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Abstract: The kinetics of electron transfer for the reacti@s{Ru" (bpy)(py)(O)F+ + HT + [Os' (bpy)] 2+

= cis{Ru" (bpy)(py)(OH)F* + [Os" (bpy)]** and cis{Ru'" (bpy)(py)(OH)F* + H* + [Os' (bpy)]*" ==

cis{RU" (bpy)(py)(H20)]?" + [Os" (bpy)]®" have been studied in both directions by varying the pH from 1

to 8. The kinetics are complex but can be fit to a double “square scheme” involving stepwise electron and
proton transfer by including the disproportionation equilibriuisZRu" (bpy)(py)(OH)E = (3 x 10° M1

s 1 forward, 2.1x 10° M1 s7 reverse)cis{Ru" (bpy)(py)(0)?" + cis{Ru"(bpy)(py)(H20)]3". Electron

transfer is outer-sphere and uncoupled from proton transfer. The kinetic study has revealed (1) pH-dependent
reactions where the pH dependence arises from the distribution between acid and base forms and not from
variations in the driving force; (2) competing pathways involving initial electron transfer or initial proton
transfer whose relative importance depends on pH; (3) a significant inhibition to outer-sphere electron transfer
for the RWY=02"/Ru"—0OH2" couple because of the large difference if;walues between RU=OH3"

(pKa < 0) and RU'—OH2" (pK, > 14); and (4) regions where proton loss frams-{Ru" (bpy)(py)(H0)]%"

or cis{Ru" (bpyk(py)(OH)]Z" is rate limiting. The difference inKy values favors more complex pathways

such as proton-coupled electron transfer.

Introduction Scheme %
Oxidation-reduction reactions in which there is a two- cr0H~2 cmyoH 222 om0
electron change, but which occur in one-electron steps, are often
slow because of the intervention of unstable radi¢aisThe 0.19
examples in Scheme 1 show that oxidation of methanol to
formaldehyde is accessible to many chemical oxidants but that o, 18 COH 22 HCO,H
if *CH,OH is involved as an intermediate, the driving force | |
required is increased by 1.5 V. Similarly, one-electron reduction 02
of CO; to *CO,H requires a driving force more negative than a2E°in V vs NHE. Sources: Endicott, J. F. @oncepts of Inorganic
that for two-electron reduction to HGE by 2.0 V. PhotochemistryAdamson, A. W., Fleischauer, P. D., Eds.; Wiley: New
For mechanisms involving electron transfer, this greatly York, 1975; Chapter 3. Taylor, S. M.; HalpernRaraday Soc. Discuss.
increases the magnitude of the free energy barN&*. From 196Q 29, 174-181.

Marcus-Hush theory AG* increases quadratically with the free
energy changeAG®, as shown in eq 1 witlh the sum of the A related phenomenon exists for one-electron transfer, where

intramolecular and solvent reorganizational energjiés. there is a change in acidity upon oxidation or reductfdH.In
the inorganic example in Scheme 2, oxidation of' Ra RU"
AG* = (A + AGO)Z/M (1) decreases theKp for bound HO by 9.7 K units. At

pH 7, the thermodynamic potential for oxidation @é{Ru'"-
This is a generally recognized phenomenon for reactions (bpy)(py)(H20)]?" (bpy = 2,2-bipyridine, py= pyridine) to
involving unstable organic, inorganic, and biological radi¢a¥s.  cis{Ru" (bpy)(py)(OH)]?* is 0.66 V vs NHE. If the mecha-

_ : . . nism involves initial electron transfer to giveis{Ru"-
* Address correspondence to this author: Associate Laboratory Director 3+ . .
for Strategic and Supporting Research, Los Alamos National Laboratory, (PPY2(PY)(H20)]°", 1.04 V is required. The thermodyna-

MS A127, Los Alamos, NM 87545, mic potential for oxidation otis{Ru" (bpyk(py)(OH)F" to
*Los Alamos National Laboratory.
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Scheme 2
cis-Ru™ (bpy)a(py) O = cis-Ru™bpy)a(py) (O}
- H+ + HJr 074V - H+ + H+
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Figure 1. pH dependences for the coupks-[Ru" (bpyk(py)(O)}?*/
cis[RuU" (bpyk(py)(OH)+ (RUV=0?"/Ru"—0H?") and cis[Ru"-
(bpy)(py)(OH)**/cis-[Ru" (bpy)(py)(OH)]**  (Ru"—OH**/Ru'—
OH2") (vs NHE, 25°C, u = 0.1 M). The potentials for the
pH-independent [Ru(NBs(py)]3?* and [Os(bpyj]>*** couples are
also shown.

cis{RU"Y (bpy)(py)(O)F" is 0.74 V, but initial oxidation teis-
[RUV (bpy)(py)(OH)P" requires>1.6 V. 1213

In this article, we explore the kinetic nuances and mechanistic
implications of outer-sphere electron-transfer reactions in which

+ L

cis-[Ru" (bpy)a(py) (00"

system. Sodium phosphate monobasic monohydrate ,R@#H,0,
sodium phosphate dibasic heptahydrate,,H\O:-7H,O, sodium
phosphate tribasic dodecahydrateza,-12H,0, and phosphoric acid,
H3PQ,, were obtained from Fisher Scientific and used without further
purification in the preparation of buffer solutions. All other materials
were reagent grade and used without additional purification. The salts
cis-[Ru"(bpy)(py)(Hz0)I(CIO,)z, cis-[Ru" (bpy)(py)(OH)I(CIOy)., Cis-
[Ru" (bpy)(py)(O)I(CIOs)2, [OS' (bpy)l(PFe)2, [Os" (bpy)](PFe)s, and
[0S (bpy)(4-CO.H-4'-CHzbpy)](PR). {4-COH-4'-CHs-bpy = 4'-
methyl-2,2-bipyridine-4-carboxylic aci were all prepared according
to previously reported method%:°

Instrumentation. Routine UV-visible spectra were recorded on a
Hewlett-Packard 8452A diode array spectrophotometer in standard
quartz cells. Kinetic measurements were carried out on a Hi-Tech
Scientific SF-61MX stopped-flow multimixing spectrophotometer. The
temperature of the reactant solutions was controlled to wittGn02
°C by using a Neslab RTE-110 water bath circulator. The pH of
solutions used for kinetics measurements was determined by using a
Radiometer model 62 pH meter and a Ross model 81-02 combination
electrode after calibration with standard buffer solutions.

