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Abstract: The reaction between [Ru IV(bpy)2(py)(0)]2+ and [Ru"(bpy)2(py)(OH2)]2+ in H2O to form 2 equiv of [Ru1"-
(bpy)2(py)(OH)]2+ occurs with a solvent isotope effect of (&H2OMD2O)2 5°C = 1 6-! ± °-2 both in neat solvent and at / = 0.10 
M (Na2SO4). The rate of the reaction is independent of pH for 2 < pH < 9 but decreases at pH >9, where the Ru(II) aqua 
complex becomes deprotonated to form the hydroxo complex, [Ru"(bpy)2(py)(OH)]+ (pKb = 3.20 ± 0.05). The rate constants 
for the two pathways at T = 25 0 C and / = 0.10 M are kHl0 = (2.174 ± 0.028) X 105 M"1 s"1 and A:0H = (0.247 ± 0.024) 
X 105 M"1 s"1. The solvent isotope effect is much smaller for the second pathway with ( ^ O H ^ O D ) 2 5 " 0 = 1-5- The large kinetic 
isotope effect for the kHl0 pathway and the observation of a linear dependence of kH20 on mole fraction of deuterium suggest 
that the mechanism involves the simultaneous transfer of a proton and an electron from Ru"-OH 2 to R u I V = 0 . Complementary 
kinetics studies on the cross reaction between [Rum(trpy)(bpy)(OH)]2+ and [Ru1^bPy)2(Py)(OH2)I2+ have revealed a significant 
kinetic isotope effect of (kti20/fcD2o)25°c = 5.8 ± 0.4, which also displays a linear dependence on mole fraction of deuterium. 
The rate of the cross reaction is independent of pH for 3 < pH < 8 with kH20 = (4.1 ± 0.2) X 105 M' 1 s"1 (T = 25 0 C, / 
= 0.005 M). For pH >9 a second pathway with [Ru"(bpy)2(py)(OH)]+ as the reductant dominates the kinetics and there 
is a dramatic increase in the observed rate, giving the extrapolated estimates, koli = (4.4 ± 0.3) X 107 M - 1 s"1 and k0D =* 
(2.9) X 107 M"1 s"1. In the pathway at high pH there is no difference in H + content between reactants and products and the 
reaction occurs by outer-sphere electron transfer. 

Electrochemical studies have shown that aqua-polypyridyl 
complexes of Ru and Os have an extensive higher oxidation state 
chemistry,1"8 e.g., Scheme I, where the key to the accessibility 

Scheme I 

( b p y ) 2 ( p y ) R u " - O H 2
2 + - J - * ( b p y ) 2 ( p y ) R u I I I - O H 2 + - J - * 

( b p y ) 2 ( P y ) R u l v = 0 2 + 

(at pH 7; bpy is 2,2'-bipyridine; py is pyridine) 

of the higher oxidation states is the loss of protons upon oxidation 
and stabilization of the higher oxidation states by electron donation 
from bound hydroxo or oxo ligands. The higher oxidation states 
of Ru have proven to be remarkable stoichiometric and catalytic 
oxidants.8"13 The results of mechanistic studies suggest that in 
carrying out such reactions the Ru oxidants take advantage of 
a variety of pathways based on the Ru I V-oxo group including 
O-atom transfer, H-atom transfer, and hydride transfer. 

In order to understand the mechanistic consequences of changes 
in proton content on redox reactions and to begin to assess these 
factors determining which of a series of possible pathways will 
be favored for a given reaction, we report here the results of kinetic 
studies on two relatively simple reactions. The first (eq 1) is a 
comproportionation reaction between R u I V = 0 and Ru"—OH 2 , 

( b p y ) 2 ( p y ) R u I V = 0 2 + + ( b p y ) 2 ( p y ) R u " - O H 2
2 + -

2(bpy) 2 (py)Ru 1 I , -OH 2 + (1) 

and the second (eq 2) is a cross reaction, where, because of the 

( I rPy)^Py)Ru 1 1 LOH 2 + + (bpy) 2 (py)Ru n —OH 2
2 + — 

(trpyXbpy)Ru1 1—OH2
2 + + (bpy) 2 (py )Ru m —OH 2 + (2) 

differences in coordination environments, there is a small driving 
force, AE0' = 0.056 V, AG° = -1.3 kcal mol"1. Part of this work 
has appeared in a preliminary communication.14 

