route. It is important to note
that the barrier of 21.8 kcal/mol is very similar to the barri-
ers of other water oxidation mechanisms that proceed exclu-
sively by one-electron-transfer oxidation steps; these barri-
ers have been calculated for related iridium and ruthenium
water oxidation catalysts as 16-24 kcal/mol.?%1 Comparing
these numbers, one may expect that catalytic periodate de-
composition is in competition with catalytic water oxidation
in several cases beside that of Ir. DFT calculations of the
full catalytic water oxidation cycle of Ir(OH), in the absence
of (coordinated) iodate and periodate are currently in pro-
gress and will be reported in due course.

Conclusions

We have studied periodate-driven iridium-catalyzed
water oxidation with a combined experimental and theoreti-
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cal approach. Although the dominant mechanism of O,
evolution has not been unambiguously established, the
DFT calculations show that a low-lying pathway exists in
which O, production occurs without direct involvement of
water. In particular, coordination of periodate to the rela-
tively electron-rich intermediates of the catalytic cycle and
O-atom transfer from coordinated periodate to iridium
were found to be very facile. In the calculated mechanism,
the key O-O bond formation takes place at a metal oxo
species, which undergoes nucleophilic attack by iodate. Like
periodate, iodate is clearly not an innocent species in these
periodate-driven water oxidation reactions. Although the
intramolecular O-O bond formation step is limited to cata-
lytic species that have two labile sites, it is very likely that
these types of reactions are not limited to the iridium cata-
lyst studied in the present work, and it is expected that sim-
ilar events occur for many other water oxidation catalysts
in the presence of periodate. This holds especially for the
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O-atom-transfer steps. Therefore, one has to be very careful
when interpreting results while studying catalytic water oxi-
dation with periodate as a chemical oxidant.

Experimental Section

General: The complex Ir(OH),*7 and [BuyNJIO43 were prepared
by literature procedures. ESI mass spectra were recorded with a
Shimadzu LCMS-2010A; the samples were directly injected into
the mass spectrometer.

Catalytic Experiments: Water oxidation experiments were carried
out in a Hansatech Oxygraph reactor equipped with a Clark elec-
trode. The reactor was left open to the atmosphere as it was used
only for determination of initial rates of catalytic activity. Within
a series of experiments the Clark electrode proved very accurate, as
perfect reproducibility was observed. However, between different
sets of experiments, after which the Clark electrode was prepared
and recalibrated, rates compared to previous experiments were ini-
tially off. Eventually this problem was solved by rigorously cleaning
the electrode after every series of measurements. Nevertheless all
measurements carried out were calibrated to Ir(OH), under stan-
dard conditions (10 pum catalyst; 100 mm CAN) to ensure reprodu-
cibility. All experiments were carried out three times, except for
Ir(OH), under standard conditions, which was measured more
often and was also repeated throughout a series of other measure-
ments to rule out drifting of the device. In a typical experiment,
CAN or NalQy solution (1 mL) was placed in the vessel equipped
with the Clark electrode and stock solution of catalyst (= 1-10 pum,
1 mL) was added. To ensure that the solution was homogeneous
the liquid was stirred vigorously by injection and ejection of the
material by syringe. Typically, O, production started immediately
after the short mixing time (10 s).

DFT Calculations: All geometry optimizations were carried out
with the Turbomole program¥ coupled to the PQS Baker opti-
mizer.!?’! Geometries were fully optimized as minima at the bp86
level®® using the Turbomole SV(P) basis set!?”l on all atoms. The
obtained structures were further optimized at the b3-lyp level®®
using the TZVP basis.[*%?7¢2% The solvent effects of water were
computed with the COSMO model®® by further optimization of
the gas-phase optimized geometries, using the same basis set. Fre-
quency calculations were used to determine the zero-point, ther-
mal, and entropy contributions to the energy.

Supporting Information (see footnote on the first page of this arti-
cle): Kinetic data and the calculated coordinates of the DFT geom-
etry optimizations.
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