Kinetic Measurements. Rate data in water were collected by
following visible spectral changes at a series of pH values. Wavelengths
were chosen where large spectral changes were observed or where
component absorbances could be isolated. These included isosbestic
points—345 and 445 nm (RY=0?" and RU'—0OH?*"), 400 nm (RU—

OH*" and RU'—0OH?"), and 450 nm (Rt—OH?" and O¢)—and 472

there are changes in proton content. The study was based orfd 630 nm where Ru-OH;*" or O¢!, respectively, dominates

the reactions between the couples in Scheme 2 and the couple
[Os(bpy}]32t and [Ru(NH)s(py)]2T2+.1415The O$" couple

is especially appropriate because its potential is near those for

the Ru couples, but independent of pH. As illustrated by the

pH dependences of the couples in Figure 1, its reactions can beg,,

investigated in either direction by varying the pH.
The following abbreviations will be used throughout:

RuY=0" = cis{Ru" (bpy),(py)(O)F*"
Ru"—OH*" = cis{Ru" (bpy),(py)(OH)F*"
Ru"—0H,*" = cis{Ru" (bpy),(py)(H,0)I**
Ru'—OH" = cis{Ru'" (bpy),(py)(OH)]"
Ru'—OH,*" = cis{Ru" (bpy),(py)(H,0)]*"

Experimental Section

Materials. High-purity deionized water was obtained by passing
distilled water through a Nanopure (Barnstead) water purification

(12) Binstead, R. A.; McGuire, M. E.; Dovletoglou, A.; Seok, W. K.,
Roecker, L. E.; Meyer, T. J. Am. Chem. S0d.992 114, 173-186.

(13) Trammell, S. A.; Wimbish, J. C.; Odobel, F.; Gallagher, L. A,;
Narula, P. M.; Meyer, T. JJ. Am. Chem. S0d.998 120, 13248-13249.

(14) Braddock, J. L.; Cramer, J. L.; Meyer, TJJAm. Chem. Sod¢975
97, 1972.

(15) Chou, M.; Creutz, C.; Sutin, N. Am. Chem. Sod977, 96, 5615.

bsorbance changes. In the complete study, greater than 500 separate

inetic traces were collected on approximately 60 separate solutions
at a series of pH values from pH 0.6 to 8.3.

In the stopped-flow experiments, data were acquired at single
wavelengths because measurements in the diode array configuration
ere complicated by photochemical processes. They included pho-
toreduction of RlY=0?" and RU'—OH?* and pyridine photolabilization
from RU'—OH2*.

Triple mixing was employed at basic pH values (pH6) because
of the instability of [O4 (bpy)]3* for extended periods under these
conditions. The instability arises from self-reduction by ligand oxidation
as the pH is increased, as has been reported for many pyridyl and
polypyridyl complexes, including [Rt(bpy)]*" and [Fé! (bpy)]3+.20-22
Creutz and Sutit? describe the kinetics of decomposition of [IRu
(bpy)]®" in basic media as dominated by rate-determining nucleophilic
attack by hydroxide on the bound bypyridine ligand. The pH jump
experiments minimize complications from decomposition of'[Os

(bpy)s]®*.

(16) Moyer, B. A.; Meyer, T. Jinorg. Chem.1981, 20, 436-444.

(17) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem1978 17,
3334-3341.

(18) Kober, E. M.; Caspar, J. V.; Sullivan, B. P.; Meyer, TlIibrg.
Chem.1988 27, 4587-4598.

(19) Dupray, L. M.; Meyer, T. Jinorg. Chem. 1996 35, 6299-6307.

(20) Creutz, C.; Sutin, NProc. Natl. Acad. Sci. U.S.A975 72, 2858—
2862.

(21) Roecker, L. R.; Kutner, W.; Gilbert, J. A.; Simmons, M.; Murray,
R. W.; Meyer, T. JInorg. Chem.1985 24, 3284.

(22) Nord, G.; Pedersen, B.; Bjergbakke, E.Am. Chem. Sod.983
105 1913-1919.
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In the kinetic experiments, the initial concentrations of VReO?**
or RU"—OH?* were varied from Ix 107" to 2 x 10~* M and those of
[OS'(bpy)]?" and [O¢! (bpy)]® from 8 x 1077 to 2 x10°* M. The
temperature was maintained at 250.1 °C. The buffers used were
HsPO, and NaHPO,-H,O below pH 4, NaHPO,-H,O and NaHPO,-
7H,0 between pH 4 and 9, and pHPO,:7H,O and NaPOy-12H,0

for pH > 9. lonic strength was maintained at 0.1 M. The reactions
were carried out under pseudo-first-order conditions with the reductant
in excess and the reactants at equal concentrations, or under pseudo- 42128

first-order conditions with the oxidant in excess.

Kinetic Analysis. All manipulations of spectral data were performed
by using SPECFIT (Spectrum Software Associates, Chapel Hill, NC)
software. This program allows for a global fit of absorbance/time data

to a user input model, see below.

Results

To understand the logic behind the design of the kinetics

experiments, it is useful to refer to the potentipH diagram

J. Am. Chem. Soc., Vol. 123, No. 43, 20837

Table 1. Rate Constants for Reduction of

cis-[RUV (bpy)(py)(O)** andcis{Ru" (bpy)(py)(OH)** by
[RU"(NH3)(py)]°T at T = 22 °C, u = 0.05 M in Aqueous Phosphate
Buffers

[RUIV=O]2+
pH kx 106 (M-1sY)
1.43 8.65+ 0.02
8.75+ 0.01
8.82+ 0.03
6.02 8.61+ 0.01
2.60 (B:0) 7.14+ 0.07 ki,0/kp,0=1.234+ 0.02
[RUIII_OH]2+
pH kx 107 (M ts?
2.50 2.144+0.03
4.00 2.114+ 0.05
5.50 2.164+ 0.02

in Figure 1. This diagram illustrates the pH dependences of the pH 4.5 to 8.3. The pH range was limited due to the instability

RUV=0?"/RU"—0OH?" and RU' —OH?"/RU'—OH,?* couples
and, for comparison, the potentials for the couples [OsghiA"
(E° = 0.81V vs NHE) and [Ru(NB)s(py)]3+2+ (E °'= 0.30
V).

The kinetics of reduction afis{Ru" (bpy)(py)(OH)J?* and
cis{Ru" (bpy)(py)(O)F" by [Ru(NHs)s(py)] #* were reported
elsewheré? In summary, reduction afis{Ru" (bpyy(py)(O)F"
by [RU'(NH3)s(py)]>" (at 22°C, u = 0.05 M, Kops = (8.71 %
0.02) x 10° M~1 s71) is independent of pH from pH 1.5 to 6

and independent of whether the electrolyte is perchlorate, triflate,

or phosphate. Reduction ais{Ru" (bpy)(py)(OH)F" by [Ru'-
(NH3)s(py)]?* is also independent of pH from pH 2.5 to 6 with
Kobs = (2.13+ 0.03) x 10’ M~1 s at 22°C andu = 0.05 M.
The results are summarized in Table 1.

