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Abstract: Fundamental information concerning the mechanism of electron transfer from reduced het-
eropolytungstates (POMeq) to O, and the effect of donor-ion charge on reduction of O, to superoxide
anion (O27), is obtained using an isostructural series of 1e~-reduced donors: a-X"Wiy04C~"~, X™ =

AT, Si*t, PS5t For all three, a single rate expression is observed: —d[POMeq}/dt = 2k12[POM,ed][Oz], where
ka2 is for the rate-limiting electron transfer from POM;eq to O,. At pH 2 (175 mM ionic strength), k2 increases
from 1.4 & 0.2t0 8.5 £ 1to 24 + 2 M1s™t as X" is varied from P5>" (3eq) to Si*" (2red) to APT (Lreq).
Variable-pH data (for 1.q) and solvent-kinetic isotope (KIE = ku/kp) data (all three ions) indicate that
protonated superoxide (HO,-) is formed in two steps—electron transfer, followed by proton transfer (ET—
PT mechanism)—rather than via simultaneous proton-coupled electron transfer (PCET). Support for an
outersphere mechanism is provided by agreement between experimental ki, values and those calculated
using the Marcus cross relation. Further evidence is provided by the small variation in ki, observed when
X" is changed from P> to Si** to A**, and the driving force for formation of O,*~ (aq), which increases as
cluster-anion charge becomes more negative, increases by nearly +0.4 V (a decrease of > 9 kcal mol~* in
AG®). The weak dependence of ki, on POM reduction potentials reflects the outersphere ET—PT
mechanism: as the anions become more negatively charged, the “successor-complex” ion pairs are subject
to larger anion—anion repulsions, in the order [(3637)(02")]*™ < [(2ox*)(O2)P~ < [(1ox> )(O2*)]¢". This
reveals an inherent limitation to the use of heteropolytungstate charge and reduction potential to control
rates of electron transfer to O, under turnover conditions in catalysis.

Introduction redox chemistries and are well defined and stable in solution,
they are deployed as physicochemical probes of electron-transfer
processes. In the present study, a representative series-of 1le
reduced Keggin heteropolytungstates are used to establish the
mechanism of electron transfer from these cluster anions,to O
and simultaneously, as well-defined probes to quantify the
effects of donor-ion charge on the reduction oftd O,

As noted, POMs are used to catalyze a wide and rapidly
expanding range of selective oxidation and reduction procésses.
These involve the use of POMs in heterogenéaunl electro-
chemical catalysfs® (including as components of modified

The reduction of Qis fundamental to processes ranging from
the carefully orchestrated reactions in living cells to the radical-
chain reactions that, because they are so difficult to control,
prevent the more rapid design and implementation sb&sed
technologies.Among the many types of molecular complexes
used to control the reactions of,Opolymeric metal-oxide
cluster-anion (polyoxometalates, or POMs), are consistently
featured in reports that document notable advances in this
area?~8 In addition, because many POMs possess reversible
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design of new POM catalysts requires a fundamental under-
standing of the underlying electron-transfer procesés.

As a class, POMs are inherently stable to strongly oxidizing
conditions that would rapidly oxidize and degrade the organic
ligands of most metallo-organic complex&<:1° This, coupled
with the ease with which the composition, structure and physical
properties of POMs can be readily and rationally altéfduas
led to a large and rapidly growing list of reactions wherein these

not addressed, the meaning of the free-energy relationship
remains uncertain.

This uncertainty left room for the subsequent publication
(1992) of data-obtained using some of the same Keggin
anions—that were interpreted as evidence in support of an
innersphere mechanism. In that stifdlyPapaconstantinou
observed a complex [H dependence for reactions of the one-
electron reduced anions, Si¥D,°>~ and BW;g0s,’~ at pH

cluster anions are deployed as catalysts for selective oxidationsv@lues of between 1.5 and 3. This was interpreted as evidence

by 0,392 For this, water and @-while not always practical
because of substrate insolubititgre the most economically and
environmentally desirable solvent and oxid&#3 Whether in
water or organic solvents, however, the reaction betwee
reduced POMs and Qs of central importance.

Reduced molybdovanadophosphates, notably, reduced (V(IV)-
containing) forms of the fully oxidized cluster, PM010O40°~
(historically, the most widely reported POM cluster for use in
catalytic oxidation processes) are believed to react withi®
an innersphere pathwa§y. While this has yet to be fully
established>27 an innersphere mechanism is consistent with
the relatively labile nature of MeO bonds?#26:28.29and with
the tendency of vanadyl ions, [X~=0]?*, to dissociate from
reduced forms of PMVI01¢04¢°~ in solution?”

While reduced heteropdiyngstats are more likely to react
with O, via an outersphere mechanidfrthe few studies that

n

address this question lead to contradictory conclusions. In 1985,

Darwent reported that reactions between Keggin heteropoly-
tungstates and £observed during the photochemical oxidation
of isopropanol (10% in water), were first order in both,JO
and [H']. Despite the complexity inherent in this system, the
[H*] dependence was attributed to protonationimdipient
superoxide radical anion ¢©) in the transition-state, during
rate-limiting electron transfer toOA linear plot of Ink versus
AGP/RT, for reactions of several reduced Keggin anions at pH

1, gave a slope of 0.52, the value expected for an outersphere31)

mechanism. At pH 1, however, the more negatively charged
donor anions studied are protonaéct’ This has substantial
energetic and mechanistic consequerté@&ecause these were
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4, p 635-678.
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(22) Hill, C. L. Nature1999 401, 436-437.
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(24) Neumann, R.; Levin, MJ. Am. Chem. S0d.992 114, 7278-7286.
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equilibrium concentrations of the mono- and trivanadium anions, H
PVMO0,1040 and HPV3MogO40, and (4) equilibria between bound and
dissociated vanadyl, 'V=0?", ions (see refs 26 and 27).
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2001, 123 8531-8542.
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of an innersphere mechanism involving the formation of an
intermediate that contained a WP, bond. The complex H
dependence was attributed to pH-dependent protonation of the
coordinated superoxide anion (W(\WD2 ).

More recently, Duncan and Hill report€dhat upon complete
reduction of labeled &to H,O by reduced heteropolytungstates,
and by PMa@,O4¢*~, the label was initially found only in pO
and not in the structure of the (then) oxidized POMs. While
not definitive, this product study was consistent with an
outersphere mechanism. However, an innersphere process could
not be ruled out: an identical result was obtained using the
reduced form of P¥Mo;004¢°~, which, as noted above, is
believed to react with ©via an innersphere mechanism.

We now provide a definitive study of electron transfer from
reduced Keggin heteropolytungstates to This is accomplished
using an isostructural series of cluster anionsKeggin-

X W15,0409 M-, whose charges vary fronT@o 5 to 4~ as

the central heteroatom,"X, is changed from A& to Si* to

P5t. As a result of these efforts, the mechanism by which this
large and representative subclass of POMs reacts witis O
firmly established. Issues addressed include assessment of the
role of H™ using a-Al3TW1,048~ (X" = Al3T)40-42 which,
unlike the other anions in the series, is stable between pH values
of 1.8 and 7.5%4344Conclusions include the role of Keggin-
anion charge on reaction rates, attendant implications for the

In the reported free-energy relationship, the Gibbs free en&@y) (was
calculated using the reduction potentidd;,, of the GQ/HO, couple,
consistent with the formation of HO(protonation by solvent, see ref 32)

in the transition state. Indeed, the Marcus cross relation has been applied

successfully to proton-coupled electron transfer (PCET) reactions (refs 33

34.). Here, however, E8V;,040'~ (the most reactive of the four anions

studied) was not only reduced by two electrons but, at pH 1, is also partially-

protonated (i.e., present as the conjugate-acid), while;Py~ (included

in the same plot) is not. In such cases it is necessary to differentiate

simultaneous electron and proton transfer from situations in which “the

pH dependence arises from the distribution between acid and base forms
and not from variations in the driving force” (quoted from ref 35). The
reaction could also be catalyzed by protonation gf ®y protons associated
with reduced POMs. This would be analogous to reactions described in
refs 36-37. While intriguing, the data reported by Darwent highlight the
need, when studying reactions of POM salts, to fully define the nature and
concentrations of dynamic ion pairs present in solution.
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(43) Geletii, Y. V.; Weinstock, I. AJ. Mol. Catal. A: Chem2006 251 255—

262.