Experimental Section 

Materials. Water of conductivity grade (R > 16 MQ) and deuterium 
oxide, D2O, of 99.8% g-atom purity (Aldrich GOLD LABEL) were used 
for the electrochemical and kinetics measurements. Ionic strength was 
maintained with use of sodium sulfate, Na2SO4, which had been re-
crystallized once from distilled water. Analytical reagent grade sodium 
borate, Na2B4O7-IOH2O, sodium hydrogen phosphate, Na2HP04-7H20, 
potassium dihydrogen phosphate, KH2PO4, sodium hydroxide, NaOH, 
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sodium deuteroxide, NaOD (Aldrich, 99%+), and sulfuric acid, H2SO4, 
were used without further purification to maintain pH/pD. Chemical 
oxidations were performed with eerie ammonium nitrate, (NH4)2[Ce(N-
O3J6] (G.F.Smith). Lithium perchlorate, Li00 4 -3H 2 0, was recrystal
lized three times from distilled water and dried at 110 0C over P2O5 to 
yield LiClO4-H2O for use as a supporting electrolyte. 

Syntheses. [Ru(trpy)(bpy)OH2](C104)2 was prepared, purified, and 
characterized as described previously.2a 

[Ru(bpy)2(py)OH2](PF6)2-H20 was prepared by photolysis15 of a 
solution containing 0.1 g of [Ru(bpy)2(py)2](Cl)2 (Xmax = 452 nm) in 40 
mL of 0.1 M H2SO4. The reaction was monitored spectrophotometrically 
until completion and then a saturated aqueous solution of NH4PF6 was 
added dropwise to precipiate the crude product. The crude product was 
collected by filtration, washed with distilled water, and air dried. The 
sample was recrystallized from hot, distilled water, collected by filtration, 
and washed with distilled water and diethyl ether followed by drying in 
vacuo over P2O5. The final product was characterized by UV-vis spec
trophotometry: \max = 470 nm, e = 8800 M"1 cm"1 (cf. lit. e470 = 8400 
M"1 cm"1 via a different synthetic route).1 

[Ru(bpy)2(py)0](PF6J2 was prepared from the Ru(II) complex by 
stoichiometric oxidation with cerium(IV) ion in 1 M HClO4 as described 
previously,1 except that a solution of NH4PF6 was added dropwise to 
precipitate the product. The product was collected by filtration, washed 
with distilled water, and then recrystallized from hot distilled water, 
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collected as above and dried in vacuo over P2O5. Samples were char
acterized by UV spectrophotometry.1 

Measurements. Routine UV-vis spectra were obtained in 1-cm silica 
cuvettes (Nippon Seiki Glass) with either a Bausch and Lomb Spectronic 
210 or a Varian 634 spectrophotometer fitted with thermostated cell 
holders. Precision measurements for the spectrophotometric titration of 
[Ru(bpy)?(py)(OH2)]2+ vs. [OH'] were performed on a Cary 171 in
strument interfaced at 10 bit precision with a Commodore 4032 micro
computer system and a Hewlett-Packard 7470A digital plotter. The 
spectra were smoothed with use of a quartic polynomial least-squares 
routine16b prior to extraction of single wavelength absorbance vs. pH data 
at the peak maxima 335.5, 364.5, 470, and 506 nm. A total of 14 spectra 
were obtained over the pH range 6.6-12.88, using volumetric dilutions 
from stock solutions of NaOH, Na2SO4, and the Ru(II) complex in 
C02-free distilled water. 