For reactions involving the [Os(bp§¥™3* couple, the

of [0S (bpy)s]3T in basic media (Experimental Section). Triple
mixing techniques were employed to “pH jump” the [Os
(bpy)]®" solutions immediately prior to mixing.

In Figures 2 and 3 are displayed representative absorbance
time curves illustrating the sometimes complex kinetic behavior
observed in the reactions between"ReO?" or RU"'—OH2"
and [O4 (bpy)]?" or [OS" (bpy)]®*, and the simple exponential
behavior for the reaction between 'RuOH?" and [O4'-
(bpy)]3*.

It is possible to model the kinetic behavior in all pH and
concentration domains by invoking two “square schemes”
kinetically coupled with the comproportionatiedispropor-
tionation equilibrium in eq 4 (Scheme 3). The quantitative
evaluation of rate constants and associated uncertainties involved

direction of electron transfer was varied by changing the pH as fitting the results of over 500 separate kinetic runs which

indicated below:

cistRU" (bpy),(py)(O)F + H' -+ [0S (bpy)** 2222

cis{RU" (bpy),(py)(OH)F*" + [0S" (bpy)l*" (2)

. H>45
cis{Ru" (bpy)(py)OH)F" + H" + [0s' (bpy)d ™" ==

cis{RU" (bpy),(py)(H0)1*" + [Os" (bpy)*" (3)

included an average of-8l2 experimental determinations
performed under a given set of reaction conditions. The rate
constants derived from this study are listed in Table 2. Only an
upper limit of 3x 102 M~1 s71 could be estimated fdk_3 in
Scheme 3 because disproportionation, eq 4, dominates the
mechanism of Rli—OH?2" oxidation to RlV=0?*.

It is possible to check certain features of the proposed
mechanism independently. Reduction of'/RtOH2* by [O4'-
(bpy)]?™, in acidic solution with RU—OH2" in excess, gives
[OS" (bpy)]3" followed by slower re-equilibration of the

Under many conditions, the kinetics of these reactions are disproportionation equilibrium in eq 4. At 630 nm, where [Os
complicated by contributions from the comproportionation (bpy)]?* is the only appreciable light absorber, reduction of

equilibrium2425

cis{Ru" (bpy),(py)(O)F*" +
. Ml or 21x10M-1s1
cis{RU(bpyL(PY)(HO)™ < ouier
cis{Ru" (bpy),(py) (OH)F" (4)
Reduction of RY=02?" by [Od'(bpy)]>" was investigated
over the range ¥k pH < 8 and that of RU—0OH?* by [Os-

(bpy)s]?t over the range k pH < 5. The oxidations of Rl
OH2" and RU'—OH?+ by [Od" (bpy)]®* were studied from

(23) Dovletoglou, A. Ph.D. Dissertation, The University of North
Carolina, Chapel Hill, NC, 1992.

(24) Binstead, R. A.; Moyer, B. A.; Samuels, G. J.; Meyer, T1.JAm.
Chem. Soc1981 103 2899-2901.

(25) Binstead, R. A.; Meyer, T. J. Am. Chem. So0d.987, 109, 3287
3297.

RU"—OHZ2" by [0d'(bpy)]?" is the only reaction observed.
Under these conditions the rate law becomes

—d[Og')/dt = k,, JRU",][0S"]
with
kops = {K" 2 (H '] + K" H ([H VK" ) + kgt ()

In this equation, [RVy is total RU" (=[Ru"—OH2"] +
[Ru"—0OH,2™), K51 is the first acid dissociation constant for
RuU"—OH?*, andk; andk; are the rate constants for reduction
of Ru"—OH,®" and RU'—OH?", respectively. A plot okops

vs pH is shown in Figure 4 and compared with the variation
predicted by eq 5 with"';; = 0.14,k; = 5 x 1 M1 s
andk, = 7.3 x 10t M1 s,



10538 J. Am. Chem. Soc., Vol. 123, No. 43, 2001

1.35+
@
2
@ 1.3+
2 A
]
v
Ne)
<
1.25+
T T T T T T T T T
2 4 [} 8 10 12 14 16 18
001
o Vil
: MWW”NWWWWMWW
001
T T T T ) T T T T
2 4 [} 8 10 12 14 16 18
.19+
184
[}
Q
ot
©
2 47
3 B.
£
e
164
154
T T T T T T T T T
2 4 8 8 10 12 14 16 18
001
A O—WWNWW/\W
-.001-f
T T T T T T T T T
2 4 [ 8 10 12 14 16 18
15
@
Q  .145+
=
©
Q
5]
[%2]
2 c.
< 14
13
T ¥ T U T T T T 1
5 10 15 20 25 30 35 40 45
s
A (\/\”\\%MW\M«W
-.0024
T T T T T T T T T
5 10 15 20 25 30 35 40 45
Time, sec.

Figure 2. Single-wavelength absorbanregme traces, fit to the model
in Scheme 4, and residualA), for the reaction between Rg=02"
and [O4(bpy)]?" monitored at (A) 472 nm, pH 4.79, with [Re=
0% = 1.78 x 10* M and [O4 (bpy)?"] = 1.82 x 1074 M; (B) 345
nm, pH 1.91, with [RY=02"] = 1.17 x 105 M and [O¢ (bpy)?*] =
9.20 x 107% M; (C) 345 nm, pH 3.20, with [RY=0?"] = 1.12 x
10° M and [0d (bpy)?'] = 1.46 x 10°% M. (The concentrations are
those after mixing.)

To search for possible “remote” proton-coupled electron
transfer, reduction of R—=0?" and RU'—OH?*' by [Od'-
(bpy)(4-COH-4-CHzbpy)P" and [O$(bpy)(4-(CO;7)-4'-
CHzbpy)]"™ was investigated from pH 2 to 4.5. Thé&pfor

Lebeau et al.

[Os'(bpy)(4-CO,H-4'-CHs-bpy) 2t was determined to be 3.8
+ 0.2 by pH titratior?® From cyclic voltammetric measure-
ments in phosphate buffers at 26 at pH 1.2, 2.6, 3.7, 4.5,
5.2, and 7.5,E1, values for the protonated and deproto-
nated O%" couples are 86& 10 mV and 825+ 10 mV (vs
NHE, u = 0.1, scan rate= 100 mV/s).E;;, = 815 mV for the
[Os(bpy)]**2* couple under the same conditions.