Reduction of O, to Superoxide Anion

ARTICLES

rational design of heteropolytungstate catalysts for selective prepared by bulk electrolysis under Ar using a reticulated vitreous-

oxidations by @, and quantitative information about the effect
of the anior-anion repulsion that accompanies the formation
of successor-complex ion pairsgfX " W1,0408~"7)(Ox7)].

Materials and Methods

Synthesis and Characterization Fully oxidized a-Keggin ions
(POMy; all W atoms in their highest-6, o, oxidation states)y-Nas-
Al"W 15040, (Lox),*0*? and a-NaySiVW12040, (20x),*> were prepared
using published methodst-NagPWi,040, (30x), Was purchased from
Sigma-Aldrich, Inc. One-electron reduced forms of the above anions,
POMeg that is, (l-Al”IW1204067, (1red), (X-SiIVW1204057, (2red). and
0o-PYW1046"", (3red), Were prepared in water by constant-potential
electrolysis, quantified, as previously described foand 3,643 and

carbon working electrode. Extinction coefficients used in the present
work (in M~ cm™) areezgo = (1.56+ 0.1) x 10° and (1.48+ 0.1) x
10 for 3req and 2eq, respectively, both at pH 2.1 in sodium sulfate
buffer, and (1.8 0.1) x 10 for 1qat both pH 2.1 in sodium sulfate
buffer and pH 7.2 in sodium phosphate buffer.

O, Concentrations The concentration of dioxygen, §in pure
water at 25°C and 1 atm total pressure (760 ToR(O,) + P(H20))
is 1.24 mM. The solubility of @is smaller in agueous electrolyte
solutions than in pure water and depends slightly on the nature of the
electrolyte. In this work, total salt concentrations typically did not
exceed 200 mM-in most reactions with @ a “standard” ionic strength
of 175 mM was maintained. Depending upon the electrolyte used, salt
concentrations in this range usually result in 6 to 10% decreases in O
solubility *® Therefore, @ concentrations in our electrolyte solutions,

stored under argon. All other materials were purchased from commercial prepared by saturation with.Qit room temperature (24 2 °C) and

sources.
Aqueous Solutions.Solutions were prepared using water from a

ambient pressure, were assigned a common value of 1.15 mM, 8%
smaller than that in pure water. This value was then used for evaluation

Barnstead Nanopure water-purification system and added salts, bufferspf kinetic data obtained using a stopped-flow apparatus &t
and chelating agents were of the highest purity available. Specific ionic thermostated cells. (Changes in @ncentrations because of variation
strengths were obtained by adding NaCl, and reported ionic-strengthin ambient temperatures (24 2 °C) were smaller than the-8%

values of POM-containing solutions include contributions from the
POM salts themselves. pD values of solutions y®DQvere calculated
using pD= pHe + 0.4, where pld was read from a standard pH
electrode immersed in the;D solution?$4” Small deviations from target
pH (pD) values, caused by additions of NaCl or POM salts to pH-

uncertainties in measured rate constants.) In most stopped-flow kinetic
measurements, Aree POMeq solutions were rapidly mixed in 1:1 v/iv
ratios with aqueous electrolyte solutions saturated using specific O
Ar mixtures, or with ambient air. This procedure resulted in 50%
dilution of the [Qj]-containing component (i.e., 50% dilution of the

adjusted buffered solutions, were compensated for by additions of small contents of one of the two syringes in the stopped-flow apparatus).

quantities of HCI or NaOH.
Instrumentation. UV—vis spectra were acquired using Hewlett-

The largest [@ thus obtained was 0.575 mM. In several experiments,
the range of experimentally obtainable initialJ®@alues was increased

Packard 8452A or StellarNet Inc. EPP2000 spectrophotometers equippedy using a variable-ratio drivea standard accessory in stopped-flow

with diode-array detectors and an immersible fiber-optic probe. The

Hewlett-Packard 8452A instrument was equipped with a magnetic stirrer

instruments-to increase the relative volume of the-€aturated solution.
Reaction Stoichiometry. In reactions oReq0r 3reqWith O at acidic

and temperature controller (HP 89090A). Electrochemical data were pH values, 2 equiv are consumed per 1 equiv effOMoreover,

obtained at room temperature using a BAS CV-50W electrochemical

reported kinetic measurements show that reactions of reduced het-

analyzer equipped with a glassy-carbon working electrode, a Pt-wire eropolytungstates with 1D, are at least an order of magnitude slower

auxiliary electrode, and a Ag/AgCl (3 M NaCl) BAS reference
electrode. All reduction potentials are reported relative to the normal

than reactions with @ To confirm this stoichiometry for reactions
of 1 Solutions at pH 7.2 (Na#PO/NaHPO, buffer) and at pH 2

hydrogen electrode (NHE). pH measurements were made using an Orion(NaHSQ/Na,SO; buffer) were saturated with Qand rapidly mixed
250A pH meter. Reaction rates were measured using an SF-61 stoppedwith solutions ofl.qin a stopped-flow apparatus. The initial absorbance

flow instrument (Hi-Tech Scientific, U.K.). Al-27 NMR spectfdwere

of the reaction mixtures at 700 nma€ (1.8+ 0.1) x 1 M~ cm™?)

acquired on a GE QE300 MHz spectrometer at 78.216 Mhz, using a provided precise values for the initial concentrationslgf. After

pulse width of 15us and a sweep width of 12500 Hz. Reported
chemical-shift values are referenced to 0.1 M Al@l1.0 M agueous
HCI ([Al(H 20)e)3*, 0 = 0 ppm) placed in the inner compartment of

mixing, the solutions were collected in a flask that had been filled with
pure Q. Once all the blue color associated wiflq had been
discharged, an 0.5 mL aliquot of the now colorless solution was

coaxial NMR tubes. The reference solutions were also used as externaktransferred to a UVvis cell that contained 2 mLfa 5 mM solution

standards for integration fAl NMR signals. Internal lock signals
were tuned using ED. Spectral data were processed using the NMR
software package, NUTS (1-D version, Acorn NMR Inc., Fremont, CA).
Electrochemistry. Cyclic voltammograms (CVs), bulk electrolysis,
and methods for obtaining accurate extinction coefficients of one-
electron reduced-Keggin anions were as previously describédey

of HsTiPW;104¢*° in 0.8 M H;SOy. Under these conditions, 5 min are
sufficient for the reaction with kD, to give the yellow (TiQ)PW;103°~
peroxo-comple$®S0 (1ma= 392 nm) in quantitative yield. In a separate
control experiment, identical conditions were used to determine the
extinction coefficient of authentic (Ti§PW1103¢° " €300 = (1.740.1)

x 10° Mt cm?, which is in good agreement with the published value

aspects are summarized here. All electrochemical data was obtained aff 1.6 x 10* M~* cm .49 Concentrations of D, in aqueous stock

room temperature (24 2 °C). CVs were obtained using 1 to 6 mM
POM concentrations in buffered solutions, ionic strengths of from 0.05
to 1.20 M, adjusted by the addition of NaCl, the Ag/AgCl (3 M NaCl)
BAS reference electrode, and scan rates of from 20 to 400 MV s
The BAS reference electrode was calibrafadsing the [Fe(CNJ3~/
[Fe(CN)]*~ couple, and thé&;, values reported below are referenced
to the NHE by subtraction of 250 mV from BAS electrode values.
Aqueous solutions of one-electron reduceekeggin anions were

(44) Studies at lower pH values that fully take into account the protonation
states of all reduced and fully oxidized Keggin anions involved are in
progress.