The pH of solutions used for kinetics measurements was determined 
with a Radiometer Model 62 pH meter and type C glass electrode vs. 
SCE after calibration with standard buffers at 25 0C. The spectropho
tometric titration of [Ru(bpy)2(py)(OH2)]2+ vs. [OH-] at an ionic 
strength of 0.10 M (Na2SO4) was performed with a Radiometer Model 
28 pH meter with Ross type pH electrodes (Orion) after calibration with 
Merck Titrisol buffers in C02-free distilled water. To avoid measurement 
errors above pH 10 with the sodium ion electrolytes, calibration curves 
of pHmeaj vs. pOH were determined over the range 10"4 to 10"1 M NaOH 
at an ionic strength of 0.10 M (Na2SO4) and fitted to a quadratic pol
ynomial by nonlinear least-squares regression,16b yielding an accurate 
measure of pOH. To correct measurements below pH 10 to pOH the 
value of pATw must be known. The value of pATw for Na2SO4 media has 
been determined by Akerlof at a number of concentrations." These data 
were interpolated to 0.03333 M Na2SO4 (/ = 0.10 M) by a quadratic 
fit for the nearest three measurements, yielding a value of pATw = 13.747 
at 25 0C. Values of pOH obtained from pHmeM and the pKw agreed well 
with those calculated from the calibration curve. For D2O solutions pOD 
was determined directly with use of volumetric dilutions from a stock 
solution of NaOD in D2O, calibrated by titration with HCl obtained by 
volumetric dilution from freshly opened 12.23 M HCl. The pOD values 
based on dilution were checked by using the pH meter with use of the 
relationship pD = pHmMS + O.4.18 

Electrochemical measurements were made with either a Princeton 
Applied Research Model 173 or a custom made operational amplifier 
based potentiostat in conjunction with a custom made triangle wave 
generator," and Au disk working electrode, a platinum wire auxiliary 
electrode, and a saturated sodium chloride calomel reference electrode 
(SSCE). The electrochemical cell was a three-compartment type with 
medium porosity glass frit separators, thermostated by immersion in a 
Colora WK-5 water bath. The reference electrode remained at room 
temperature (21-23 0C). Prior to each experiment the Au disk working 
electrode was polished with 0.25 ^m diamond paste on microcloth 
(Buehler), rinsed with distilled water, and then pretreated by cycling past 
the anodic and cathodic limits in 0.01 M H2SO4. Controlled potential 
bulk electrolysis was performed by using the same cell arrangement with 
Pt gauze working and auxiliary electrodes and the SSCE reference 
electrode in conjunction with a P.A.R. 173/179 coulometry system. 
Electrolysis was terminated after the calculated number of coulombs had 
been passed and the background current had fallen below 1% of the initial 
current. 

Kinetics measurements were made on an Aminco-Morrow Stopped-
Flow apparatus attached to a Beckman DU monochromator under 
pseudo-first-order conditions (10-fold excess). The temperature of the 
reactant solutions was measured by using a calibrated thermistor 
(Omega) deeply embedded between the drive syringes in the thermo-
stating block of the stopped-flow apparatus. For measurements away 
from room temperature the Teflon/quartz observation cell, which is not 
well thermostated in this apparatus, was flushed several times to ensure 
temperature equilibration of the system before acquisition of data. The 
transmission decay traces from the photomultiplier tube were converted 
to absorbance decays with use of a logarithmic amplifier of our design 

(16) (a) Johnson, K.J. Numerical Methods in Chemistry; Marcel-Dekker: 
New York, 1980; Chapters 5 and 7. (b) The FORTRAN programs NON-
LIN, SMOOTH, and RUNGE-KUTTA of ref 16a have been translated to 
Microsoft BASIC for use on Commodore computers and are available on 
request, (c) A kinetics package comprising data acquisition, disk storage, 
curve fitting, plotting, printing and digital simulation for pseudo-first- and 
second-order reversible or irreversible systems is available in Commodore 
BASIC 4.0 on request. 
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(18) Perrin, D. D.; Dempsey, B. Buffers For pH and Metal Ion Control; 

Science Paperbacks, Chapman and Hall: London, U.K., 1974. 
(19) Woodward, W. S.; Rocklin, R. D.; Murray, R. W. Chem., Biomed. 

Environ. Instrum. 1979, 9, 95. 

based on an Analog Devices 757P module and then conditioned by an 
operational amplifier based filter circuit with selectable time constant, 
which was set to 0.1 X the observed decay time. The resulting expo
nential traces were acquired in digital form by using a Biomation Model 
1010 waveform recorder and either replotted on a Hewlett-Packard 
Model 7015B X-Y chart recorder and then manually entered into a 
Commodore microcomputer via a Hewlett-Packard 7470A digital plotter 
in digitizing mode or entered directly into the microcomputer via an 
IEEE-488 interface to the Biomation 1010. In either case the kinetics 
traces were fitted first by linear least-squares regression as log,, (A - A„) 
vs. time with the Commodore microcomputer over a range of 2.5 to 3 
half-lives to obtain the pseudo-first-order rate constant, kohsi (s"1). 