The dominant reaction between 'R&0? and O4 changes
from

cis{Ru" (bpy),(py)(O)FF" +
[0 (bpy),(4-COH-4-CHppy) " -~
cis{Ru" (bpy),(py)(OH)FF" +
[0S" (bpy),(4-(CO, )-4'-CH,bpy)E* (6)

atpH 2 to

cis{Ru" (bpy),(py)(O)" +
k'
[Os' (bpy),(4-(CQ; )-4-CHibpy)]" + H" —
cis{Ru" (bpy)y(py)(OH)I"" +
[Os" (bpy)y(4-(CO, )-4-CHbpy)" (7)

at pH 4.5%

The kinetics of these reactions, monitored at 445, 472, and
630 nm, could be fit to Scheme 3 wikd, ks’ ~ (3.1+ 0.2) x
10® M~1 s over the range < pH < 4.5. There was no sign
of rate acceleration in acidic solution where the protonated form
[0S (bpy)p(4-COH-4'-CHgbpy)]?™ dominates.

Similarly, the reaction between Rua-OH?T and O4 changes
from

cis{Ru" (bpy),(py)(OH)F*" +
[0S (bpy),(4-COH-4-CHppy) " -~
cis{Ru" (bpy),(pY)(H,O)I*" +
[0S" (bpy),(4-(CO, )-4'-CHzbpy)* (8)

atpH 2 to

cis{Ru" (bpy),(py)(OH)I* +
[0S (bpy),(4-(CO)-4-CHzbpy)" + H" =
cis{Ru" (bpy),(py)(OH,)]" +
[0s" (bpy),(4-(CO, )-4-CHzppy)I*" (9)

at pH 4.5. The kinetics (monitored at 445, 472, and 630 nm)
were fit to Scheme 3 witlky', k)’ varying from~75 M~1s71
(pH 2.0) to~70 M~1 s71 (pH 4.5).

Discussion

The goal of this paper was to explore the kinetic and
mechanistic consequences of proton-coupled electron transfer
in reactions which are mechanistically constrained to be outer-
sphere. As shown by the kinetic traces in Figures 2 and 3, one
consequence is kinetic complexity. It occurs because electron

(26) Lebeau, E. L. Ph.D. Dissertation, The University of North Carolina,
Chapel Hill, NC, 1997.
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Figure 3. As in Figure 3 for (A) oxidation of RU—OH?* (5.13 x 10°5 M) by [Os" (bpy)]®" (5.86 x 107% M) at 345 nm and pH 7.91; (B)
oxidation of RU—OH?* (8.95 x 107° M) by [Os" (bpy)]®* (8.33 x 1076 M) at 400 nm and pH 6.28; (C) reduction of Rt-OH?** (1.60 x 10
M) by [Os'(bpy)]?" (1.77 x 1075 M) at 472 nm and pH 3.68; (D) reduction of RtrOH?* (1.60 x 10* M) by [Os'(bpy)]?t (1.77 x 10°° M)

at 630 nm and pH 3.68.
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Figure 4. Experimental data€) and fit to eq 5 withk; = 5 x 10
Mtst k=73x 100 M1ts? K",y =0.14, and [H] = 10PH,

transfer is kinetically uncoupled from proton transfer. There is
necessarily more than one step in the mechanism, and the

interaction between them leads to complex kinetics.

portionation equilibrium in eq 4. The results of this analysis
reveal the existence of a series of kinetic nuances arising from
mismatches between the proton requirements of the net reactions
and the mechanisms by which they are forced to occur.

RU" + od =R + 04"
cis{Ru" (bpy)(py)(OH)F* + H" + [Os' (bpy)]*" —
cis{Ru" (bpy)(py)(H,0)*" + [0s" (bpy)**

RuU'"" is distributed between Rt+—0OH?" and RU'—OH,3" with
K", = 0.14, eq 10.

cis{Ru" (bpy)(py)(H,0)*" =
cis{Ru" (bpy)(py)(OH)]" +H" (10)

The kinetic results can be satisfactorily modeled by invoking Both forms participate in the oxidation of [(®py)]2". For
the coupled “square schemes” in Scheme 3 and the compro-Ru"—OH,3* the reaction is



10540 J. Am. Chem. Soc., Vol. 123, No. 43, 2001

Lebeau et al.

Scheme 3
Ru(II)/Ru(Il) Reactions: AG®, eV
ky~5x10°M 75!
Ru™ 0> + Os"! PRETPITEveR! Ru-OH,* + Os™ -0.21
ks | ks kel ke=5s"
+H"|-H +H |-H'
ky~7.3x10' M5!
RuT-OH™ + 05" T Ru'-OH" + Os"! 0.36
Ru(IV)/Ru(IIl) Reactions: AG°, eV
kz210° M5t
RuV=0H>" + Os" R EPTITVE] RuLoH> + Os™ <0.81 (see text)
kol ks <0157
+HY|-H# +H|-H"
kg ~24x10° M5!
RiV=0" + O TG s RUOT+ 08T > 0.33 (see text)
Comproportionation:
21x10°M 15! . X
Ru''=0"" + Ru'-OR” =™ 2 rRu"-oH*" -0.11

Table 2. Rate Constants for the Reactions in Scheme 3 &5
andu = 0.2

electron-transfer
rate constant

electron-transfer
rate constant

label M-1s7 label M-1s™h

k1 5 x 105 kfl 1.4 x :I.Of3

k2 ~7.3x 101 kfz 5.7x 107

ks <10°

ke ~2.4x10° Kog <10°

proton-transfer proton-transfer
rate constant rate constafit comments
label (s label (M~1s™} exptl pKa lit. pKa

ks 15x 109 ks 101 0.82 0.88819
ke 5 ke 101 10.3 10.8819
k7 <0.1 k-7 101 kalk—7 < 10714 >14

aThere is no evidence for Ri=0OH3* even h 1 M acid.? Taken
as the diffusion-controlled limit for proton transfer.

cis{RU" (bpy)(PY)(HO)I*" +
o' 9y KiA5x1BM-Lst
PYXl AG°=-02LeV

cis{Ru" (bpy),(py)(H,0)]*" + [0s" (bpy)]** (11)

With RU"—OH?* as the oxidant, electron transfer is followed
by acid—base equilibration.

cis{Ru" (bpy),(py)(OH)F*" +
[Oé'(bpy)z]z"' kzw 73x 100 M-1s-1
AG° =+40.36 eV
cis{RU" (bpy),(py)(OH)]" + [0s" (bpy)]*" (12a)
cis{Ru" (opy),(py)(H,0)]*" =
cis{Ru" (bpy),(py)(OH)I" + H"

(12b)

(ks=0.5s%K",;=3.2x 10", pK,=10.5)

overall reaction is spontaneous because protonation following
electron transfer provides the driving force witG°(eV) =
0.059 pH.