(45) Pope, M. T.; Varga, G. M., Jinorg. Chem.1966 5, 1249-1254.

(46) Westcott, C. CpH MeasurementsAcademic Press: New York, 1978.

(47) Kim, G.-S.; Zeng, H.; Neiwert, W. A.; Cowan, J. J.; VanDerveer, D.; Hill,
C. L.; Weinstock, I. A.Inorg. Chem.2003 42, 5537-5544.

solutions were determined by UWis, usingezss = (19.64+ 0.3) M™*
cm~1.5 Data provided in the Results section show that 2 equitQf
react with Q to give 1 equiv of HO,.

Oxidation of 1.4 by H20, The stoichiometry of the reaction
betweenl.qs and HO, was determined by mixing #D, (0.1 to 0.5
mM) with 1¢4 (0.3 to 1.1 mM) in a stopped-flow instrument under Ar,
with leq always in excess over 8,. The amount ofleq consumed

(48) Clever, H. L.; Young, C. L.; Battino, R.; Derrick, M. E.; Katovic, V.;
Pogrebnaya, V. L.; Usov, A. P.; Baranov, A. Solubility Data Ser1981,
7, 56-189.

(49) Maksimov, G. M.; Kuznetsova, L. I.; Matveev, K. I.; Maksimovskaya, R.
I. Koord. Khim.1985 11, 1353-1357.

(50) Detusheva, L. G.; Fedotov, M. A.; Kuznetsova, L. I.; Vlasov, A. A.;
Likholobov, V. A. G. K. Rus. Chem. Bull1997 46, 874—880.

(51) This value was found at www.h202.com, a site maintained by U.S. Peroxide,
2006.
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was quantified by UV-vis at 700 nm. An amount of 2 equiv dfeq dt = kapdLed. Finally, for each pH value studied,, values were
are consumed by each equiv of,®. Preliminary experiments plotted as a function of [€). These plots were linear, and their slopes
demonstrated that the kinetics of the reaction betwkgrand HO, gave the rate constants,associated with the rate expressiod[1.ed/

even under Arare complex (polymodal). This precluded the detailed dt = k[1d[O-]. (This iterative approach is more reliable than carrying
study of this reaction needed to determine rate constants for electronout independent sets of experiments in which][[© varied at constant

transfer to HO,. Therefore, other experiments using@®d were [1red], @and vice versa, because linear plotkgf, versus [Q] are only
designed to assess whether observed rates of electron transfer fronobtained if the data are internally self-consistent.) At the smallest and
lqto O, were compromised by contributions from the reactiol,gf largest pH values studied, rate constaktsyere obtained for reactions

with H,O, (the first isolable and quantifiable product of reaction carried outin DO. Standard experimental uncertainties were calculated
betweerleqand Q). For this, solutions of,.qwere mixed in a stopped- using the “Regression” program from the “Data Analysis ToolPak” in

flow apparatus with solutions uniformly saturated with, @ut that MS Excel.

also contained a wide range of®k concentrations. The initial rate of Note on Catalysis by Trace Quantities of CuCu-ion catalysis of
consumption ofleq (quantified by UV-vis), was plotted versus jd;]. electron transfer to Os well-knowrf2 and was detected in the present
This rate only slightly increased with addition of J&]: the contribu- work as well. In previous reports, wéand other$* have noted that

tion to observed rates of electron transfer friyto O, from oxidation Cu ions are nearly always present as trace contaminants in aqueous

of Leaby HO, was found to be kinetically insignificant. Contributions  electrolyte solution&® In the present study, catalysis by traces of Cu
were less than ca.-2% (i.e., less than experimental error) even at was effectively eliminated by the addition of chelating agents. These
concentrations of kD, comparable tales, much larger than those  were chosen for maximum effectiveness at the pH values at which the

present during the acquisition of initial-rate data. reactions were carried out. At pH values between 3.0 and 7.4, DTPA
Kinetics Measurements.Reactions ofl,.qwere carried out in water (20 to 40uM) was added; at pH 2.0, neocuproine (#@) was used.

and in DO at pH(D) values of from 7.2 to 2, while reactions 2y These chelating agents limited Cu-ion catalysis to contributions of less

and 3,eq were carried out at pH 2. Unless indicated, ionic strength, than 2% of measured rate-constant values. Control experiments were

was kept constant at 175 mM. For reactiond,gf with O, a series of carried out to ensure that neither DTPA nor neocuproine themselves

solutions were used. Each solution contained NaCl along with 50 mM (present at from 5 to 89M, and from 30 to 6Q:M, respectively) had
concentrations of the following buffer anions: pH 7.2 and 6.2 discernible effects on reaction rates.

(phosphate), pH 4.5 (acetate), pH 3.0 (chloroacetate), and pH 2.0

(sulfate). To suppress Cu-catalyzed electron transfeptdiéthylene- Results

triaminepentaacetic acid (DTPA, pH 3 to 7) or 1,10-dimethyl-
phenanthroline (neocuproine, pH 2) were added, as described below.

X nt (9—n)— nt+ — 3+ i@+ + i
When needed, NaCl dk, (in one experiment) was added to the second _0” X W1204o L] X Al L .SI4 . P, with O were.
syringe. Reported total ionic strength values included alt NiaH* investigated using standard kinetic methods. All three anions

counter cations from the POMs, electrolyte, and buffer. The following Were studied under conditions at which they are known (or were
general method, described in detail for reactiond,gf was used for confirmed here) to be stable and effectively free of association
all three reactionslfes, 2ieq and3ed: One syringe in a stopped-flow ~ with Nat or H*.56 Reactions ofl, which is less well studied
apparatus was filled with an@ree solution ofl.s These solutions  than2 or 3, and is the only of these that is stable between pH
were diluted, as needed, with deaerated buffer solution such that, upon2 and 7.5, were investigated in the greatest detail and over a
mixing, initial [ 1] values were between 0.05 and 1.0 mM. The second wide range of pH values. Kinetic data and rate constants for all
syringe in the stopped-flow apparatus was filled with solutions three anjons were then obtained at pH 2. In instances where
containing t_he same buffer solution (at the same concentration) but specific information regarding and3 was not available from
Saturated with pure Qor prepamﬁd t_Jy use of ambient-pressupAD . published reports, additional studies were carried out to confirm
mixtures. At the routinely used ionic strength of 175 mM, saturation . .

that all three anionslies 2req, and 3req behaved similarly.

with pure Q at ambient pressure gave electrolyte solutions 1.15 mM . L . .
in O,, a value 8% smaller than the solubility o @ pure water. The Analysis of the kinetic data, including use of the Marcus cross

same 8% correction was applied to calculate the concentrations of O felation to estimate rates of electron transfer from RQNb
in solutions prepared using@r mixtures. Changes in absorption with ~ Oz, and the effects of H and POM charge, is left for the
time were observed at a single wavelength, usually at or near 700 nm, Discussion section.

and chosen after careful examination of the s spectra of le- Reaction Stoichiometry.A slight excess of @was combined
reduced and fully oxidizedr-Keggin anions. Because of the low  jth 1,.4 at pH 7.2 (NaHPQJ/NaHPO; buffer), and at pH 2
solubility of O, in water at ambient pressure, it was not possible, within (NaHSQ/N&SO; buffer), at 25°C and a total ionic strength
the sensitivity of the UV-visible spectrometer in the stopped-flow of 4 = 175 mM. Once the blue color associated with; had

apparatus, to decrease |n|t|aleg] values to less th'an 10% of_ initial been discharged, 8, was identified and quantified by reaction

