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Il. Project Objectives:

Research during the proposed project period will focus on the mechanisms of water
oxidation catalysis by transition metal species in aqueous environments. New directions
involving naturally occurring extended transition metal oxides, resembling the oxygen-evolving
complex in photosystem II," will be pursued. The objectives below will provide insights needed
to develop viable catalysts? for producing electricity and solar fuels that can serve the world’s
energy needs while transforming the environment and global economy.?

2H,0 + sunlight ——> O, + 4H* + 4¢

catalyst

Objective 1.

Driving-Force Dependence of Kinetics and Oxygen Kinetic Isotope Effects ('°0 KIEs).
Bulk electrolysis will be used to generate O, from water oxidation catalyzed by structurally
defined transition metal complexes. Analysis of the O, will allow probing of 'O KIEs at
controlled electrolytic potentials to examine the effect of varying thermodynamic driving-force.
Complementary kinetic studies of water oxidation in H,O and D,O will expose the intrinsic
barrier, revealing contributions from solvent reorganization and/or proton transfer. Mechanisms
of O-0 bond formation will be proposed based on the results and then evaluated by comparing
measured 0 KIEs to those calculated using Density Functional Theory (DFT).*

Objective 2.

Probing Catalytic Intermediates Capable of Reversible O—O Bond Formation.
Computational investigations of water oxidation have frequently assumed that the O-O bond
forms reversibly during catalysis.®> Yet recent measurements of large normal "0 KIEs, together
with solvent deuterium isotope effects, have implicated irreversible O-O bond formation by
water attack mechanisms. To reconcile these proposals, metal hydroperoxo intermediates will
be generated from H,O; in 80-enriched water and examined, using isotope ratio mass
spectrometry (IRMS), to detect reversible fragmentation to a metal oxo species and H,0.°

Objective 3.

Mechanistic Characterization of Photocatalysis by Insoluble Transition Metal Oxides.
Competitive ®0 KIEs will be determined on reactions of a structurally defined transition metal
oxide photo-catalyst. Tungsten trioxide (WO3) is a semiconductor characterized in various
crystalline as well as amorphous states and shown to catalyze water oxidation,” with reasonably
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high quantum yields, producing O, over the course of several hours. Experimental studies
coupled with DFT calculations could provide first-of-a-kind mechanistic insights into how O-0
bonds form at surfaces of robust inorganic materials, increasingly used to fabricate photo-
electrodes and produce solar hydrogen.

lll. Results from Previous Funding Period

We examined a number of reactions where O—-O bond making is rate-determining,®® using
an oxygen isotope fractionation technique which employs natural abundance water and isotope
ratio mass spectrometry (IRMS).*®° Computational methods have also been developed to test
mechanistic interpretations. Several homogeneous systems derived from manganese, iron,
ruthenium and iridium complexes have been explored and preliminary results obtained on
surface reactions of tungsten trioxide (WQOs).

A. Experimental and Computational Procedures:

Oxygen isotope fractionation applied to the determination of competitive oxygen kinetic
isotope effects ('®0 KIEs) reflects the rates of '®'°0, and "®'®0, produced from the oxidation of
natural abundance water.*'® In addition, tracer experiments with '®O-labeled water have been
used to detect reversible O-O bond making and breaking, which gives rise of oxygen
equilibrium isotope effects ("®0 EIEs). We have found specific Density Functional Theory (DFT)
calculations that are ideally suited for the quantum mechanical calculation of heavy atom
isotope effects within the harmonic oscillator approximation.

Changing ®0/'°O ratios analyzed IRMS by reflect enrichment or depletion of the light
isotope in the O, formed, relative to the water from which it was produced, leading to normal
(>1) or inverse (<1) "0 KIEs, respectively. The size and sign of the isotope effects arise from
compensating enthalpic and entropic factors. We have used DFT to model such behavior for
reversible reactions of O, with transition metals and reproduced temperature-dependent trends
in experimental ®0 EIEs.* In addition, we have measured and predicted ranges of "0 KIEs on
O-0 bond forming reactions referred to in Scheme 1 as oxo-coupling and water attack.*

Scheme 1. Oxygen Isotope Effects on intramolecular and intermolecular reactions.
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An apparatus akin to that shown in Figure 1 was originally constructed for measurement of
the 80 content of O, formed by photosynthetic water oxidation by whole cells and cell fractions
(vide infra).’® The processes used to isolate and purify O, from other condensable gases as
well as to carry out the quantitative combustion of O, to CO,, measure gas pressures and
prepare samples in vacuo have also been described, along with the derivation of competitive
80 KIEs.? Importantly, errors are typically an order of magnitude smaller than the measured
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80 KIEs, potentially allowing mechanisms of OC and WA to be distinguished experimentally.
The high precision owes to the competitive methodology for determining '®0/'°0 ratios, the use
of natural abundance chemicals, which do not exhibit contamination, and dual-inlet isotope ratio
mass spectrometers that allow ratios to be determined to + 0.0002. The apparatus in Figure 1
can be modified, as described in the following proposal, to allow '®0O KIE measurements on
photo-catalytic and electro-catalytic reactions.

Figure 1. Apparatus for competitive oxygen-18 kinetic isotope effect measurements.*
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From the beginning, our efforts have stressed the complementary use of experiments and
calculations. Initially, we verified the use of a particular DFT protocol to optimize structures and
obtain vibrational frequencies needed to predict ®0 EIEs as the product of reduced partition
function ratios corresponding to isotopic zero point energy (ZPE), vibrational excitation energy
(EXC) and the mass and moments of inertia (MMI) in Eq 1.92%""

(1) BOEIE = ZPE x EXC x MMI

Results of the studies described here reveal that '®0 KIEs can also be predicted using
Transition State Theory formalism. Specifically, Eq 2 defines the ratio of rate constants,
corresponding to reactions of the light (**0-"°0) and heavier ("°*0-"20) oxygen isotopologues.
Terms include the pseudo-equilibrium constant for attaining the transition state from the reactant
state, ®K+s, which is equivalent to isotopic ZPE x EXC x VP, where the vibrational product is
the MMI minus the mode that defines the reaction coordinate. This contribution, 18vRC, is the
ratio of mass-dependent imaginary frequencies.
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(2) BOKIE = "8 x ¥

RC TS

The "vgc is invariably = 1 due to its definition as the ratio of frequencies for light to heavy
isotopologues. The '®K1s term can be normal or inverse depending on the enthalpy and entropy
changes that characterize the reaction. In all cases examined thus far, small to inverse '®0
EIEs have been calculated for O—-O bond forming reactions of metal oxo species. Yet normal
80 KIEs resulting from "®vg¢c terms that dominate the '®K+s terms are calculated (and observed)
for the same reactions.*'?