For RU"—OH,3" as oxidant, electron transfer is favored by
—0.21 eV. This pathway, eq 11, dominates in acidic solution.
However, as the pH is increased, the concentration df-Ru
OH,*" falls and oxidation by Rti—OH?*, eq 1243, increases in
importance. The distribution between pathways is givefikay
[HTY(HT] + K"} + {keK" 0o/ ([HT] + K" 49} or, with [H]
< K"y, (above pH 2), by{kH*]/K",} + ko. These two
pathways contribute equally by pH 4.9.

The distribution between pathways results in the pH depen-
dence observed experimentally. It is true that the driving force
for oxidation of [Os(bpyj]?" by Ru'" varies with pH, as shown
in eq 13, but this ishot the origin of the pH dependence.

AG°(eV) = —0.21— 0.059 lod [H /(K" ., + [HT])} (13)

The disproportionation equilibrium in eq 4 complicates the
kinetics under certain conditions. In acidic solution with"Ru
in excess, rapid reduction of Buesults in “kinetic overshoot”
and overproduction of Ru—OH,2". Under these conditions,
electron transfer is followed by equilibration among'Ru
OH?", RU"—0OH?*, and RW=0?" which occurs on a slower
time scale.

The enhanced rate constant for oxidation of '[(dgy)s]2"
by RU"—OH,®" compared to Rti—OH?* is predicted by the
Marcus cross-reaction equation in the simplified form in eq
1446

Ky~ (kllk22K12)1/2 (14)
In this equationKj2 is the equilibrium constant for the reaction,
and ki1 and ky, are the self-exchange rate constants for the
Ru—OH2™2+ or Ru—OH2™* and [Os(bpyj]®™2* couples. If
the k1 values are the same for the '®U couples, their cross-
reaction rate constants with [({epy)]2™ are related byk;5'/

The electron-transfer step in this case is uphill by 0.36 eV. The ki, ~ (K12/K12)Y2 Based orKy; values derived from the redox
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potential measurements,,(Ru"' —OH3")/kyo(RU'—OHZT) =
6 x 10°, which is close to the experimental ratioe® x 10%
For the oxidation of [RU(NHz)s(py)]?", the AG® values are
—0.71 eV for RU'—OH,3* as reductant and-0.16 eV for
RU"—OHZ2*. There is no pH dependence from pH 6.2 to pH
2.5 withk=(2.134 0.03) x 10’ M~ s%, showing that electron
transfer is dominated by Ru+-OH?" as the oxidant. Since
RU"—OHy** is a considerably stronger oxidant, it should
dominate significantly at even lower pH with the distribution
between pathways given by [H/KK[RU""—OH,3*] = 10°
M~1 s71 which is near the diffusion-controlled limit, and the
two pathways would contribute equally at pH 2.5.

cis{RU" (bpy),(py)(H0)]*" + [0s" (bpy)]*" —
cis{RU" (bpy)(PY)(OH)I" + H™ + [Os' (bpy)*"

J. Am. Chem. Soc., Vol. 123, No. 43, 20641

reducing. These reactions have different driving forces and
undergo electron transfer with different rate constants. Their
relative importance depends on the rate constants for the
individual electron-transfer steps, the acid dissociation constant,
and the pH. (3) The pH dependence originates in the distribution
between acidic and basic forms of the reactant aoidin the
driving force (4) There are domains where proton transfer from
the reduced aqua form is rate limiting.

RUY + 0d'=Ru" + Od"
cis{Ru" (bpy),(py)(O)F*" + H™ + [0S (bpy)]*" —
cis{Ru" (bpy),(py)(OH)F" + [0S" (bpy)]**

The mechanistic challenges arising from changes in proton
content between oxidation states are exacerbated for te=Ru

Above pH 4.5, the sense of the electron transfer is reversed, 0?"/Ru" —OH?* couple. For a* cis{Ru" (bpy)(py)(OH)F*,

and RU is oxidized by [O¥ (bpy)]3t. The net reaction is

pKa < 0 for the equilibrium RY=0H3" = RUV=0?* + H*.

distributed between the two pathways that are the microscopic The pr electron pairs on the O atom of the oxo group are highly

reverse of egs 11 and 12. In the first pathway, "[Qmpy)s]3*
is initially reduced by RU—OH,2",

cis{RU" (bpy)(PY)(H,0)*" +
k;=14x1BM-1s1

[0s" (bpy),]** _1AG° =+0.21eV
cis{RuU" (bpy)(pY)(H,O)I*" + [0S (bpy)l*" (15)

followed by proton equilibration at Rl eq 12b. In the second
pathway, the reductant is Rt-OHT,

cis{Ru" (bpy),(py)(OH)]" +

OSIII b 3+ k-
[ ( py)3] AG° = —0.36 eV
cis{RU" (bpy),(py)(OH)*" + [Os' (bpy)] " (16)

,~57x 107M-1s-1

The generalized rate law in eq 17 can be derived by applying

the steady-state approximation to [RtOH'] in Scheme 3 at
pH < 9.5, where RI—0OH,2" is the dominant form of Rl

d[od'/dt = k,, JOs"] [Ru"—OH,**] (17a)

Kops = [K_1 + {K_pkg/(k_,[0S"] + k_[H}] (17b)

In this expressiorks is the rate constant for proton dissociation
from cis{Ru" (bpy)(py)(H20)]**.

Two important features emerge from this analysis: (1) The

relative contributions of Rl—OH,?*" and RU—OH™ to electron
transfer depend on both pH and [sWith [Os'] = 104 M
and in pseudo-first-order excess,'RtOH?" and RU{—OH"

contribute equally to electron transfer at pH 5.7. Below this

pH, RU'—0OH,2* dominates, while above it, Rt-OH™ domi-

nates. (2) Under certain conditions, the rate-limiting step is

deprotonation of Rl—OH,2", which occurs withks = 5 s71,

mixed with dr(RuV) orbitals and not readily available for
bonding to protons. Forsb cis{RuU" (bpyk(py)(OH)]F", pKa

> 14. In this case, #(0) — dz(Ru") donation to the half-
filled, highest dr(Ru) orbital is greatly decreased, and the proton
dramatically decreased in acidity compared tdVRt«OH®".