The comproportionation reaction (eq 1) was followed at 470 nm after 
mixing equal volumes of 2 X lO"4 M [Ru"(bpy)2(py)(OH2)]2+ (e = 8800 
M"1 cm"1) and 2 X 10"5 M [RuIV(bpy)2(py)(0)]2+ (e =* 300 M"1 cm"1) 
both in neat aqueous solution and in buffer/Na2S04 electrolyte (/ = 0.10 
M) over the range 2 < pH < 10. Above pH 10 the reaction was followed 
at 505 nm, a maximum for [Ru"(bpy)2(py)(OH)] + (e = 8330 M"1 cm"1), 
in a medium of NaOH/Na 2S0 4 (7 = 0.10 M). For D2O solutions the 
pD range was restricted to 6—13, with the use of NaOD/Na2S04 elec
trolyte (/ = 0.10 M). Since the Ru(IV) complex was not stable for long 
periods in alkaline solution, due to self-oxidation of the ligands,20 the 
Ru(IV) solutions were prepared in 0.0333 M Na2SO4 solution and the 
Ru(II) complex in the buffer solution. The pH was measured both before 
and after mixing the Ru(II) and Ru(IV) solutions to obtain the pOH 
value as described above. The values of pOH for pH > 10 compared very 
well with calculated values of free [OH-] using the value of pATb = 3.20 
for [Run(bpy)2(py)(OH)]+ determined spectrophotometrically (see be
low) and the total concentration of NaOH. The fitted pseudo-first-order 
decay curves gave correlation coefficients in the range 0.9995-0.99995. 

The kinetics analysis for the comproportionation reaction (eq 1), a 
second-order reversible system of the type 

A + B ;=± 2C 

[C]2 

[A][B] 

could be simplified under the conditions used ([A]0 = 10[B]0) as an 
irreversible pseudo-first-order decay, neglecting k„ for the range 2 < pH 
< 9, where AT00n, =* 72,1 since the reaction was driven to >99% comple
tion. Within this pH range the second-order rate constant, k'(^kf), was 
calculated with use of eq 3, where the molar concentration of the species 
in excess, [A]„, was calculated at the midpoint concentration of the 
absorbance range fitted in order to minimize the errors in the pseudo-
first-order approximation (±5%). The midpoint concentration was 

* ' - * * « . / [ A ] „ (3) 

calculated from the initial concentration, the total absorbance change, 
the calibrated path length, and the extinction coefficient difference at the 
wavelength of observation. 

For pH >9 the value OfAT00n, decreases with increasing pH (see below). 
For example, at pH 12.6, where the value of AT00n, a* 1, the pseudo-
first-order conditions used resulted in only 75% completion of the reac
tion. By using the Runge-Kutta algorithm,6b to solve the differential rate 
equation numerically for AT00n, = 1 and [A]0 = 10[B]0, the concentration 
decay curve was found to be almost perfectly exponential with k' ca \.5kf 

[Note: for AT00n, = 4 the A + B s=5 2C system gives perfect exponential 
decays with k' = 1.1 ks, regardless of the initial concentrations]. 
Therefore, kinetics data obtained in the range 9 < pH < 13 had to be 
fitted to the integrated rate law for a reversible second-order system,2' 

loge 

[(AT -A)(C1- C.) + KQ](C0 - C . ) 

[(A" - 4 ) ( C 0 - C J + KQ](C, - C ) 
(kjQ)t (4a) 

1 , Q = pA\[B]0 - [A]0)2 + 16AT[A]0[B]0]'/
2 (4b) 

using a weighted linear least-squares regression program for the Com-

(20) Roecker, L.; Kutner, W.; Gilbert, J. A.; Simmons, M. G.; Murray, 
R. W.; Meyer, T. J. Inorg. Chem. 1985, 24, 3784. 