[O,] values. Therefore, the reactions were pseudo-first-order with respect ™~ . . 4950 ; o

to [O7] only in their initial stages (10 to 15% conversion). Initial rates with HST'PWHO“O =rin 0.8 M H;SQy, followed by UV—vis

were derived from absorbance versus time data, acquired during these>PECtroscopic analysis of the resultant yellow peroxo-complex,

early stages of the reactions, using standard software (KISS 5.1 for (TIO2)PW1.039>~ (see Materials and Methods). At pH 7.2, a

Macintosh). 0.44 mM solution ofleq gave a 0.23 mM solution of 4D,
Rate Constants.Rate constants were obtained using an iterative (i-€., 0.52 equiv of HO, per equiv oflegconsumed). The same

(self-consistent) form of the method of initial-rates. This method, Stoichiometry was observed at pH 2, at which a 0.50 mM

described here in detail for reactionXfs, was used for all three anions.  solution of 1.4 gave a 0.26 mM solution of ¥D, (0.52 equiv

At each pH value (several fdkeq and at pH 2 for all three donor

Reactions of the one-electron-reduced Keggin anions,

anions), initial rates;, were measured over a range dt{ values at (52) Cher, M.; Davidson, NJ. Am. Chem. Sod954 77, 793-798.

a specific initial [Q], and linear plots of; versus L..q were obtained. ~ (53) ggﬁ?ﬂuﬁz%’dﬁﬁﬁfzxég Boring, E.; Hill, C. LJ. Chem. Soc., Chem.

Ratesy;, were measured in duplicate or triplicate, as necessary, to ensures4) Wang, X.; Stanbury, D. M. Phys. Chem. 2004 108 7637-7638.

reproducibility and accuracy. Linear plots mfversus [Leq were then (55) Even after extensive efforts to obtain Cu-free solutions, Cu ions are still
btained at several {roncentrations. The slopes of these plots, each present at 1 to ZIM concentrations (see ref 53).

0 : p p ! (56) See refs 16 and 43 for recent aqueous-solution studiearaf for references

at a unique [@, are the apparent rate constarikg, where—d[L.d/ to analogous data o and3.

17036 J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006



Reduction of O, to Superoxide Anion ARTICLES

of H,O, per equiv ofl.eg). Therefore, at both pH 7.2 and Reg 2
reacts with @ according to eq 1. The same stoichiometry has % 15
been reported for reductions 0L @y 2eg and 3ieq.2438 :
n :: 0.5 /
21,4+ O, +2H" — 21 + H,0, Q) 0
0 02 04 06 08
Reactions of led, 2ed, and 3eq with H,0,. Additional [AIW,,0,,5],, mM

control experiments showed that reduction by POMeq Figure 1. Dependence of initial rate (—d[1redo/dt) on [AIW1204 o

anions is sufficiently slow so as to make kinetically insignificant ([Led%o))at sgveral initia[lugzoncentrations OJzCO[Oz]o): 0.2 mM ﬁD), OH32

PR ; mM (A), and 0.58 mM Q) at pH= 7.2 and at 25C; 50 mM phosphate,
contributions to observed.ra.lt.e constants. For this, the effects of100 mM NaCl, and 25:M DTPA (total fonic strengthy ~ 175: value
added HO, on observed initial rates of PQM consumption changes slightly during reaction).

by mixtures of Q (at a constant initial concentratigrand HO,

(over a range of initial concentrationswere determined (see 0.04

Materials and Methods section). Initial reaction rates were 0.03

plotted versus [kO;] (see Supporting Information). In these »

plots, small increases in the rate of consumption of R@With & 0021

increase in [HO,] reflect small contributions from reaction of 0.01 4

1reqWith H2Os to rates of reaction af,eqwith O,. For reactions

of 1,eqgand2,eq contributions from oxidation by D, contribute 0 : ; . .
less than 2-3% to observed rate constants for reduction ef O 0 0.2 0.4 0.6 0.8
This value is smaller than the experimental errors;5%, [0zl mM

associated with measurements of rates of electron transfer toFigure 2. Dependence of apparent rate constakig, on [Oy], at pH =
0, by these anions. F&egat pH 1.3 (50 mM HCI), the relative thzta??gnf’sgénzgmmy1‘;@‘)’5'{’“"’“9' 100 mM NaCl, and 281 DTPA
rate of reduction of KO; is slightly larger than fofleq Or 2eq, '

but still small (<15%) over the entire range of concentrations ~ The linear dependenc&{ = 0.993) ofkapp values on [Ql,
at which initial-rate data for reactions witn,@vere recorded.  indicates the reaction is first order with respect te]ideq 3).

Order of Reaction with Respect to [POMeq]. A detailed From the slope of the line in Figure R,= 48 + 4 M~!s™1.

description of the reaction betweéprqand Q is provided here; _ _

data for reactions 0P.q and 3eg With O, are summarized at d[Led /0t = K 1redl o[Os), 3)
the end of the Results section. The order of reaction with respect  aqditional Mechanistic Data. At constant Lredo, Observed

to [Led Was determined by measuring initial rates) (s a rates; (-d[1edo/dt), were determined as [NaCl] was increased
function of initial 1.q concentration, Jreqo at constant initial from 10 to 810 mM (see Table S1 in Supporting Information).
[O2] ([O2]o). The linear increase in initial rate, (-d[1redo/dt) Over this range, the initial rates, decreased by ca. 25%. At
with increase in thelfedo, over a wide range oflfedo, showed  the same time, initial concentrations of,§03]o, from saturation
the reaction to be first order with respect tdef]. The by pure Q (1 atm) decrease by ca. 25% over this range of ionic
experiment was repeated at several[Qalues to confirmthat  strength value4? The result is that rate constank(calculated
the linear relationship betweenand [lredo Was independent  sing estimated [g), values), remain effectively constant as
of [Ogo. For this, initial G concentrations were varied by  [NaCl] is varied. This is consistent with a bimolecular reaction
changing the partial pressures of purg i the GQJAr gas in which at least one of the reactants has a charge of zero. At
mixture used to saturate the buffer solutions combined at a 1:1the same time, more subtle effects, such as the effect of ionic
volume ratio with solutions olreq in the stopped-flow instru-  syrength on the free energy of formation of charged transition-
ment. The linear (first-order) dependence of 0N [lredo, at state or successor complexes formed along the reaction coor-
th_ree [Q], values, corresponding to §aturation of buf_fer solutions  ginate could easily be “masked” by the uncertainty regarding
with 34, 56, and 100% @(and to final concentrations, after  the [0,] present at each [NaCl]. Nonetheless, these data clearly
mixing, of 0.20, 0.32, and 0.58 mM4D is shown in Figure  yje out less subtle phenomena such as catalysis of the reaction
157 by Na'. Significant ion pairing betweety.q and Na is also
Order of Reaction with Respect to [Q]o. The linear plots  ryjed out: If present to an appreciable extent, reaction rates
in Figure 1 are described by eq 2. The slopes of each of theseyould decrease substantidftywith increase in [NaCl]. The
lines are uniquekapp values (in units of ), associated with  apsence of appreciable ion pairing is consistent with data for

specific values of [Go. self-exchange betwedigandloey, in which reaction rates obey
the extended DebyeHuckel equation over a similar range of
—d[1 o /dt = Kypd Lredo (2) [NaCl] andu valuest®43