The difference in g, of >14 pH units has a dramatic effect
on electron-transfer reactivity. Because of the inaccessibility of
RuV=0H?3*, theonly pathway available for oxidation of [(s
(bpy)s]?T is initial electron transfef!

cis{Ru" (bpy)(py) Q)" +

[OS”(bpy)3] “ AG° > 0.36 eV
cis{Ru" (bpy),(PY)(O)]” + [0s" (bpy)I** (18a)

k,~2.4x 18M~-1s-1

followed by proton transfer,

cis{Ru'" (bpy),(py)(OH)F* NIPETETY
cis{Ru" (bpy)(py)(O)]" + H" (18b)

The absence of a pH dependence rules out an important role
for a pathway involvingsimultaneouselectron transfer from
[OS!(bpy)s]?T and proton transfer from a solvent molecule to
RUVZOZ+,

cis{Ru" (opy),(py)(O)F " + H,0 + [Os' (bpy),]* #
cis-[Ru" (bpy),(py)(OH)F* + OH™ + [0s" (bpy)]*" (19)

This mechanism would introduce a pH dependence through its
free energy change which varies-a8.059 V/pH unit, Figure

.The mechanism of reduction of Re=02" by [Ru'(NH3)s-
(py)]?" is the same. The rate law is first order in both"\Ra

eq 12b. At pH 7.2, deprotonation and electron transfer contribute 3+ 4 [RU(NH2)s(py)]2* from pH 1.5 to 6. The rate con-
equally as rate-limiting steps. Proton transfer is the slow step stant,k = (8.71+ 0.02) x 106 M1 S_'l is gréater thark =

between pH 5.7 and 7.2.
Overview. There are important insights in this analysis: (1)

If electron transfer is constrained to occur by an outer-sphere

(27) AG® for eq 18a can only be estimated. From the data in Figure 1,
E1o(RUV=0?"/Rul' —OH?*) coincides withEy(Ru" —OH?*/Ru'—OH")
t pH ~12. As the pH is raised furtheEy, for the RUV" couple falls

mechanism, the electron- and proton-transfer steps are uncouple@elow that for the R couple and is no longer observable."RtOH2*+
kinetically. They must occur in sequential steps that can lead becomes unstable with respect to disproportionation intty-R0?" and

to kinetic complexity. (2) There are parallel pathways for th
aqua and hydroxo couples with the aqua coupld!-ROH32*,
more oxidizing and the hydroxo couple, ROH2"*, more

e RU'—OH" past this pH, and only the two-electron 'ReO?/Ru' OH*

couple is observed experimentally. From the crossover point in Figure 1,
E1p(RUV=0?"/Ru'=0") < 0.45 V, which givesAG°® > 0.36 eV for the
electron-transfer step in eq 18a.
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(2.4+£0.1) x 13 M~1 s 1 for reduction by [O%(bpy)]?*. This
is expected since [RENHz)s(py)]%" is a stronger reductant by
0.51 eV.

Reduction of RY=0?" by [0S'(bpy)]?" (2.4 x 103 M1
s71) is more rapid than reduction by Ru-OH2* (7.3 x 10t
M~1s™1), even though the driving force for this reaction is less.
From the data in Figure E;»(RU"—OH>"/Ru'—OH") = 0.46
and Eyp(RUV=0?"/Ru"=0") is less?’

Lebeau et al.

Overview. The results of the kinetic analysis for the Ru(IV/
[Il) couple are highly revealing about the electron-transfer
reactivity of metal oxo complexes: (1) The difference Kap
of =14 between RY=0OH®*" and R!' —OH?" has a profound
influence on electron-transfer reactivity. It cause$'ROH3"
and RU'—O™ to be inaccessible or present at low concentration
at all but extreme pH values. (2) Oxidation of 'RtOHZ"
requires a powerful oxidant becausg, > 1.6 V for the RWV=

Based on the relationship between free energy change andOH3*/RU"—0H?2* couple. RY=0?" is only a moderate
self-exchange in eq 14, the self-exchange rate constant for theoxidant, withEy, < 0.45 V for the RY=02"/Ru" —O* couple.

RuV=0?"/Ru"=0" couple must be greater than that for the
RU"—OH2"/RU'—OH" couple. This points to a lower intrinsic
barrier to outer-sphere electron transfer for thé/R@?*/Ru'" —

O™ couple. It also points to the important conclusion tha'Ru
0?* is alesspowerful one-electron oxidant than Ru-OHZ"
thermodynamically but has a lower reorganizational barrier to
electron transfer.

cis{Ru" (bpy)(py)(OH)F* + [0s" (bpy)l*" —
cis{Ru" (bpy),(py)(O)*" + [0S (bpy)** + H*

A further complication exists in the oxidation of Ru-OH2"
to RUV=0?" by [Od"(bpy)]®", which is spontaneous above

(3) The RW=0?"/RU"—0O™" couple has a lower reorganiza-
tional energy than the Ri—OHZ"/RuU'—OH" couple. (4) In
the oxidation of Rl —OH?*, proton transfer from RU—OH2+

is slow, with k < 0.1 s'1, and oxidation occurs by initial
disproportionation.

Related Mechanisms. Proton-Coupled Electron Transfer.
The difference in K, values inhibits outer-sphere Ru(IV/IIl)
electron transfer and favors pathways more complex than single
electron transfer.

One isproton-coupled electron transfeAn example appears
in the comproportionation reaction betweas{Ru' (bpy)(py)-
(H20)]?" andcis{Ru" (bpy)(py)(O)]?* in eq 4. This reaction
is favored by 0.11 eV (2.5 kcal/mol) at 2%, 2 < pH < 9,

pH 6.2. The direct mechanism is the microscopic reverse of eqand occurs witkk = 2.1 x 10° M~ s71.25 |t is first order in

18b with rate-limiting proton transfer,

. " op k=015t
cis{RU" (bpy),(py)OH)F"" =——
cis{Ru" (bpy)(py)(O)]" + H" (20a)

followed by electron transfer,

1OM-1s1

cis{RU" (bpy)(py)(O)]" + [08" (bpy)] "~
cis{RU" (bpy),(py) Q)" + [0 (bpy)J*" (20b)

RUV=0?" and RU—OH,2", and there is a solvent kinetic
isotope effect Kq,0/kn,0) = 16.1 at 25°C. From the results of
a mole fraction study, a single proton is involved.