B. Water Oxidation by Ferrate:

Large normal "0 KIEs 21.03 were first observed on water oxidation by potassium ferrate
(K.Fe"'0,). An electrochemical driving force of AE®° = 0.97 V is calculated for the net reaction in
Eq 3 based on the half-cell potentials: Fe"'O,% + 8H* + 3e™ > Fe" + 4H,0 (E° = 2.2 VV vs. NHE)
and O, + 4H" + 4e” = 2H,0 (E° = 1.23 V vs. NHE). Due to its instability in the presence of
protons, the chemical mechanism of ferrate-mediated water oxidation has received relatively
limited attention.™

The high-valent, oxyanion has been shown to undergo rapidly exchange with H,O'* and
exist in a triplet ground state.* DFT calculations described below suggest that the asymmetric
build-up of alpha spin occurs upon protonation. Thus, it was anticipated that the low pH form of
ferrate [HsFeO,]" could rapidly undergo dimerization and condensation, forming a p-oxo bridged
di-iron(Vl) complex structurally resembling dichromic acid and pyrophosphoric acid. The
proposed [HsFe,O/]** has since been demonstrated kinetically competent for water oxidation,
consistent with the complex reaction stoichiometry of Eq 3.

(3) 4[H;Fe"'0,4]" + 8H;0* > 4Fe* + 30, + 18H,0.

Acidified ferrate solutions rapidly generate molecular oxygen with a 4:3 stoichiometry.*"
Data collected at pH 1.0 in Figure 2 reveal the oxygen isotope fractionation of O, produced from
natural abundance H,O as well as the optical changes on the timescale of seconds upon adding
HCIO, to FeO,*. Rapid-mixing stopped flow electronic absorption was used to test for the
intermediacy of p-1,2-oxo-bridged diferrate, [HsFeV',0,1%, prior to oxidizing water to O, and
forming iron(lll) as the final product(s).

Figure 2. (a) Isotope fractionation derived from the analysis of O, upon K;FeO,-mediated
water oxidation. (b) The corresponding optical changes upon acidification.
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The pH-jump stopped-flow experiments in Figure 3 are consistent with formation of a di-
ferrate intermediate. The kinetics in the visible region reveals a bimolecular reaction of ferrate
at pH 2.7 and a unimolecular reaction at pH 1.0, where di-ferrate forms rapidly on the
experimental timescale. These observations are consistent with the calculated spectra at pH 2.7
and pH 1.0. The [HsFeO.]* condenses and dimerizes to produce water and [HsFe,O;]*". The
initial spectrum at pH 1.0 corresponds to the condensation product, labeled B, which decays to
form C and O; in the final spectrum.

Figure 3. Electronic absorption changes collected using an OLIS RSM1000 rapid-scanning
spectrophotometer. Time traces at pH 2.7 corresponding to dimerization and condensation (top)
and at pH 1.0 where changes coincide with O—-O bond formation and O, evolution (bottom).
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Species C is likely an unstable di-iron(1V) species that undergoes disproportionation by oxo-
transfer. This reaction, which would produce di-iron(ll) and re-form the reactive di-iron(VI)
species, is thermodynamically favored with respect to formation of di-iron(lll) and a high-energy
di-iron(V) intermediate.””'® As a result, iron(ll) complexes are expected to comproportionate
with iron(IV) complexes to form iron(lll) as the final products upon acidification of ferrate
followed by mix-freeze EPR analysis on a timescale >10 seconds.*

Corroboration of the proposed mechanism in Figure 4 comes from the pH and pD profiles in
H,O and D,O, which reveal inverse solvent isotope effects on the bimolecular rate constants of
ferrate between pH/pD 1.3 and 2.7. The inverse effect disappears with increasing acidity and a
solvent isotope effect indistinguishable from unity is observed at pH/pD 1.0, where the reaction
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appears unimolecular. The second order rate constants are fitted to a one-state model with a
pK, of ~1.5, in excellent agreement with an earlier assignment to [HsFeO,4]"."""® There is an
isotope shift of the pK, to ~1.9 for [DsFeO,4]" as expected in D,O.*

Figure 4. Proposed mechanism and kinetic profile of the bimolecular rate constant (k) for
di-ferrate formation versus solution acidity in H,O (red circles) and D,O (blue squares). Data
are fitted to the expression: 10g Keps = 10g[Kmax/(1+10°P"PK3)] where kmax = 2.5 x 10° M's™ and
pKs = 1.5 (in H,0) or 1.9 (in D,O).
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C. Computational Studies of O—-O Bond Formation:

A second objective of these studies was to compare measured '®0 KIEs to computational
predictions. DFT optimized geometries were obtained using a previously calibrated'*'> mPw®
functional. The calculations on ferrate did not include the small energy corrections for spin
contamintaion.* Rather, ferrate was formulated as a ground state triplet and diferrate was
assumed to be in unrestricted singlet state due to strong antiferromagnetic coupling through the
u-oxo bridge. 'O KIEs were computed from gas phase structures in all protonation states.
Stationary points were verified by intrinsic reaction coordinate (IRC) calculations." Vibrational
frequency analysis within the harmonic oscillator approximation provided the 3N-6 vibrations for
the precursor and 3N-7 vibrations for the transition state (TS, ), where N is the total number of
atoms. These vibrations were used in the reduced partition function ratios described above to
solve the '®0 KIE according to Eq 2. Many transition states were considered for the monomeric
and dimeric forms of ferrate as well as the OC and WA mechanisms in Scheme 2.*

Scheme 2. Potential water attack (WA) and oxo-coupling (OC) mechanisms of diferrate.

? 2+F 2+ 2+ 1

The experimental ®0O KIE of 1.0303 + 0.0014 on the formation of O, from di-ferrate at pH
1.0 was reproduced to a remarkable level of agreement using DFT-derived vibrations of the
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precursor and transition state.* The experimental and computational results favored the
presence of OC via [HsFe",0;]*". In fact, in all protonation states oxo-coupling (OC) was
uniformly favored over water attack (WA) in this geometrically constrained system. The free
energy barriers for OC were between 8 and 25 kcal mol” lower than those associated with WA
and the calculated barriers decreased with the increased protonation level. Transition states for
various monomeric ferrates were also investigated and found to exhibit prohibitively high energy
barriers and "0 KIEs outside the experimental range.* 'O KIEs of 1.0308 and 1.0302 were
predicted for OC reactions of [HsFe,0;]*" and [HsFe,O;]". Significantly smaller 0 KIEs, from
1.004 to 1.0147, were calculated for the alternative WA mechanisms. As mentioned above, the
barrier to OC (4.27 kcal mol™) is significantly smaller than the barrier to WA (12.40 kcal mol™)
for [H4Fe207]2+. The same holds true for [HsFe,O;]" where OC (6.22 kcal mol'1) has a barrier
well below that associated with WA (from 20.73 to 22.74 kcal mol ™), where two transition states
are possible due to asymmetry in the structure.