At constant LLied o, [O2]o, and ionic strengthy), the addition
In an iterative, and hence highly accurate, form of the method of a-NasAIW 15040 (1ox; from 0 to 10 mM, more than an order-
of initial rates,kqpp values were obtained for a series of;]© of-magnitude larger thanlldo) had no effect onr; (see
values (as shown in Figure 1). Thg,values were then plotted  Supporting Information). Addition of the defect “lacunary” ion,
as a function of [@], (Figure 2). o-NagAIW 11039 (0 to 1 mM), or of NawO, (0 to 0.2 mM)
also had no effect on. This rules out catalysis by tungstates
(57) The non-zeroalbeit smalt-value of the Y-intercept is due to small that might be presentalbeit at trace concentrationin aqueous

contributions tor; from the Cu-catalyzed pathway, which is not entirely .
eliminated even in the presence of DTPA. solutions Oflred.
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Order of Reaction with Respect to [HT]. The [H']
dependence of the reaction betwegsn and Q was evaluated
by determiningdk (as defined in eq 3), at pH values of from 7.2
to 2. lonic strengthy, was kept constant at 175 mM; acid and
Na'-salt forms of the following buffer anions (each at 50 mM)
were used: phosphate (pH 7.2 and 6.2), acetate (pH 4.5)
chloroacetate (pH 3.0), and sulfate (pH 2.0). At each pH value,

the same procedure as that described in conjunction with Figure

1 was used: Rates;, were obtained in duplicate or triplicate,
at five to seven concentrations bfq The slopes of plots af;
versus lied gave apparent rate constarkg,, Thesekappvalues
were obtained at 5 [€), values at pH 7.2 (ca. 75 measurements)
and at 3 [Q], values at pH 2 (ca. 45 measurements). The rate
constantsk (eq 3), obtained from plots dd,0btained at these
pH values, versus [, were effectively identical to one

another. Once this was noted, additional data were obtained at

intermediate pH values to rule out a change in mechanism nea
pH 4.69, the K, of HOy*, at which disproportionation between
Oz~ and HQ is most rapid. For this series of experiments,
two O, concentrations were used at each pH value (ca. 90

Table 1. Rate Constants, k, for Reaction of a-AlW12040%" (1req)
with O, at Several pH(pD) Values?
no. of [07]
entry buffer pH or pD evaluated® kMtst
1 sulfate 2.0 3 48k 49
2 sulfate 2.0 2 47+ 4
3 chloroacetate 3.0 2 484
4 acetate 4.5 2 4% 4
5 phosphate 6.2 2 56 4
6 phosphate 7.2 5 48 4
7 phosphate 7% 2 44+ 4

a Conditions: 25°C, 50 mM buffer (conjugatebase anion), and total
ionic strengthsy, of 175 mM (fromZ.q buffer anions and counter cations,
Na* and H, and added NaClPpD in D,O. ¢ Number of Q concentrations
at which linear plots ofr; versus [Led, from duplicate or triplicate
measurements of, each at five to seveheqconcentrations, were obtained.

d Uncertainties were calculated using the “Regression” program from the
“Data Analysis ToolPak” in MS Excel.

finvolving these intermediates are plausible: #Ebuld react
with a second equiv ofleq (r7 > rg) and/or the superoxide
intermediates could disproportionate to givedd and G (rg
> r7). Reaction ofl.q with O»*~ is absent because it is slow

independent measurements). The results are listed in Table Lig|ative to the reaction ofl,eq with HO,*. Not only is the

Solvent Kinetic Isotope Effects.Rate constants, were
obtained for reactions in f® at the smallest and largest pH
values studied (entries 2 and 7 in Table 1).

The data in Table 1 rule out a PCET mechanism by showing
not only that the rate of oxidation dfeq by O, is independent

reduction potential of H® substantially more positive (favor-
able) than that of @, the reaction between PQMand Q*~
is slow because of Coulombic repulsion between the anionic
reactants.

If eq 7 is rate limiting, the rate expression would-bé[1ed/

of pH, but also that the rate remains unchanged when the gt = 2kKsKe[H*][Led2O2][1ox] "15° Here, the reaction is

solvent, HO, is replaced by BD (i.e., no solvent kinetic-isotope
effect is observed®

The above results are summarized in the following rate
expression (eq 4).

—d[Led/dt = K LeJ[O]H 171, @)

Rate Constant, kis, for Electron Transfer to O,. The
relationship between the observed rate condtanteq 4 and
the rate constank;,, for the elementary step corresponding to
electron transfer from,eqto Oy, is now defined. For this, it is
necessary to discern which step(s) in the sequence of reaction
(egs 5-9) that ultimately give HO, is rate limiting.

ki .
legt O, ‘ﬁ 1ot 0,7 (Kg =Kyl 1)) (5)
0, +H"=HO, (rapid,Ky) (6)

k.
1.4+ HO, —~ 1, + HO,™ (7)
" . ke _
0, +HO, —HO, +0, (8a)
. . ke

HO," + HO," — H,0, + O, (8b)
HO,” + H" — H,0, (rapid) (9)

Two plausible scenarios were considered: (1) Reactions in eqs

7 or 8 are rate limiting (a pre-equilibrium is rapidly established,
with Ks = kio/k—15, and relative reaction rates)@rer—i» > ry
orrg) or (2) the reaction in eq 5 is rate limiting (amnd;» < r;

or rg). In both cases, the fate of,© and/or HQ* (from the
equilibrium in eq 6) must be considered. Two rapid processes

17038 J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006

second order with respect td,{q, inversely proportional to
[1ox], and pH dependent. This is ruled out by observation of a
first-order dependence or,{q, the absence of inhibition by
[1ox], and a zero-order dependence on*[HIf one of the
reactions in eqs 8a or 8b is rate limiting, thedjlreq/dt =
keKsKg[H ] Lred JO2]? (n = 1 or 2, respectively, for eqs 8a or
8b). This, too, is in complete disagreement with the observed
first-order dependence on bothdj and [Q,]. Thus, the forward
reaction in eq 5, with rate constaki, is rate limiting.

The only remaining question is the relationship betwkgn
and the apparent rate constakitin eq 4: Ifr7 > rga Or rgp,
?henk = 2kio. However, ifrga Or rgy > r7, thenk = k. In both
cases the overall reaction is independent of pH and its rate is
controlled byk;,. To distinguish between these two possibilities,
the ratiosr7/rg (rates of electron transfer frofeq to HO,", 7,
relative to those of disproportionatiorg, or rg,) were evaluated
atpH 7, 5, and 2. At pH 7 and Bga > ran, and the ratia/rgs
(eq 10) was used; at pH 2 (well below 4.69, th&, jpf HO,"),
r7/rsp (€q 11) was used.

h: k7[1red][H02.] — k7[1red] (10)
fga kg {HO, O, ] kO, ]
17 ki1 dHO,T — Killed (11)

fop ke HO,HO,]  kefHO,]

Initial concentrations ofleq were 1 mM, published valués,

(58) In some cases involving tunneling, the kinetic isotopes effect (Kifs,
ko) may be small. Together, however, the absence of a solvent KIE and
independence of observed rate constants on] [Hile out a PCET
mechanism. For more discussion of this see ref 34.

(59) For this,Ks = ke/k_g = [HOZJ/[HF][O2"], [HOz] = K¢[HH][O2 ], and
[O27] = K1 Lied[O2)/[10x] = constant.

(60) Sawyer, D. T.; Valentine, J. &cc. Chem. Red.981, 14, 393-400.
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respectively, forkg, andkgp, are 1x 10° and 8.6x 1P M1 Discussion

s : . o
s, and by consevative estimate Eslee full details in the  \4rcys Cross Relation. The Marcus cross relation (eqs43
Supporting Informationk; ~ 10° M~*s™%. Entry of these values  1gy2-64\yas used to estimate, values for reactions of all three

into egs 10 and 11 givesi/rga = 1 mM/[O~] and r7/rgy, = anions, Lieq, 2req and3ieq With O,.

120 x 1 mM/[HOy"]. During the initial phase of the reaction

betweenlq and Q, the steady-state concentrations of the Ko = (Ky KooKy of 1) AW, (13)

rapidly consumed superoxide intermediates are several orders

of magnitude smaller tharig4. Hence, both ratios (eqs 10 and [In Ky, + (W, — W, )/RT)?