(21) (a) Frost, A. A.; Pearson, R. G. Kinetics and Mechanism, 2nd ed.; 
John Wiley & Sons, Inc.: New York, 1961; Chapter 8. Note that the Q term 
in the paper is defined differently to avoid mathematical problems from the 
1/(AT- l)or 1/(AT-4) terms in this text, (b) Benson, W. W. The Founda
tions of Chemical Kinetics; McGraw-Hill: New York, 1960; Chapter 3. (c) 
Laidler, K. J. Chemical Kinetics, 2nd ed.; McGraw-Hill: New York, 1965; 
Chapter 1. (d) Espenson, J. H. Chemical Kinetics and Reaction Mechanism; 
McGraw-Hill: New York, 1981; Chapter 3. The unwieldy algebraic form 
given in this text, when corrected for missing brackets, reduces to the form 
used in the paper. 
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modore microcomputer,160 where C0, C1, and C„ are the concentrations 
of the species monitored (A or B) at times zero, t, and infinity, respec
tively, and K is the value of Kmm. The calculated weighting factors, 

W, 
(C, - C ) 

(C0 - C ) 
(4c) 

were applied to the data, as appropriate for the logarithmic transform, 
to allow the entire trace (3 - 5(^2) to be fitted without undue bias from 
data close to C„. The weighted second-order fits gave correlation coef
ficients between 0.9995 and 0.99999 despite fitting a larger segment of 
the curve than used for the first-order fits. 

The cross reaction (eq 2) was followed at 340 nm, a maximum for Ae, 
after mixing equal volumes of 2 X lO"4 [Ru"(bpy)2(py)(OH2)]2+ and 2 
X 10"5 M [RuI,r(trpy)(bpy)(OH)]2+ both in H20/buffer solutions over 
the range 3 < pH < 11 and in D20/NaOD solutions over the range 7 
< pD < 11 at / = 0.005 M (Na2SO4). The low electrolyte concentration 
was dictated by the rapidity of the reaction. The [Ru'"(trpy)(bpy)-
(OH)]2+ solution was prepared freshly for each run by electrochemical 
oxidation of the Ru(II) complex. The pH was measured both before and 
after mixing the Ru(II) and Ru(III) solutions. Under the conditions used 
the extent of reaction was about 95% for 3 < pH < 8 (AE"' = 0.056 V, 
K^ ^ 9). For pH >8, where [Ru"(trpy)(bpy)(OH2)]2+ (pKa =* 9.7) is 
deprotonated more easily than [Ru"(bpy)2(py)(OH2)]2+ (pA"a = 10.8), 
there is an increase in driving force for the reaction so that the extent 
of reaction approaches 100%. Therefore, a pseudo-first-order kinetics 
analysis (eq 3) was performed for the reversible second-order cross re
action. Since the decay times were rather short (20-40 ms) and the 
absorbance changes were small, the signal-to-noise ratio was diminished 
compared with the comproportionation reaction, and the fitted decay 
curves gave somewhat lower correlation coefficients (0.999-0.9995). 

Results 
Electrochemical Measurements. Cyclic voltammograms for 

solutions of [RuH(bpy)2(py)OH2]2 + and [Ru"(trpy)(bpy)OH2]2 + 

have been reported previously,''2'22 with both complexes displaying 
two reversible one-electron oxidation waves at slow sweep rates. 
The difference in half-wave potentials, AEi/2,com (eq 5), is a 
measure of the comproportionation equilibrium constant, A00111, 
for these systems. 

A£,/2 ,c o m = £ 1 / 2 ( I V / I I I ) - £ 1 / 2 ( I I I / I I ) (5a) 

AG°com = -nF*El/2fim (5b) 

Kcom = e x p ( - A G ° c o m / i ? r ) (5c) 

Previous studies have shown that the comproportionaion equi
librium for [Ru H I (bpy) 2 (py)(OH)] 2 + (eq 6) is favored in the 
forward direction by a free energy change AG° = -2.5 kcal /mor 1 

( b p y ) 2 ( p y ) R u ' v = 0 2 + + 

( b p y ) 2 ( p y ) R u I I - O H 2
2 + ; = ; 2 ( b p y ) 2 ( p y ) R u m - O H 2 + (6) 

(AEw21C0111 = 0.11 V, A00n, = 72) at 25 0 C over the range 2 < pH 
< 9. ' The comproportionation equilibrium for [Ru" ' ( t rpy)-
(bpy) (OH)J 2 + (eq 7) has been reported previously to be favored 