The experimental and computational study of ferrate/diferrate reactivity provides benchmark
80 KIEs for various modes of O-O bond formation by synthetic and natural water oxidation
catalysts. The electronic structure of the reactive ferryl (Fe''=0) actually resembles the
“dangling” manganyl (Mn'=0 or Mn'Y—0O-) proposed in the OEC of PSIl." Yet under catalytic
conditions, the OEC reacts with a rather small inverse apparent '®0 KIE approaching unity.
This observation seems more consistent with O, release from a Mn—-0O, adduct. Though such a
species has been proposed at high O, pressures, its authenticity has been questioned.'®
Alternative explanations for the slightly inverse 'O KIE reported by several researchers has
been discussed in terms of obscuring effects of O, production competing with O, consumption
in various PSII preparations.'%

D. Water Oxidation by Ruthenium Catalysts:

Related monomeric and dimeric ruthenium complexes have been the subject of humerous
mechanistic investigations.?"?*?* For this reason, we chose to conduct experiments on the
complexes in Figure 5: [Ru"(bpy)(tpy)(OH2)I(CIOs). (Ru), [Ru""(tpy)o(OHz)z(u-Hbpp)I(ClOs),
(Ru"™® Hbpp = bis(2-pyridyl)-3,5-pyrazolate) and cis,cis-[Ru"(bpy)z(OH.)(u-0)12](ClO4)s
(Ruz®). ®*0 KIEs were determined under conditions previously used for isotope labeling
studies, where mechanisms are inferred from the O, formed upon stoichiometric oxidation.

Figure 5: The ruthenium complexes examined and abbreviations used.
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E. Kinetics of Catalysis:

Initial rates of catalytic water oxidation were determined using a Clark-type O, electrode
(YSI) at 22.0 + 0.2 °C. Ceric ammonium nitrate, (NH,),Ce"'(NOs)s, referred to throughout as
CAN, served as the sacrificial oxidant in perchloric acid or triflic acid solutions. lonic strength in
H>O and D,O (u = 1.0 M) was maintained by addition of sodium triflate or lithium perchlorate.
Reactions were initiated by introducing 1-10uL of the ruthenium complex or CAN into a 1mL
stirring solution saturated with air.

CAN-dependent and independent rates were determined from data fitted to the expression:
rate/[Ru complex] = ke[ CAN]"(Kcan” + [CAN]") in Figure 6. The coefficient n = 1 for Ru,"®P? and
Ru,® where normal hyperbolic (Michaelis-Menten-like) behavior is observed. The coefficient n
= 3 for Ru where a sigmoid behavior is present, consistent with an induction phase. Although it
is difficult to envision the coordination of Ce' to Ru derived species, the same behavior would
be anticipated for multimerization of CAN-derived species, which could exert a positive effect

upon catalysis by increasing the rate of oxidizing Ru to the reactive precursor that undergoes
0O-0 bond formation in the CAN-independent region.

Figure 6: Water oxidation initiated by Ru (a), Ruz®® (b) and Ru,""? in 0.1 M HCIO4 (c) or 0.1
M HOTTf (d). Experiments at saturating CAN are compared in H,O (circles) and D,O (squares).

(a) (b)
0.2 1.6
0.0008 ' 0.2
_ 015 - + + H- 12
—.ﬁ u.oom/ﬁ‘ ' ‘w 0.1
= &5
g 01 0 ® 08
T 0 0.012 0.024 & 0 0.012 0.024
£ 3 N e
£ 005 T 04 " . x o=
0 0
0 008  0.16 0.24 0.32 0 0.08 016 024 0.32
[CAN] (M) [CAN] (M)
(c) (d)
0.2 0.12 H
s 015 "o 0.09 {' + +‘
§ § 0.02
£ .01 £ 006
= =
& 3 0.01
£ 005 § 003
0,
0 0 0012 0.024 0 0 0005 0.01
0 0.04 008 012 0.16 0 0.15 0.3 0.45 0.6
[CAN] (M) [CAN] (M)

Solvent deuterium isotope effects on kgt were determined for each of the catalytic reactions.
A small inverse solvent deuterium isotope effect of 0.92 + 0.08 was observed for Ru, whereas
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an effect indistinguishable from unity was observed for Ru,"*"" in different acidic media. Under
these conditions, Ru,®® exhibited a normal solvent deuterium isotope effect of 1.85 + 0.16. It is
noteworthy that the relatively small solvent isotope effects could arise from pre-equilibrium
proton transfer in competition with a normal primary kinetic isotope effect due to transfer of a

solvent-exchangeable hydrogen in the turnover-limiting step.?*

Table 1. Steady-state kinetic parameters in 0.1 M HCIO, and 22.0 + 0.2°C unless noted. ?

Initiator KeatlKcan Keat P*Keat” AG* ynimotecular
(M7's™) (s™ (s™ (kcal mol™)
Ru 0.0301 + 0.0024 © 0.136 + 0.011 0.148 + 0.008 18.7 + 1.4
Ru,®° 8.87 + 0.64 0.704 + 0.054 0.380 + 0.032 178+ 1.4
Ru,"°PP 5.20 + 0.84 0.181 £ 0.024 0.184 + 0.020 18625
Ru,"eee ¢ 1.38 £ 0.44 0.103 £ 0.011 0.102 + 0.004 18.9+2.0

@AtpHorpD 1.0and p=1.0 M. °In D,O. ¢ Attenuating the data set to the exponential phase gives 0.38 M?s'. See
reference 12a for details. “ Measured in 0.1 M protiated or deuterated ftriflic acid.

F. Competitive Oxygen Kinetic Isotope Effects:

'®0 KIEs were determined using the apparatus and methodology described above and in a
study that focused on Ru."? Solutions were saturated with He prior to initiation by addition of the
oxidant. Most experiments employed CAN in HCIO, at pH 0.0 and 1.0 and some involved
[Ru"(bpy)s]** photo-generated in 0.05 M potassium phosphate buffer (KP;) at pH 7.2. The latter
employed hundred micromolar to millimolar quantities of [Ru"(bpy)s](Cl); and potassium
persulfate (K,S,0s) using exhaustive photolysis as previously described.’ O, samples were
routinely isolated and purified from condensable gases, such as CO,;, N,O, NO and NO,, by
passage of the sample through a series of cold traps. Upon complete combustion® of the O,
produced exclusively by catalytic water oxidation, CO, samples of identical pressure and
80/"%0 were analyzed by IRMS at facilities at Johns Hopkins and the University of Waterloo.
The low conversion of the water to O, allows the 80 KIE to be estimated from the '®0/'®0O of the
source H,0 (Ry) relative to the '°0/'0 in the O, produced (R,), i.e., Ro/R,.*'? The more precise
relationship given in Eq 4 also considers the fractional yield (f) of O,. The '®0/'°0O at a specific
conversion (Ry) is thus defined by the mass-balance relationship: Ry = Ri(1-f) + Ry(f). The
isotopic composition of unreacted H,O, Ry = 0.9940 + 0.0008 vs. Vienna Standard Mean Ocean
Water was confirmed by repeated measurements. The '®0 KIEs derived from the data in Figure
7 are quoted with one standard deviation errors. Calculation of the 0 KIE from R¢/R, gave
indistinguishable results although the errors were significantly larger.