11) are large. Infy, = 2 (14)

_ _ 4 In(Ky Koo/ Z°) + (Wy; + W,0)/RT

Therefore, at all pH values studied, reduction of By a

second equivalent ofleg (eq 7) is sufficiently rapid that W, = exp[—(w;, + Wy — Wy, — W,,)/2RT]  (15)

superoxide disproportionation (eqgs 8a and 8b) is not kinetically _

significant. In addition, the estimated rate constant for electron The work termsw; in In f;2 andWi2 (egs 14 and 15) are
transfer froml,eqto HOy® (k; = 10° M~1 s71) is many orders of _ 1

magnitude larger than the observed rate const&nis, Table Wi = Zi%ezl Daall + pa(u) 2] (16)

1 (ca. 48 Mt s7%). These estimates, based on deliberately The constantsDs and 3, in eq 16 are the dielectric constant

conservative assumptions, unambiguously identify electron 4.y reciprocal Debye radius, respectively, and values used were
transfer fromleqto O, as the rate-limiting step in the reduction o water at 25°C.164365The constante, corresponds to the

of Oz to H,0; and show that the rate constakif, for this step  charge of an electrom; andz are the charges of species present

is defined as shown in eq 12 (i.é&= 2kip): within binary precursor and successor complerss,the sum
of the radii of reacting species, andis the prevalent ionic
—d[1.J/dt = 2k, ,[1.J[O,] (12) strength (175 mM). The work terms; are too large to be

ignored. However, one simplification is possible: because the
) charge on Qis zero,wy; = wiz = 0.
9—n)— —

SEIectron Transfer from a-X""W 12040~ (X" = Si**, The rate constanksy, for electron self-exchange betweestO
P>") to Oz at pH 2. At pH 2, and an ionic strength of 175 mM, 54 Q in watef567 was determined directly usin§O,~ and
kinetic measurements usifkq (X" = Si*") and3eq (X" = 180,68 A ky, value of 450+ 160 M1 s was reported.
P") gavek(Si) = 17+ 2 andk(P) = 2.8 £ 0.4 M st (kis  However, in analysis of kinetic data for outersphere electron
the observed rate constant defined in eq 4). Significant contribu- transfer from metallo-organic complexes tg @e Marcus cross

tions to observed rate constants from the oxidatiog.gfor of relation gave “effective” rate constants for electron self-exchange
3rea by the product, KO, were ruled out by control experiments  between @~ and Q (kzo) of between 1 and 10 M s71.89 In
involving mixtures of Q and HO, as described above fareq reactions with a series of organic electron donors whose radii

(see Figure S1 in Supporting Information). In addition, electron were between 5 ah7 A (i.e., similar in size to the Keggin
transfer fromleq to O, is independent of [H] at pH 2. The anion), the Marcus cross relation gakge ~ 2 M1 517071

same was expected to hold true for reductions of Ky These “effective’ky, values are all ca. 2 orders of magnitude
a-SiVW15046°" (2red and a-PWi2046*~ (3red, Whose charges smaller than the directly determined value of 460160 M1
are less negative than that fifs This was confirmed foReq s 1. This discrepancy is attributed to the difference in size

and 3q by observing that no significant changes in rates betwee_n the electron donors and, @hose “radius” is of_ten
occurred when the pH was decreased from 2 to 1. Finally, @PProximated by the ©0 bond length of 1.33 A. Provided
conservative calculations similar to those thss above (see electron transfer occurs via an outersphere mechanism, these

Supporting Information) indicate that, at pH 2, rates of outer- S2M€ trends should hold true for reactions of the Keggin anions

sphere electron transfer froBg or 3¢ to HO,* are orders of f(r - 5|'6 A)% This W?S ass?ss”eg by using thS(;G to estimate
magnitude larger than rates of superoxide disproportion&tion. "2 values for reactions of all 3 anions with,!

. . . Equilibrium Constants, Ki,. Equilibrium constantsi» (in
These results are consistent with a common rate expression (e . . ) .
. g 13), associated with the standard Gibbs free energies for
4) and mechanism (analogous to egsr} for electron transfer

) . L electron transfer from the reduced Keggin anions tow@re
from all ilrefe Kegg;_n gplonsl to {and |ndf|ce}te tha;;[ thedrated calculated from electrochemical data. The reduction potentials,
const.anF 12 for rate- '”"“”9 electron trans erirom t ereduced g . of all three Keggin-anion one-electron redox couples were
Keggin ions to Q are defined as shown in eq 12 (i.&.=

2ki7). Therefore, for2.eq kio(Si) = 8.5+ 1 M~1s7! and, for (62) Marcus, R. AJ. Phys. Cheml963 67, 853-857.
3 KiAP)= 1.4+ 0.2 M-1g1 (63) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265-322.
rech 12( ) -+ : S~ (64) Marcus, R. AAngew. Chem., Int. EA.993 32, 1111-1121.
(65) Kozik, M.; Baker, L. C. W.J. Am. Chem. S0d.990Q 112 7604-7611.
)
)

(66) Eberson, L.; Gonzalez-Luque, R.; Lorentzon, J.; Merchan, M.; Roos, B.

(61) For3.qat pH 2, the estimated rate constant for electron transfer tg HO 0. J. Am. Chem. S0d.993 1154 2898-2902.

(keT) is 5 x 10" M~1 571, so that the ratio in eq 11 becom&&cron transtdr (67) German, E. D.; Kuznetsov, A. M.; Efremenko, I.; Sheintuch JVPhys.
Fisproportionation= 60 x 1 MM/[HO2?]. For 2.4 it was first necessary to Chem. A1999 103 10699-10707. .

estimatek;; for electron self-exchange at the prevalent ionic strength (see (68) Lind, J.; Shen, X.; Mérgyi, G.; Jonsson, B. QJ. Am. Chem. S0d.989
Discussion section for details). As described in the Supporting Information, 111, 7654-7655.

the Marcus cross relation then gaker = 2 x 10° M1 s71, so that the (69) Zahir, K.; Espenson, J. H.; Bakac, A.Am. Chem. Sod988 110, 5059—
ratio in eq_ 11 (electron transf:ad.isprop_ortionatioh IS eQUa| to 240« 1 mM/[HOZ'] 5063. . . .

The relatively small variation in calculated rate constakts, reflects (70) Merayi, G.; Lind, J.; Shen, X.; Eriksen, T. B. Phys. Chem199Q 94,
variation in/ values of the Keggin anions, as well as in donor-anion charge, 748-752.

and the effect of the latter on corrected free energies used in the Marcus (71) Merewi, G.; Lind, J.; Jonsson, Ml. Am. Chem. S0d.993 115 4945-
cross relation. 4946.
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Figure 3. Linear (R2 = 0.9995) variation irEy as a function of Keggin- Figure 4. Observed #) and calculated rate constaris;, for outersphere
anion charge for one-electron reductions L, 20x, and 3ox, Whose electron transfer fromdeq 2req, and 3req to O,. Calculated rate constants
respective charges are 5-, 4-, and 3-. were obtained from the Marcus cross relation (eq 13) using valu&s of

of 450 M1 s71 (M) and 2 M1 s71 (O).
Table 2. Kinetic and Energetic Parameters and Observed Rate
Constants for Electron Transfer from One-Electron-Reduced 0.1
Keggin Anions to O,

Ky @ Eyp° AG ki ® g 0.0
Keggin anion M-1st mV  kcal mol~! Kip M-1st >
Leos lox 334+75 -130 069 031 24 2 e R
2ed 20x (3.6£0.4)x 1CP® +55 52 15x 104 8541
3red 3ox (2.2840.4)x 107 +255 9.6 9.0x 108 1.44+0.2 0.2 i i i
1 2 3 4 5 6 7