The large kinetic isotope effect shows that there is significant
coupling between the transferring electron and nuclear motion
originating in an G-H bond in RU—OHy?*. Electron transfer
occurs from a d orbital in dz8Ru") to a dr orbital in dr*
(RUV). The dr*(RuV) orbitals are extensively mixed with the
2p.(O) orbitals of the oxo group and are antibonding with regard
to the Ru-O interaction. The aqua ligand in RaOHy?2"
functions as a proton donor. The oxygen lone pairs on the oxo

The electron-transfer step is highly favored and occurs at or 9oup in RUW=0?* are proton acceptor sites which are increased

near the diffusion-controlled limit. The kinetically slow step is

proton loss. The mechanism in eq 20 is sufficiently slow that it

does not compete with a kinetic alternative, disproportionation,
o4 3x1BM-1s1

2cis{Ru" (bpy),(py) (OH)F 'S, ————

cis{Ru" (bpy),(py)(O)FF" + cis{Ru" (bpy),(py)(H,0)I*
(21)

followed by oxidation oftis{RU" (bpy)(py)(H20)]?" by [Os!"-
(bpy)s]3t. The limiting value ofk; < 0.1 s was obtained at
low RU"—OH?" (<1 x 1076 M) where disproportionation is
slow.

Electron transfer,

cis{Ru" (bpy)(py)(OH)F* +
k 3<3x1BM-1s1
[08" (bpy)]**
cis{RU" (bpy),(py)(OH)I*" + [Os' (bpy)]** (22)

followed by proton loss from RY=0H?3*, playsno detectable
role under our condition<Ey, for a related RY=0H3*/Ru" —
OHZ2* couple is>1.6 V (vs SSCE). If relevant to theis-[Ru-
(bpyk(py)(OH)B2* couple,AG°® > 0.8 eV for the electron-
transfer reaction in eq 22.The uphill nature of this reaction is
a thermodynamic consequence of the high acidity ofVRu
OH3*,

in basicity by>14 pK, units when electron transfer occurs. This
combination of orbitals provides the electronic basis for proton-
coupled electron transfé#:2429

Proton-coupled electron transfer is illustrated schematically
in eq 23. H-bonding between an-® bond of the aqua ligand
and a lone pair on the oxo group probably initiategRiu")—
dz(Ru'") orbital mixing and electronic coupling within an
association complex of the reactants. Electron-vibrational
coupling between the asymmetni€H,0) stretching mode in
RU'—0OH,2" andv(Ru=0) in RUV=02" provides the quantum
basis for coupled electretrproton motior?%31 The magnitude
of the ku,olkp,0 kinetic isotope effect and its temperature
dependence point to the importance of nuclear tunneling with
electron transfer dominated by transitions from vibrational levels
well below the classical intersection between potential curves.
A critical parameter is the tunneling distance, the difference in
the equilibrium coordinate for the transferring proton between
the initial and final states.

+

H
H\ H .
it I, 4+
[Ru' %0, /O-Run]4+'"—’[R“'o’ﬁo'Ru] @3)
N4
@ € (@ @) (@)

The change in g, between “RIYY=0H3* " and RU" —OH2"
plays an important role in this pathway. As electron transfer

(28) Trammell, S. A.; Wimbish, J. C.; Odobel, F.; Gallagher, L. A,;
Narula, P. M., Meyer, T. J. Am. Chem. S0d.998 120 13248-13249.

(29) Binstead, R. A.; Stultz, L. K.; Meyer, T. lhorg. Chem1995 34,
546-551.
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Scheme 4
[Ru™ (bpy), (py)(O)] + + [Ru"(bpy),(py)(OH,)I**
a AGO/ > 12.7 kcal mot™
[Ru® (bpy), (py (O)I** +  [Ru"(bpy), (py)(OH I ——S—2 [Ru™ (bpy), (py)(OH)P**
AG® = -2.52 Keal mol?
b AG® > 13.6 kcal mol™

[Ru" (bpy), (py)(OH)I™ ¥+
occurs, the largely inaccessiblg(@) lone pairs on the oxo
group become highly basic and provide a coordination site for
the addition of protons or other electrophiles. Defining the
Ru—0 bond to fall along the axis in RUY=0?", dx (dyy,d,,)
mixing with 2p,(0) (p,py) in RUV=0?* results in the formation

of 1, mo and 47, dy.* (dr*) molecular orbitals. Thersandz
orbitals are largely pin character and provide the basis for
Ru—O multiple bonding. The a* orbitals are the antibonding
analogues and are largely,@nd g, in character. Addition of

an electron to one of thesd orbitals results in a loss in
m-bonding with concomitant formation of the(O—H) bond

by a change in hybridization at the O atom.

The term “proton-coupled electron transfer” has been used

in the literature in two ways. In one, it has been used to refer

to net reactions such as egs 2 and 3, where there is a change in
proton content between reactants and products. As used here,
the term has a mechanistic connotation. It refers to an electron-

transfer pathway in which there issimultaneoudransfer of
both protons and electrons from different sites in the mol-
ecule?532

When defined in this way, proton-coupled electron transfer
is distinct from hydrogen atom transfer. In proton-coupled
electron transfer, the electron and proton come from different
orbitals in the donordz(Ru') ando(O—H) in RU'—0OH,2" in
eq 23. In H atom transfer, both the electron and proton are
transferred from the same orbital, such as(&@—H) bond in
the oxidation of hydrocarbor.

The difference between the two is put into perspective for
the comproportionation reaction by comparing the proton-
coupled electron-transfer mechanism in eq 23 with H atom

transfer in eq 24. In this case, H atom transfer would produce

the coordinated hydroxy radical intermediate, [Fhpy)(py)-
(*OH)]?+, with electronic configuration gfds®.

He
O ¢ "
[Ru'v=0,/ \O—Ruu]4+—> [Rum-C,/ O-RiY* —> ‘“-o,/ “0-RH (24)
H/ H/ H/
@ (@) (@) (po'dr’) @) (@)

A OH- — RuU" charge-transfer band is observed in the
spectrum of [RU (bpy)(py)(OH)]?™ at ~320 nm. Assuming a
reorganizational energy of 1 eV for the transition would place
the thermally equilibratedgdds® intermediate at-2 eV above
the final product and inaccessible in the net reaction.

There are three reasonable electron-transfer pathways for th
reaction between Rua-OH,?" and RWY=0?*, Scheme 4: (1)
initial electron transfer followed by proton transfe);((2) initial

(30) Cukier, R. I.J. Phys. Chem1996 100, 15428-15443.

(31) Drukker, K.; DeLeeuw, S. W.; Hammes-Schiffer JSPhys. Chem.
1998 108 6799-6808.

(32) Thorp, H. H.Chemtracts: Inorg. Chenl991, 3, 171-184.

(33) Mayer, J. MAcc. Chem. Red.998 31, 441-450.