"SOKIE {”%} = Ry/R;

10



Roth, Justine P. DE-SC0002508

(4)

Figure 7. Data used to derive '®0 KIEs on water oxidation catalysis initiated by Ru (red
squares), Ruz®? (green circles) and Ru,"" (blue diamonds) in 0.1 M HCIO, solutions of CAN
(0.01-0.55 M). Inset: "0 KIE versus catalyst turnover number (TON).
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The data in Figure 7 show '®0 enrichment of the H,O remaining in solution and therefore
normal "®0 KIEs on the formation of O,. Values are independent of turnover number (TON) and
vary significantly from 1.0169 for Ru,®® up to 1.0306 for Ru and 1.0347 for Ru,"®"". Under
neutral conditions and using a weaker one-electron oxidant, the 80 KIEs are two to three times
smaller. Values of 1.0055 + 0.0028 for Ru,®° and 1.0141 + 0.0008 for Ru result from different
transition states, possibly involving phosphate as the proton acceptor. A change in the rate-
limiting step could also result from the use of the ca. 0.3 V weaker oxidant. Comparison to
Ru,""PP was not possible because of its lack of photocatalytic activity.

'®0 KIEs on water oxidation are complex measurements that potentially reflect a number of
reaction steps, beginning with the coordination of H,O (*®*Ki20 or "k20),%° including oxidative
steps ("®Kox Or "®koy),"*?"® O-0 bond formation ("®koo), and O, extrusion.”® The equations
below represent definitions of the 0O KIEs in the fully reversible and irreversible limits of
behavior. The 0 KIE in Eq 5 is determined by a series of reversible steps preceding rate-
limiting O-0O bond formation. Yet in Eq 6, all steps are treated as kinetically irreversible making
the ®0 KIE a weighted average dominated by the step with the highest energy transition state.
O, release steps are not included in either expression because they lead to inverse ®0 KIEs,
approaching unity,?® in contrast the "0 KIEs observed.

(5) BOKIE = (18K, Jx (18K 18

ox )(n=1—4) X (e]6}
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w, 18k

18 18 18 18 18
+w, ko +w, k. _+w, °k _ +w,. "k _ +w, °k
(6) 180 KIE = 1 H20 2 oXx 3 (024 4 oX

5 (o) 6 (]6)

W1 -f-W2 -+-W3 +W4 +W5 +W6

Table 2. Summary of "0 KIEs on catalytic water oxidation at 22 + 2 °C.

Initiator 80 KIEmeasured Proposed 80 KIE aiculated
(pH 1.0)° Transition State” mPW / M06-L
Ru 1.0306 + 0.0004 WA* 1.0240/ 1.0303
Ru,®° 1.0169 + 0.0003 WA? 1.0151/1.0172
Ru, PP 1.0347 + 0.0004 ocC 1.0311/ 1.0447

20.1 M HCIO, (pH 1.0) with CAN (0.01-0.55 M). ® The superscript designates the number
and configuration of explicit water molecules (see Figures 8-10).

G. Computational Analyses:

All geometries were fully-optimized at two levels of DFT.*®  One approach employed the
mPW functional® previously validated,*®%**'* the LANL2DZ pseudopotential basis set for Ru,*
6-311G(d) basis set for O and N, and 6-31G basis set for C and H.** The second approach
employed the M06-L functional,®* along with the Stuttgart [8s7p6d2f | 6s5p3d2f] ECP28MWB
contracted pseudo-potential basis set*® for Ru and 6-31G(d) basis®* for all other atoms.
Stationary points were verified by the analytic computation of vibrational frequencies and
intrinsic reaction coordinate (IRC) calculations.*”

Bulk solvation effects on the free energy barriers to O—-O bond formation were included
using the SMD model*®® or by applying single point corrections.™ Structures in the water
oxidation mechanisms investigated have electronic structures that are not well-described by a
single determinant so that the standard Kohn-Sham DFT is not directly applicable for the
accurate prediction of spin states.®* In such instances, the Yamaguchi broken-spin-symmetry
(BS) procedure was used to compute energies of “spin-purified” lowest spin state.*’ This
broken-symmetry DFT approach has proven effective for predicting state-energy splittings in
transition metal complexes.*’

H. Calculations of ®*0 KIEs:

Calculations were performed using the Transition State Theory formalism described in the
opening section. Once the transition state (TS) for a reaction was identified using the DFT
methods above, the normal and imaginary vibrational frequencies of the '®*0-"°0 and '°0-"%0-
conaining isotopologues were analyzed. No scaling or correction for anharmonicity was applied
and isotopic vibrational data were used to compute "0 KIEs according to Eq 2.

The accurate calculation of 0 KIEs relies on the ability of DFT to predict structures and the
mass-dependence of stable and imaginary vibrational modes. The individual frequencies need
not be computed with great accuracy. Rather, the net isotope shift of vibrations dictates the
isotope effect. A related approach has been used extensively to calculate 0 EIEs as the
product of reduced partition function ratios (ZPE x EXC x MMI) corresponding to zero-point
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energy (ZPE), vibrational excitation energy (EXC) and the mass and moments of inertia (MMI).
Calculations of 0O KIEs are generally less accurate due to the uncertainty of intermediate and
TS structures. In Eq 2, the "®K™ is formulated analogously to the 0 EIE, except it contains a
vibrational product (VP) with one less ratio of frequencies than the MMI. The '®vgc reflects the
ratio of imaginary modes that define the TS along the reaction coordinate. When 0 can adopt
multiple positions in the precursor or TS, the KIEs are Boltzmann-weighted.* Such corrections
are typically very small and within the experimental error limits.

I. Mechanistic Implications:

The competitive "0 KIEs are derived from multiple independent measurements at variable
catalyst turnover numbers (TONs), from one to ten or greater. This is a major difference from
the '80O-isotope labeling experiments that are constrained to probe a single stoichiometric
reaction because of H,0O exchange.?'*??*?* The isotope fractionation measurements actually
require rapid H,O exchange via the ruthenium(ll) or ruthenium(lll) dioxygen states during
catalytic turnover. That the competitive '®0O KIEs are independent of CAN concentration and
TON strongly indicates water oxidation by a single mechanism. This has been a major concern
for catalysis by the classic Ru,®®, where studies have suggested at least one other reaction
pathway in competition with WA.??> Mechanisms of catalysis initiated by Ru, Ru,®° and Ru,"*"?
have been intensively studied,?"? and were selected for the present investigations on this basis.
Rate-limittng WA has been proposed for Ru-initiated catalysis (Scheme 3)."***  The
predominance of a similar WA mechanism assisted by two explicit water molecules has been
proposed for Ru,BD (Scheme 4).** In contrast, Ru,"®"P has been proposed to react by an OC
mechanism, via the IV,IV oxidation state.?® Reactions via the IV,IV and IV,V oxidation states are
considered below (Scheme 5).