2 Values for thel and3 are experimental self-exchange rate constants PH
measured at ionic strength= 175 mM1665 b Estimated by settingin for Figure 5. Reduction potentials of thi/Lreq (Circles) and Qaq)/Qy—-
this self-exchange reaction equal to 12.2 kcal Thathe mean oflis for 1 (HO2") couples (solid line; calculatétusing published valued}.As the

(15.5 kcal mot?) and for 3 (8.85 kcal mot?). By the use of Sutin's pH drops below the Iga of HO* (4.69), E, for the Ox(ag)/Qr~(HOz)

semiclassical method (refs 16 and 65), thevalue of 12.2 kcal mol* couple becomes more positive, ah@° for electron transfer to ghecomes
gave akq value foru = 0 of 1.6 x 10* M1 s%. The extended Debye morF()a favorable. P ' £p

Huckel equation (ref 16) was then used to obtaipatu = 175 mM. The
uncertainty represents an error #f 1.7 kcal mot? in estimation ofi,
(i.e., for kin = 12.2+ 0.5[(15.5— 8.85)/2] kcal motY). ¢ pH-independent rate constants;p(calcd), are each between ca. 1 and 1.5 orders

values, obtained under conditions used for reactions wittp& 2 in NaCl of magnitude larger than the experimental valtf¢dHowever,

and sulfate buffery ~ 175 mM).4 From AG® = —nFE°, whereE° = i 1 o1 i

E1o(0/0r) — Exs(X™W120u® - IX™W1/04d® ). at pH 2 in NaCl whenka, is set equal to 2 M's™%, the r_esults fall into rea_sonable
and sulfate buffery( ~ 175 mM).€This work. agreement with observed values (rightmost column in Table 3

and Figure 43
Table 3. Calculated and Observed Rate Constants, ki, for

Electron Transfer from a-XmWi»0u0®- M-, X = A, i+, PS*. to ET-PT versus PCET Mechamsm.The reduct.|on potential
0z at pH 2 of the Qy(aq)/Q>~(HO") couple increases considerably as the
ko e pH drops below 4.69, theky, of protonated superoxide (HQ
M-lg-t M-ls-1 (Figure 5)7274By contrast,l,eq is Not protonated between pH
heteroatom X" obsd calcd values of 7 and 2; this is demonstrated by the invariance of
koo = 450 ML 51 kpp=2M-1s1 Ei» with pH shown in Figure 5. As a resull,q is an ideal
pst 14 12 11 probe for evaluating the effect of [{l (between pH 7 and 2)
Sid+ 8.5 3.8x 102 28

on rates of electron transfer frobpqto O.: if HT is involved,

its effect on the rate constardy, for electron transfer to £is

due exclusively to protonation of incipient©O, but (critically)

determined under conditions identical to those used in reactionsnOt to protonation ofleq

with O,. The data are consistent with the linear correlation WO pathways are possible: (1) protonation of incipiegtO

between Ey, and Keggin-anion charge noted by Pdpe, by H*(aq) along the reaction coordinate of electron transfer from

expanded here to include thg/1.qcouple (Figure 3). Because lred t0 O (proton-coupled electron transfer, PCET; the single

rates of electron transfer are independent of][Hetween pH  elementary step shown in eq 17) or sequential electron- and

2 and 7, the reduction potential of the(@q)/O»—(aq) couple ~ Proton-transfer steps (an EPT mechanism; eqs 5 and 6,

was set equal to the pH-independent value-6f16 V (NHE)72 above).

The equilibrium constantKi,, and additional constants, are . .

collected in Table 2. Legt O+ H — 1, +HO, (PCET) (7)
Calculation of ki2. To obtaink;x(calcd) values, the work term

corrections,wy; and wsps, in fi, and Wi, (eqs 14-15) were

calculated using the constants in Table 2. The directly Observed(73) Theky, values that, when used in the Marcus cross relation, bring calculated

value ofky, = 450 M s1 was used as the rate constant for rate constantsg(calcd), fully into line with {dentical tg observedk,

self-exchange between,@nd O+, and radii of 5.6 and 133 §Wse are &1 Gl7, and 0.0 keal molespectuel, fof reactons of

A, respectively, were assigned to the Keggin and superoxide is because, while the smakb, value (2 Mt mol™) used in Figure 4

anions. The results are listed in Table 3 (third column). As compensates for the difference in size (radii) between reacting species, this

size difference is the same for all three Keggin-anioné@mbinations.

anticipated for outersphere electron transfer fptfe calculated Therefore, k should, in principal, be the same for all three reactions.
That this is not the case likely points to uncertainty in the effective radius
of O, used to calculate the work terms, in eq 16.
(72) Chanon, M.; Julliard, M.; Santamaria, J.; ChanoriNéw J. Chem1992 (74) Maclnnes, D. A.The Principles of Electrochemistrylst ed.; Dover
16, 171—-201. Publications, Inc.: New York, 1961.

Al* 24 7.9x 17 53

One argument in favor of a PCET mechanism is that the implied
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precursor complex, Ited)(02)]% (i.e., [(AIW120457)(02)]67), 250 1

possesses a large negative charge. A reasonable question is 2 s | .
whether this large negative charge might lead to hydrogen ,_E"’

bonding between Haq) and [Led)(02)]1%", such that a vibra- = 150 1

tional mode of H-O in protonated solvent, “6O,*,” might be oF i .

coupled with electron transfer frofipqto O, within the reacting
species, [(AIW04)(07)]°". Thiswould give [(AMz040°)(HO)]>~ 50 1 A
in a single PCET step. In most reported cases involving cationic
metallo-organic complexes, such as Ru@\H2,6975.76 out- 3 9 1
ersphere electron transfer to,Q@s independent of [H]. red red red
Nonetheless, Stanbury and Taube argued that a PCET mechakFigure 6. Inhibition of rate constants by electron-transfer-induced repulsion

. . . in the successor-complex ion pairs associated with each donor anion, i.e.,
nism is most_ likely _to occur when the electron do_n_or (D), and [(303)(Or )]+, [(20¢7)(O)]5, and [(loS-)(O> )%~ The open squares
hence, reacting pair (D) possess a smaller positive charge, (o), 1.11, 23.8, and 53.3 M s, respectively, are the values calculated
as in Ru(NH)sCI** (the charge is decreased front 20 1+ by usingkzz = 2 M~1 571 in Table 3 and Figure 4. The constants indicated by

coordination of Ct), for which a first-order dependence onjH ~ solid lsquares!) ";’Ierﬁ Obtaire? by simply setting the work terme,,
was observed By logical extension of this argument, PCET equal to zero in all three calculations.

is even more likely to occur when the donor possesses a negativ
charge. Although less directly applicable, theoretical calcula-
- .
tions’” argue that outersphere electron transfer from a negatively complex” ion pairs generated by electron transfer toa®e

;zzl(r)%ggdp(:netlﬁgt;c:g;r?;?g&rf(;gs)cgiggljlé V\Yi:\e; F?CiSEp?Tt]echa-SUbjeCt to larger anionanion repulsions, which increase in the
order [Bo® (02 )" < [(20x* )(O27)]% < [(1o® )(O2)]°

nism.