[Ru" (bpy), (py)(OH)]"

e

proton transfer followed by electron transfe);(and (3) proton-
coupled electron transfdc). Pathwaysa and b can be ruled
out as significant contributors on energetic grounds. Aks
changes for the initial steps for both exceed the experimental
free energies of activation, by2.4 kcal/mol &) and>3.2 kcal/
mol (b), respectively*25

The kinetics study of the reaction betweeis{RuU" (bpy)-
(PY)(O)F" and [0 (bpy)(4-COH-4-CHz-bpy)P* was de-
signed to search for a possible “remote” proton-coupled electron-
transfer pathway in the reaction

cis{RuU" (bpy),(pY)(O)" +
[0s' (bpy),(4-COH-4-CHibpy)f " =

cis{Ru" (bpy),(py)(OH)F*" +
[0s" (bpy),(4-(COy)-4-CHybpy)I**

In this pathway, electron-coupled proton transfer would occur
from chemical sites that are well separated spatially and
electronically. The d electron donor orbital at (sis well
separated from thes(O—H) proton donor orbital of the
carboxylic acid group, eq 25. There ig-dx* mixing with the

bpy ligand, but there is no significant basis for electronic
coupling between electron and proton donor sites and there is
no experimental evidence for this pathway.

e

0 o]
(Ru"L0,H-0-C-bpyOslibpy)] “—» [Ru™0-H,0-C-bpy0dibpy)l’
@ @) @n) (dn’) (25)

The rate constant for reduction of the acid complex(2.5
x 10® M~1 s71) is comparable to that for reduction of [Bs
(bpy)]?" with k = 2.4 x 10° M1 s71, and theAG® values are
comparable £0.36 eV for [O4(bpy)]?t and —0.31 eV for
[Os'(bpy)(4-COH-4'-CHsbpy)?"). We conclude that this
reaction occurs dominantly by outer-sphere electron transfer,

cis{Ru" (bpy)(py) O)F" +
[Os' (bpy),(4-COH-4-CH:bpy)" =

cis{Ru" (bpy),(py)(O)F"" +
[Os" (bpy),(4-COH-4-CHbpy)I"" (26)

followed by rapid protonation of Ri+—O™.
Electrochemistry. There are insights from the solution
reactions for electron transfer at electrodes. In the absence of
special surface effects, electron transfer must occur by the
surface analogue of outer-sphere electron transfer.

In a voltammetric experiment, the direction of electron
transfer can be varied by changing the electrode potential. If
electron transfer is sufficiently rapid, diffusion is rate limiting.
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The electrode response is thermodynamic, and the cufrent In ke = In kg(0) —

potential profile responds to changes in pH as predicted by the

Nernst equation.

The same kinetic barriers to electron transfer exist at

{0.059(pH— pK" , )/2RT}{1 + [0.059(pH— pK" ,)/22]}
(29)

electrodes as in solution, and kinetic complexities also arise from  The increase irk, as the pH is increased can be similarly

changes in proton content. Thg, value for the R —OH,3"/
RU'—OH,2" couple is 1.04 V, and that for the Bu-OH?"/
RU'—OH,2" couple at pH 7 is 0.78 V. If oxidation of Huo

Ru'" at pH 7 occurs at 0.78 V and the mechanism is electron

transfer from RU—OH,2" to the electrode to give Ri+—OH,3"
rather than RUOH?", AG® = + 0.36 eV for the electron-

transfer step. This increases the electron-transfer barrier fromOH2+

AG* = /4 (atAG® = 0) to AG* = (1 + 0.36%/44 (in eV), eq

1. The increased barrier slows electron transfer and can caus

kinetic coupling to diffusion or even rate-limiting electron
transfer and non-Nernstian behaviér.

explained. Oxidation of Rlt—OH,?* to RU"—OH?" by [Os-
(bpy)]®™ above pH 7 is dominated kinetically by RtOH™.
From the analysis that led to eq 1I&,is given by

Ko = ker(0)kg/(Ker(0) + K_o[H™]) (30)

In eq 30,ke7(0) is the rate constant for Ra-OHT — RuU'"'—
electron transfer aAG° = 0 andks the rate constant for
roton loss from RU—OH2* (Scheme 3). If proton loss is not
ate limiting, this result predicts tha&g should increase with
pH. Microscopically, this occurs because in the distribution
between RUI—OH?* and RU—OHT the latter is favored as

McHatton and Anson have investigated the kinetics of o
. L -~ the pH is increased.
electron transfer at rotating graphite disk electrodes as a function McHatton and Anson also observed kinetic inhibition of the

of pH for the [RU (tpy)(bpy)(O)F*/[RU" (tpy)(bpy)(OH)F* and
[Ru" (tpy)(bpy) (OH)F*/[Ru" (tpy)(bpy)(HO)I** (tpy is 2,2,2-
terpyridine) couple$® The rate constant for heterogeneous
oxidation of RU—OH,2" to RU" (k,) was pH dependent,
reaching a minimum at pH7 and increasing as the pH was
increased or decreased.

The pH dependence ¢f is predicted by our analysis. The
free energy change for oxidation of RuOH,?" in acidic
solution (in eV) is given by

AG® = —[E°(Ru—OH,*""?") —
E°(RU"—OH**/RU'—0H,?")] = 0.059(pH— pK" ) (27)

From classical Marcus theory, the dependenckegfon AG®
in eq 1 can be rewritten as

In ke = In ker(0) — (AGP/2RT){1 + (AG®/20)} (28)

In eq 28,keT(0) is the electron-transfer rate constanf\&° =

0, with the electrode potential & ,(Ru—OH,3"2"), assuming
that E1/» is equal to the formal potential. This introduces the
pH dependence iker (andky) shown in eq 29. Based on this
result,ko increases as the pH is decreased bec&ys@gRul' —
OHZ2") approache&s(Ru"—OH32+),

(34) Bard, A. J.; Faulkner, L. RElectrochemical Methodsohn Wiley:
New York, 1980.
(35) McHatton, R. C.; Anson, F. @norg. Chem1984 23, 3935-3942.

[Ru" (tpy)(bpy)(O)F/[Ru' (tpy)(bpy)(OH)F* couple. In con-
trast to our results, they concluded that disproportionation played

no role for this couple, at least at the electrode. The heteroge-
neous electron-transfer rate constant increased linearly with
[OH™] in basic solution and linearly with [H] in acid solution.
They invoked pathways in which a terpyridine chelate arm was
opened to give an intermediate that was more reactive toward
electron transfer. There is no independent evidence that ring-
opening occurs on the time scale of the electrochemical
experiment. They also ruled out rate-limiting deprotonation of
RuU"—OH?" to give RU'—O" followed by electron transfer.
The apparent discrepancy between the solution and electro-
chemical results is not understood. There may be a role for
catalytic surface effects arising from protonatiaieprotonation
and proton-coupled electron transfer. Previous work on carbon
electrodes has shown this to be the case when Q-containing
functional groups are introduced by oxidative pretreatment of
the surface&®-39
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