Scheme 3. Minimal mechanism of WA during Ru-initiated water oxidation.
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Scheme 4. Minimal mechanism for WA during Ru,2P-initiated water oxidation. Di-ruthenium
(11, IV) formed upon O, loss may precede regeneration of the more stable (ll1,11l) oxidation state.
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Hbpp

Scheme 5. Minimal mechanism of OC during Ru; " P-initiated water oxidation via

intermediates in 1V,IV (a) or IV,V (b) oxidation states.
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J. Transition States for O-O Bond Formation:

A summary of numerous DFT calculations is provided below with the results found to agree
with experimental data highlighted. As noted in the preceding discussions,*'?* spin-state and
solvation have little to no effect on the '®0O KIEs. Therefore, results are described only for the
lowest spin states in the gas phase.

Three WA TSs with distinct hydrogen-bonding patterns (involving four or five explicit H,O
molecules) were identified for catalysis initiated by Ru (Figure 8). At the M06-L level of theory,
WA* has the most advanced or product-like TS. The Ru-O bond lengthens from 1.688 A in the
ruthenyl precursor to 1.875A in WA*® versus 1.747 A in WA* and 1.743 A in WA® while the
0-0 bond distance is 1.590 A in WA* versus 1.962 A in WA*® and 1.974 A in WA®. The
calculated free energy barriers, AG*O-0), fall within a narrow range of 19 to 23 kcal mol™,
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close to the experimental estimate of 18.9 kcal mol". Despite the larger AG*O-0), the
experimental "®0 KIE = 1.0306 + 0.0004 is best modeled by WA* with calculated isotope effects
of 1.0240 (mPW) and 1.0303 (MO06-L) in the gas phase. Re-optimization in an aqueous
continuum had no significant effect on the "0 KIEs. Considering the nature of spin and solvent
corrections, the '®0O KIE is expected to be calculated to a higher level of accuracy than the
AG*O-0). This is consistent with the observation that the barrier associated with WA* is
higher than the alternative TS configurations.

Figure 8. Precursor and transition states for catalytic water oxidation initiated by Ru at the
MO06-L level of theory. Calculated '®O KIEs are provided (mPW / MO06-L) along with the
imaginary frequency of the light isotopologue.
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The blue dimer,** Ru,®P, is converted into di-ruthenyl intermediates in the (IV, V) and (V, V)
oxidation states during catalysis.***® DFT calculations were undertaken for reactions of (V,V)
intermediate in the unrestricted singlet state assuming strong anti-ferromagnetic coupling. In
contrast to results of isotope labeling studies,? a single type of mechanism is indicated by the
'®0 KIE = 1.0169 + 0.0003 under catalytic conditions. Two distinct water attack TSs, WA' and
WA?2 featuring one or two explicit H,O molecules, were identified and compared to a new TS
identified for OC at the M06-L level of theory (Figure 9). The same OC transition state could not
be identified with the mPW functional, however, raising questions concerning this saddle-point
structure and its AG*O-0).

The most product-like TS, exhibiting the best agreement with the experimental "0 KIE, is
associated with WA?. Calculations in the unrestricted singlet and triplet states gave
indistinguishable results. In the former, the precursor is a staggered conformer with a Ru-O
bond length of 1.723 A and O-0O distance of 5.112 A. In the TS, the Ru-OO bond length is
expanded to 1.931 A, which is significantly larger than the Ru—OH bond length of 1.770 A, while
the O-O bond length is contracted to 1.569A. Similar behavior is observed for the eclipsed
conformer in the triplet state where the initial Ru-O bond lengths are 1.764 A and 1.697 A and
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the O-0 distance is 2.827 A. In the TS, the Ru-O0 bond length is 1.935 A, the Ru—OH bond
length is 1.770 A and O-0 bond length is 1.560 A.

The AG*O-0) for the favored TS "WA? (= 36.5 kcal mol™) is more than two times greater
than the experimentally determined barrier, yet as mentioned above this energy is unreliable
due to the inadequate nature of spin and solvation corrections. The energy barrieris larger than
that calculated for 'OC (= 27.3 kcal mol™ ), however, the latter is suspect because it could not
be identified with the mPW functional. The AG*0O-0) for '"WA' (= 46.8 kcal mol”) is
significantly disfavored, consistent with independent computational results.** Despite the
overestimated TS energies, the results of mPW and MO06-L calculations for "WA? give an
average "0 KIE of 1.0161, in good agreement with the measured 'O KIE.

Figure 9. Precursor and transition states for catalytic water oxidation initiated by Ru,®° at
the MO6-L level of theory. Calculated 'O KIEs are provided (mPW / M06-L) along with the
imaginary frequency of the light isotopologue.
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Catalysis initiated by the geometrically constrained di-ruthenium (ll, 1) complex, Ru,"*?, is
considered to proceed via two different oxidized precursors, despite the observation that the '®0
KIE = 1.0347 £ 0.0004 is the same when analyzed for a single turnover up to 40 TONs. The
0O-0 bond forming reactions of di-ruthenyl intermediates via the (IV, IV) and (IV, V) oxidation
states are modeled in Figure 9. TSs for OC, WA' and WA? were compared with no significant
deviations in the 0 KIEs indicated for the low-spin and high-spin states.

As in the calculations described above, the most advanced TSs exhibit 20 KIEs that show
the best agreement with experimental values. Consistent with the absence of solvent deuterium
isotope effects, these TSs correspond to OC. Reaction of the (IV, IV) intermediate in the
unrestricted singlet state ('OC) involves elongation of the Ru-O bond from 1.757 A to 1.840 A
and an O-0 bond contraction to 1.715 A. Similar behavior characterizes reaction of the (IV, V)
intermediate via the low-spin doublet state (20C) where the precursor Ru-O bonds elongate
from 1.724 A and 1.767 A to 1.808 A, while the O-O bond contracts to 1.691 A.

For reactions of Ru,"®"?, TSs assigned to OC are substantially lower in energy than the WA
and WA? alternatives. The AG*O-0) for 'OC and 20C are both ~14 kcal mol” and somewhat
lower than the experimentally determined barrier. The "WA' and '"WA? TSs attained from the di-
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ruthenium (IV, IV) bis-oxo intermediate are 30-40 kcal mol™ higher in energy than 'OC and
exhibit '*0O KIEs too small to be reconciled with experiment. *WA' and 2WA? TSs calculated
from the di-ruthenium (IV, V) bis-oxo intermediate are 13-14 kcal mol” higher in energy than
20C and the '®0 KIEs are smaller than those observed. Assuming a reaction via 'OC or 20C,
the ®0 KIE should lie between the limits of 1.031 predicted mPW by and 1.045 predicted by
MO06-L, just as observed experimentally. If the '*O KIEs for Ru,"® were significantly smaller
than the values calculated for O-O formation, O, release could reflect a small fraction of the
turnover-limiting step due to a contribution from an inverse '®0 KIEs approaching unity.?*

Figure 10. Precursor and transition states for catalytic water oxidation initiated by Ru,"*"? at
the MO6-L level of theory. Calculated 'O KIEs are provided (mPW / M06-L) along with the
imaginary frequency of the light isotopologue.
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Conclusions:

Studies of stoichiometric and catalytic water oxidation by iron and ruthenium oxo complexes
have demonstrated that competitive oxygen-18 isotope fractionation affords ®0 KIEs that serve
as probes of O—0 bond formation mechanisms. Experimental results for monomeric and dimeric
complexes are reproduced using disparate levels of DFT to provide optimized structures,
together with the mass-dependent normal and imaginary vibrational modes. Vibrational
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frequencies of precursor and transition states used in the 'O KIE calculations predict large
normal effects (ca. 1.030-1.045) for oxo-coupling and smaller effects (ca. 1.000-1.030) for water
attack mechanisms. Thus, the ®0 KIEs provide compelling evidence that O-O bond forming
steps limit the turnover rate constants of water oxidation catalysis.