&T—PT mechanism: As the Keggin anions become more
negatively charged and better electron donors, the “successor-

~_ This attenuates the increase in rate that would otherwise
~ The absence of a pH dependence or of a solvent kinetic 5ccompany the larger driving forces associated with the more
isotope effect (Table 1) shows that, at pH values from 7 0 2, negatively charged donor anions. More precisely, electron
electron transfer fronyeqto O; occurs via an outersphere ET  ransfer from the more negatively charged anions is associated

PT megt‘g[‘isqiﬂed is the only anion of the series- X"~ yith larger (and unfavorable) contributions to the kinetically
W10, 7, XM = AISF, S, P°*, that is stable over this  rejevantcorrectedGibbs free energiesAG. (In the Marcus
pH range). model, the corrected free energqG?, is the difference in

These finding do not, however, rule out the possibility of a energy between the precursor and successor complexes,
PCET mechanism at lower pH values. Using Keggin anions [(o-X""W1,0409 M7)(02)]@ M~ and [-X""W120408 M )-
that possess larger charges than those reported here, and/or gb,*)]®"-, respectively. In eq 13, this is accounted for by
lower pH values, Darweit observed a first-order dependence rigorous inclusion of Irf andW.)
on [H*]. This could involve eitheintramolecularproton transfer The magnitude of the inhibition caused by ani@mnion
from the conjugate-acid form of a reduced cluster affiam, repulsion can be estimated by recognizing that corrections to
as proposed by Darwefft protonation of incipient superoxide  AGP (to give AG®) are equal to the Coulombic work terms,
radical anion by H from solvent®? Darwent's proposal is  ws (eq 16), associated with each electron-transfer reaction. At
intriguing from a practical perspective (catalyst design) but even the prevalent ionic strength: (= 175 mM), values ofv; are
more so from a fundamental one. It addresses the nature ofp 94, 1.25, and 1.56 kcal md} respectively, for reactions of
protons and proton mobility in water, and ultimately, the validity 3.4 2.4 andleqs The increase in energy reflects the charge
of conventional notions regarding the innocence of the “solvent productszz, of the successor complexes, which increase from
cage” within which agueous electron-transfer processes 6ecur. 3to 4 to 5, respectively, for B3 )(O2")]4, [(20*") (02 7)1,

Role of Donor-Anion Charge in Outersphere Electron and [(Lox>")(O2"7)]8". By settingw,; equal to zeroAG® reverts
Transfer to O,. As X" in a-X"W1,040° "~ is varied from to AG?, the free energy that would be used to calcuktein
Po™ to St to AIRT (i.e., from 3ieq t0 2eq t0 lreg), the driving eq 13 if no repulsion were present within the successor
force for electron donation to Oncreases by nearly 0.4V (a  complexes?
decrease in Gibbs free energy¥G°, of nearly 9 kcal mot?; The effect of settingv,; equal to zero for all three reactions

Figure 3 and Table 2). Despite this, the associated increases iris shown in Figure 6. The “leveling” ok, that results from
rates of electron transfer to,@re remarkably small (from 1.4  anion—anion repulsion (differences in rates between the solid
to 8.5 to 24 M1s71; Figure 4). This is due, in part, to a modest and open squares) is significant. Moreover, the data in Figure
increase in the reorganization energigsfor self-exchange 6 quantify the effects of electron-donor charge on the reduction
between reduced and oxidized forms of the Keggin anions, of O, to Oy": when the oxidized (product) donor-anion
which vary from 25.2 to ca. 30 to 32.2 kcal md| respec- possesses a charge of 3i.e., 3,x), electron-transfer-induced
tively,16 for 3, 2, and 1 (see additional analysis in ref 81,
below)7® A second contributing factor is the effect of donor- (79 L‘[’:’_r(‘i)'f\}\*/‘%gg{ﬁ%f;rfc”gsog}yzvséﬁfyV‘\’I‘irt% isostructural, X ~urO and

anion charge. This is a direct consequence of the outersphere gativity. This accounts for the variation kwvalues. See Sundaram, K. M.;
Neiwert, W. A.; Hill, C. L.; Weinstock, |. Alnorg. Chem2006 45, 958—

960.
(75) Meyer, T. J.; Taube, Hl. Chem. Phys1968 7, 2369-2379. (80) When settingv,1 = 0, uncertainty associated with the calculation of actual
(76) Stanbury, D. M.; Haas, O.; Taube, horg. Chem.198Q 19, 518-524. (non-zero)w,; values—the result of the nonspherical shape of @d its
(77) Anderson, A. B.; Albu, T. VJ. Am. Chem. Sod999 121, 11855-11863. small size relative to that of the Keggin aniefis of no concern. When
(78) Studies designed to better understand this are in progress. A key prerequisite calculated using the “uncorrectedG° values for the reduction of o
(and challenge) is to fully define and control the protonation states of highly O, (aq) by3res 2req, andleq rate constants fon,; = 0 in Figure 6 are,
charged cluster anions at low pH values in water. respectively, 3, 96, and 208 Ms L.
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anion—anion repulsion results in an approximately 3-fold six large &~ ligands coordinated to each W at&hinhibit
decrease in rate; folox (2 5 ion) an approximately 4-fold access of @to W and (2) the six W-O bonds within each
decrease is predicted. This analysis also provides an additional WOs unit are relatively inert.
albeit indirect-line of evidence that the reactions are both  The “leveling” ofk;. that results from anionanion repulsion
outersphere in nature and occur by an ET-PT, rather than a(Figure 6) provides an additional line of evidence that the
PCET, mechanisr#. reactions are both outersphere in nature and occur by an ET
One general implication is that efforts to increase rates of pT, rather than by a PCET, mechanism. This is directly
outersphere electron transférto O, in catalysis}® photo-  applicable to reactions with Qunder turnover conditions in
catalysis;® or in electro-catalytic processE§'? by using  catalysis. Namely, efforts to increase rates of electron transfer
heteropolytungstates that possess more negative charges (ago O, through the use of heteropolytungstate cluster anions that
sociated with more negative reduction potentials) may face possess more negative charges and reduction potentials face an
inherent limitations imposed by increased repulsion in succes- inherent limitation imposed by Corresponding increases in

sor—complex ion pairs.
Conclusions

The data in Figures 4 and 6 demonstrate that electron transfe
from reduced Keggin heteropolytungstates tp @@curs via
outersphere electron transfer. As a result, the outstanding
ambiguity regarding the inner vs outersphere nature of this
general and representative reaction is now resot¥ethis
conclusion is consistent with product-analysis studies of poly-
tungstates with @ where natural-abundané® NMR showed
that “O?~ anions” were first present in 4 before being
observed through ligand exchange in the POM strucflifbese
findings are readily understood when one considers that (1) the

(81) As noted above, the increaselinalues also contributes to the leveling of
ki» values. For example, estimates indicate that fbr a self-exchange
betweenl,q and1,, were equal to that associated with exchange between
reduced and oxidized forms 8f(i.e., 25.2 kcal mol?), the observed rate
constantk,,, for reaction ofleq with O, would increase by an amount
similar to that obtained by settingy; = 0 in Figure 6. However, the effect
of variation in charge is much more significant: (1) it provides support
for the ET-PT mechanism, (2) it is generally applicable to all outersphere
reactions of charged donors with,@nd (3) it is rarely observed, let alone
quantified. In this regard, it bears noting that all values in Figure 6 are
calculated usingexperimental k values, and therefore, the results are
entirely independent of the underlyingriation in A values

(82) The dependence of rate constants or][Hh ref 38, which led to the

in alkali-metal cation concentration associated with large variation in pH

at constant ionic-strength values of 0.5 M (i.e., [Naalues varied by

nearly 0.5 M). That work is reviewed in ref 14.

Radii are typically ca. 1.2 A for 2-coordinateOanion and 0.74 A for

6-coordinate W(VI): from Huheey, J. Enorganic Chemistry: Principles

of Structure and Reagtity, 2nd ed.; Harper and Row: New York, 1978.

(83)
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anion—anion repulsion within successor-complex intermediates.

More generally, the data in Figure 6 show the extent to which
electron-donor charge influences actual rates of outersphere
electron transfer to © Although this phenomenon is addressed
in familiar models, such as that of Marcus, the data in Figure
6 are useful because they provide a quantitative estimate of its
true influence. Moreover, just as negatively charged donors
inhibit the reaction rate, positively charged donors should
increase it (and to a similar extent). Therefore, these findings
are applicable to outersphere processes in which any neutral
molecule is converted to an anion via an ET or-HAT
mechanism.
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