IV. Proposed Project Objectives:

Findings in photosynthesis research have shaped our understanding of how transition metal
oxo species act as “artificial” photosynthetic catalysts capable of water oxidation. Following
from the previous project period, we plan to continue to investigate the connection between
biological and synthetic inorganic catalysts, while establishing new ways of probing mechanisms
using '®0 KIEs. Future investigations will address the physical origins of '®0 KIEs at a greater
level of detail on a wider range of photo-catalytic and electro-catalytic systems.

Objective 1. Driving-Force Dependence of Kinetics and '®0 KIEs.

Background:

Systematic studies of kinetics and ®O KIEs at variable electrochemical driving-force are
proposed to provide insight as to the origin of the intrinsic barrier or over-potential for water
oxidation, so that catalysts that exhibit lower activation energies can be designed. Terms such
as reorganization energy (A) defined in Electron Transfer Theory will be used to characterize
contributions to the intrinsic barrier. In the intersecting
parabola diagram shown to the left, the electronic transition
energy (Eop) is equated to the sum of the AG® and A. The
intersection of the two harmonic wells defines the free energy
barrier, AG* = M4(1+ AG°/A)°. The A term contains outer-
sphere (solvent) and inner-sphere (bonding) contributions.
The latter can be calculated using DFT to determine the
iAGO energy associated with change in bond distances and force
constants. Minimization of these changes could enhance
rates of O—0O bond formation during catalysis.

initial state final state

AG —

reaction coordinate (distance) —

Proposed Studies:

The ruthenium complexes examined during the previous project period are amenable to
studying kinetics and "0 KIEs under electro-catalytic conditions as are the iridium, iron and
manganese complexes described below. Our recent preparation of an aqueous-soluble
organometallic iridium complex, related to known pre-catalytic species,**® will be the subject of
initial investigations of how thermodynamics affects rates and ®0 KIEs associated with catalytic
water oxidation. Studies at variable pH will also be undertaken to probe how kinetics and
mechanisms of O—-O bond formation may change. The results will provide insights as to the
origin of intrinsic barriers for specific mechanisms.

The complex [Cp*Ir(bpy)(H20)](CIO,4)., where Cp* = 1,2,3,4,5 permethylcyclopentadienyl,
referred to throughout as Ir-Aq, has been crystallized from methanol and water at ambient

21-23
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temperature (Figure 11). Ir-Aq is ca. 100-times more soluble than related organometallic iridium
complexes with phenyl pyridine (ppy) in place of the bpy ligand and chloride in place of H,0O. 'H
NMR analysis at millimolar Ir-Aq, in the presence of 5 to 25 equivalents of CAN, reveals that ca.
20% of the starting material undergoes Cp* oxidation and 50% is converted to paramagnetic
species on the timescale of several minutes. Thus, Ir-Aq decomposition has no bearing on the
'®0 KIE and steady-state kinetic experiments described below and in a recent manuscript.*®
Figure 11: ORTEP of [Cp*Ir(bpy)(H20)](ClO,),, where Cp* = ) R o
permethcyclopentadienyl, is drawn with 50% ellipsoid probability o o=
and hydrogen atoms omitted. The following bond lengths are in A: Ve T
Ir1-N2 2.081(2), Ir1-N1 2.107(2), Ir1-O1 2.152(2). Selected bond _ =
angles are given in (°): N2-Ir1-N1 76.92(9), N1-Ir1-O1 84.61(9), o
N2-1r1-O1 84.18(9). o

Dynamic light scattering measurements have also been performed as control experiments,
under the conditions used to probe rate constants and 80 KIEs, and no evidence obtained for
nanoparticulate formation. Increasing the Ir-Aq concentration by a factor of 10° (to the
millimolar range) does result in nanoparticle formation, however, over hundreds of seconds.
The conclusion that nanoparticles do not influence the steady-state kinetic parameters and "0
KIEs is reinforced by electronic absorption measurements that reveal formation of a tight
isosbestic point near 345 nm concomitant with a slight increase in optical density at 585 nm.

Kinetics and "0 KIEs on CAN-dependent water oxidation catalysis have been determined
for Ir-Aq and compared to Cp*Ir(ppy)(Cl) and [Cp*Ir(Cl)(u-Cl)]., which undergo chloride
displacement by water. All complexes exhibit k.. values between 0.1 and 0.2 s'in 0.1 M HCIO,
with CAN as the oxidant.*® Furthermore, 80O KIEs are invariant to CAN concentration and TON
strongly suggesting that the catalytic species is unperturbed by side-reactions that could occur
with aggregates of Ce'" species (cf. the studies of Ru catalysis in the previous results section).

The data shown in Figure 12 indicate that Ir-Aq reacts with a solvent deuterium kinetic
isotope effect on ket = 1.85 + 0.08 (as well as ke/Kcan) and an 0 KIE = 1.0231 + 0.0019 in
0.1M HCIO,4 at pH 1.0. The size of the solvent deuterium KIEs and '®0 KIE suggest that Ir-Aq
reacts by rate-limiting O-0O bond formation via a WA transition state. As in the experiments with
Ru and Ru,®® described above, a diminution of the "®0 KIE to 1.0141 + 0.0010 is observed
when Ir-Aq is reacted with photo-generated [Ru(bpy)s]** in 0.05M KP; at pH 7.2 indicating a
change in the transition state and/or the rate-determining step.

Figure 12. (a) Steady state kinetics in H,O (circles) and D,O (squares) and (b) '®O KIEs at
pH 1 with variable concentrations of CAN (circles) and [Ru"(bpy)s]** at pH 7.2 (squares).
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Computational studies are underway to model the 'O KIEs exhibited by Ir-Aq at low pH in
relation to the [Cp*Ir(Cl)(u-Cl)], and Cp*Ir(ppy)(Cl) pre-catalysts. Significantly smaller *O KIEs
of 1.0120 + 0.0008 and 1.0137 + 0.0008 were determined for the respective complexes from the
data shown in Figure 13. Catalysis initiated by Cp*Ir(ppy)(Cl) is also characterized by a solvent
deuterium isotope effects of 1.8 + 0.1 on Kot (and Kea/Kean), indicating a rate-limiting step similar
to that observed for Ir-Aq. A difference in reaction driving-force is a potential explanation for the
variation in observed ®0 KIEs. This hypothesis will be tested as described below.

Figure 13. Isotope fractionation data for [Cp*Ir(Cl)(u-CD)]. (squares) and Cp*Ir(ppy)(Cl)
(circles) at variable CAN concentration and pH 1.0. Kinetic data are also shown for the latter.

3 140 2 110 0.2
o) Qs
IN 25 108 T 1.05 —

A w L

5 % 2 B S = L . ¥ 00 ™ » 015
- - - -
[ % 0.950 c » =
QE, ~as © 0 Ton E Sa i e " 2 4 6 8101214 &

. n
£ & " £ x TON & o
e ie ;

c £

g _05 s =05 ® 0.05
o - o [+4
= ]

g o R R T T 0

20 Ay el b 0 e 5 0 002 004 006 008
In(1-f) x10 In(1-f) x10 [CAN] (M)
H_O remaining H20 remaining

'®0 KIEs will be determined for Ir-Aq at variable AG® by controlled potential electrolysis,
initially at pH 1, for comparison to oxidations by CAN. A gas-tight electrochemical cell®® will
serve as the reaction chamber interfaced with the apparatus in Figure 1. This modification will
facilitate the determination of '®0 KIEs from the O, produced upon bulk electrolysis.®" Electro-
catalysis of water oxidation by Ir-Aq will also be examined using cyclic voltammetry at varying
pH, which should also affect the AG° of reaction. Changing the pH could also affect the
identities of catalytic intermediates, which will be tested using various spectroscopic techniques
on relevant timescales. Ir-Aq is likely to exhibit well-defined electrocatalytic behavior in view of
results obtained with related Cp*Ir'"' pre-catalysts that homogenously produce 0,.°2%5* The
driving-force dependence of ke (or AG¥) and the "0 KIE will be thus be determined. Further
analysis using DFT will reproduce the experimental parameters and determine the A, directly
related to the intrinsic barrier for specific mechanisms of O-O bond formation.

Computational modeling of reactive species and transition states during catalysis by Ir-Aq
will be performed in collaboration with Prof. Rajeev Prabhakar (University of Miami). Due to the
time-intensive nature of the calculations, a subcontract for three months of Prof. Prabhakar’'s
salary is requested. Prabhakar excels in constructing models that can explain the influence of
hydrogen bonding in redox reactions.™ Initially, DFT studies will focus on the proposed rate-
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limiting WA step in Ir-Aq catalysis. The TS will be modeled considering the influence of explicit
water molecules as well as nitrate and phosphate ions present in reactions at pH 1.0 and 7.2.
80 KIEs on H,0 coordination?® to Ir and IrO, species, oxidation by electron transfer or proton-
coupled electron transfer'*?"?® and O, release® steps will also be evaluated for comparison.
Modeling the variation in "0 KIEs with AG® determined electrochemically will address the origin
of the intrinsic barrier (\M4), defined according to Electron Transfer Theory.

Obijective 2. Probing Catalytic Intermediates Capable of Reversible O—O Bond Formation.

Background:

The thermodynamics associated with the O-O bond formation step in water oxidation has
been difficult to address. In some computational studies, O—-O bond formation is the highest
energy transition state along the reaction coordinate, whereas in others, it is of lower energy
than the reactant(s). In the latter case, a kinetically reversible process would give intermediates
that are expected to exhibit small and possibly inverse '®0 KIEs."® The experiments proposed
below will illuminate the factors that allow reversible O-O bond making and breaking via a
transition metal hydroperoxo intermediate. On this note, we have previously discovered such
behavior in an enzymatic transformation.® In horseradish peroxidase, an iron(lll) hydroperoxo
intermediate is formed prior to proton-induced O-O heterolysis, which reversibly forms an
iron(IV) porphyrin t-cation radical and H,O (Figure 14). Experimentally the evidence for
reversible bond-breaking comes from the scrambling of '®O-labeled water into the unreacted
H,O.,. This result is consistent with DFT calculations, suggesting that AG® close to 0 kcal mol™.®

Figure 14: Isotope fractionation results for horseradish peroxidase catalyzed H,O, reduction
at natural abundance (a) and in 1.2% '®0-enriched water (b). The DFT calculated energies for
the O-O heterolysis and the "0 KIE = 1.0127 + 0.0008 are in kcal mol™.
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Proposed Studies:

Geometrically constrained complexes that cannot undergo oxo-coupling are proposed to
undergo O-O bond formation by water attack mechanisms.*®> We will examine whether these
reactions proceed via transition metal hydroperoxo intermediates. Such a result was predicted
for [Mn" V(u-O)(tpy)(OH,)]2(NO3)s, the original synthetic model for OEC catalysis.*®

Preliminary results suggest that [Mn","V(u-O)(tpy)(OH,)l,>* undergoes oxidation by CAN to
form a di-manganyl (IV,V) intermediate followed by WA, as depicted in the first step of Figure
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15. Analysis of the O, produced indicates an 80 KIE = 1.0073 + 0.0022, which is consistent
with computed 'O KIEs for WA and inconsistent with the larger ®O KIEs expected for OC. *'?
Although further experiments are needed to evaluate the mechanistic origin of the '®0O KIE on
[Mn(u-O)(tpy)(OH>)],** mediated water oxidation by CAN, it is worth noting that a WA transition
state calculated by Siegbahn et al.*” predicts an '®0 KIE = 1.022. This value was obtained by
re-optimizing the B3LYP-derived transition state using the calibrated mPW protocol to determine
the normal and imaginary vibrations. Thus, new DFT calculations will be undertaken to model
the experimental result, which may reflect a reversible O-O bond formation followed by an
irreversible Mn—OOH oxidation or O, release step.

We have found that [Mn"V(u-O)(tpy)(OH.)]2(NOs)s rapidly oxidizes H,O, to form
stoichiometric O,, while presumably undergoing reduction to a di-manganese (ll,lll) species. An
'®0 KIE = 1.0107 + 0.0017 was determined on this reaction. Incidentally, the transition state for
0O-0 bond breaking within the Mn—OOH intermediate is related to O-O bond formation by the
principle of microscopic reversibility. Thus, the transition state for may be the same as that for
the water oxidation reaction described above, i.e., a step after WA upon a di-mangangyl (IV,V)
intermediate. Experiments will test the reversibility of O-O bond-breaking within the proposed
Mn-OOH intermediate shown in Figure 15, by generating this species from [Mn" "V(u-

O)(tpy)(OH,)2(NOs)s and H,0; in the presence of natural abundance and '®O-enriched water.
Scrambling of 0 into the Mn-OOH unit will be probed by IRMS analysis of '®0/®0O in the
unreacted H,O, or O, formed, as described above.®

Figure 15. Reactions of [Mn(u-O)(tpy)(OH,),>* that form O, via a hydroperoxo intermediate.
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To investigate the reversibility of O—O bond formation in systems with low intrinsic barriers
to WA, we will analyze monomeric iron complexes that contain unoccupied cis-coordination
sites.®® Experiments are proposed with iron(ll) TMPA and TEPA complexes with triflate or
perchlorate counterions, where TMPA = tris(2-pyridylmethyl)amine) and TEPA = tris(2-
pyridylethyl)amine. These complexes can be generated in oxidation states between Il and 1V,*®
allowing 'O KIEs on stoichiometric and catalytic reactions to be examined and evidence
obtained for a common rate-limiting step. Given the AE° = 1.0 V difference in redox potentials
of copper(ll) TMPA and TEPA complexes,® changing the ligand could result in a crossover from
reversible to irreversible mechanism of WA upon a transient iron oxo species.

[Fe"(TMPA)I** has been reported to mediate water oxidation by NalO4 near neutral pH.%®
We have found that this complex also initiates water oxidation in the presence of excess CAN at
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pH 1 and 22 °C. Normal saturation kinetic behavior is observed upon increasing the CAN
concentration in Figure 16, where k. is characterized by a solvent deuterium kinetic isotope
effect of 1.8 + 0.2. Under the analogous conditions an 'O KIE = 1.0251 + 0.0017 was
determined consistent with a WA mechanism, as proposed for related Fe" complexes.®’

Figure 16. (a) The initiator of water oxidation catalysis shown with the accompanying
steady-state kinetics in H,O (circles) and D,O (squares) (b) and isotope fractionation (c).
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As outlined above for the di-manganese complex,® attempts will be made with the iron(ll)
and iron(lll) complexes of TMPA and TEPA to determine 80 KIEs on H,0, oxidation to O, in
natural abundance and '®O-enriched water. These experiments will illuminate the reversibility of
0O-0 bond-formation within potential (hydro)peroxide intermediates in water oxidation catalysis.
It would be surprising if scrambling was observed, however, in light of the size of the solvent
deuterium isotope effect and 'O KIE determined at pH 1, which implicate irreversible WA.
These studies will be undertaken in concert with DFT modeling efforts to determine the origin of
the 0 KIE due to O-O bond formation within monomeric iron complexes. Large '®O KIEs
predicted for the analogous reaction in computational studies of ferrate* suggest that O-O bond
formation via a putative [Fe''=O(OH,)(TMPA)]** intermediate may be only partially rate-limiting.

Objective 3. Characterization of Photocatalysis by Insoluble Transition Metal Oxides.

Background:

Photo-electrochemical cells are capable of generating current and/or hydrogen from visible
light. Transition metal oxide semiconductors are routinely used in the fabrication of such photo-
electrodes and solar cells. Currently photo-electro-catalytic cells have surpassed the 10%
quantum efficiency cutoff needed to be economically viable, yet problems remain due to
corrosion by the aqueous surroundings. A new specification referred to as “service life” has
been adopted, meaning that the catalyst should retain activity for >10,000 hours.5?

The present objective is intended to build greater knowledge of how '®0O KIEs may be used
to probe transition metal oxide reactivity in complex environments. This aim coincides with the
need to understand mechanistic underpinnings of water oxidation at photo-activated metal oxide
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surfaces, to improve existing technologies as well as to develop new ones. A primary focus will
be upon tungsten trioxide, which is one of the most thoroughly studied solid-state photocatalysts
for water oxidation to date.”®%¢

Tungsten trioxide (WO3) is an n-type semiconductor with band gap of
ca. 2.7 eV.®® It has been characterized in various crystalline and
amorphous states.” Catalytic water oxidation by orthorhombic WO3 (shown
to the left) exhibits a reasonable quantum efficiency and robustness,
producing O, upon irradiation over the course of several hours. Thus, its
mechanism of action is critical to the design of industrial catalysts that can
use visible light for the production of electricity or hydrogen.

Proposed Studies:

Orthorhombic crystals will be prepared and characterized,* by XRD, SEM and TEM (all
available through facilities at Johns Hopkins). Further tests of structural changes within the WO,
will be conducted upon increasing reaction timescales and catalyst turnover numbers. We have
already confirmed that "0 KIEs can be determined on aqueous dispersions of WO; of known
morphology and size solutions containing silver(l) or iron(lll) salts act as electron acceptors.
Photocatalytic O, production has been detected over the course of hours when irradiated
between 350 nm and 450 nm using a 1000W Hg/Xe lamp equipped with a dichroic mirror.
Yields of O, depend on the amount of WO3; and the concentration of electron acceptor. Minimal
background production of O, occurs in the absence WO; when solutions of the electron
acceptors are photolyzed under the conditions described. Collection of O, has been
accomplished using the apparatus in Figure 1, where the photocatalysis takes place in the
bubbler compartment under reduced pressure and He flow. This experimental setup allows O,
to be collected, pressures analyzed and samples prepared for IRMS, as outlined above. Steady-
state kinetic measurements of solvent deuterium isotope effects will be undertaken to
complement the analysis of '®0O KIEs and allow evaluation of the rate-limiting step occurring on
the WO, surface via the proposed minimal mechanism:

2 W=0* + H,0 > WOOH + WOH
WOOH + WOH > WOO + WOH,
WOO + H,O > WOH, + O,

Based on the conduction band energy of WO3, water association should result in initial
oxidation by proton-coupled electron transfer or hydrogen atom transfer to surface W=0 sites.
These reactions are thermodynamically downhill and, therefore, unlikely to be rate-limiting.
Subsequent O—O coupling is proposed to involve hydroxyl/hydroxide attack upon a tungsten
oxo species, concomitant with hydrogen atom/proton transfer to an adjacent site. This
hydroperoxide intermediate could spontaneously transfer hydrogen to an adjacent surface site.
The displacement of O, by H,O may occur in the rate-limiting step. As described above,
experimental results will be compared to DFT calculations used to model relevant mechanisms.
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Concluding Comments:

We have obtained a number of experimental results that support the utility of '®0 KIEs as
mechanistic probes of O-O bond forming steps during catalytic and stoichiometric water
oxidation reactions. In tandem, we have shown how DFT-modeling of transition states can be
used to predict measured '®0 KIEs, thus illuminating mechanisms of O-O bond formation. We
plan to continue to drive this effort forward by examining a variety of new systems for which
preliminary data have been obtained. The proposed project period will extend studies to electro-
catalytic reactions. These experiments will provide knowledge of intrinsic reaction barriers
needed to improve catalytic performance. Oxygen isotope fractionation will also be applied to
examine thermodynamics of O-O bond forming reactions where DFT methods fail to predict
energy barriers. Finally, experiments on an established solid-state photo-catalyst are planned to
obtain mechanistic insights into reactions on metal oxide surfaces.
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