( t r p y ) ( b p y ) R u I V = 0 2 + + 

( trpyXbpy)Ru1 1—OH2
2 + ^ 2 ( t rpy ) (bpy)Ru m —OH 2 + (7) 

in the forward direction by a AG° =* - 3 kcal mol"1 (AiJw2>com
 = 

0.13 V, A-C0111 en 200) from cyclic voltammetry on a Au elec-
trode1 0 a ' " although more recent studies by differential pulse po-
larography and cyclic voltammetry at carbon paste and activated 
glassy carbon electrodes2"'22 have given AiJ ̂ ,com =* 0.09 V at 
neutral pH. In order to clarify this point the present work extends 
the investigation to include the temperature and solvent isotope 
dependences of these comproportionation reactions on Au elec
trodes under identical conditions. 

E1/2 values for the Ru( IV) / ( I I I ) and R u ( H I ) / ( I I ) couples 
obtained in a medium of 0.10 M LiClO4 + 0.01 M HClO4 in both 
H 2O and D2O (>99% D) from cyclic voltammetric measurements 

Table I. E1n Values vs. SSCE for the Ru(IV)/Ru(III) and 
Ru(III)/Ru(II) Couples of [Ru(bpy)2(py)(OH2)]2+ and 
[Ru(trpy)(bpy)(OH2)]2+ in H2O and D2O with 0.10 M LiClO4 + 
0.01 M HClO4" 

£l/2. 
T, 0 C IV/III 

V 

III/II 

[Ru(bpy)2(py)(OH2)]2+ 

5 0.832 

25 0.828 

25 (D2O)* 0.85, 

0.723 

0.720 

0.754 

[Ru(trpy)(bpy)(OH2)]2+ 

5 O.883 
10 0.882 

15 O.883 
20 0.88, 
25 0.880 

30 0.87, 
25 (D2O)* 0.91, 

0.766 

0.765 

0.766 

0.767 

0.76, 
0.766 

0.79, 

A£l/2,<:om, V 

it 1.1 X 10"3 M 

0.109 
0.108 
0.103 

at 3 x 10~4 M 

0.118 
0.117 
0.117 
0.114 
0.113 
0.111 
0.114 

" c o m 

94.4 
66.9 
55.1 

137 
121 
111 
91.2 
81.3 
70.1 
84.5 

0Au disk working electrode, Pt wire auxiliary electrode in three-
compartment cell. The SSCE reference electrode = +0.236 V vs. 
NHE. Sweep rates were 20 mV/s in H2O or 2-5 mV/s in D2O. 
6 Uncorrected for liquid junction potentials. Isotopic purity >99% D. 

(22) Cabaniss, G. E.; Diamantis, A. A.; Murphy, W. R.; Linton, R. W.; 
Meyer, T. J. J. Am. Chem. Soc. 1985, 107, 1845. 

(23) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Co
ordination Compounds, 3rd ed.; Wiley-Interscience: New York, 1978. 

Figure 1. Calculated pH dependence of the redox potentials vs. SCE for 
the couples [Ru IV(bpy)2(py)(0)]2+/[Ru" I(bpy)2(py)(OH)]2+ and 
[Ru11'(bpy)2(py)(OH)]2+/[Ru"(bpy)2(py)(OH2)]2+ at T = 25 0C. 

on solutions containing either [Ru(bpy) 2 (py)(OH 2 ) ] 2 + or [Ru-
(trpy)(bpy)(OH2)]2 + are summarized in Table I as a function of 
temperature. As noted previously, the Ru(IV)/(III) wave is only 
reversible at slow sweep rates (20 mV/s in H2O, 2 mV/s in D2O) 
on metal electrodes.1 This results in the peak current for the 
Ru(IV)/(HI) wave diminishing, relative to the Ru(III) / (II) wave, 
with increasing sweep rate. The sweep rate behavior of the Ru-
(IV)/( I I I ) wave has been ascribed to slow heterogeneous charge 
transfer rates arising from the proton demands of the couple.1'22 

The values of AEl/2jm and Acom for [Ru1^bPy)2(Py)(OH)J2 + 

given in Table I are valid only for the range 2 < pH < 9, where 
both the Ru(IV)/(III) and Ru(II I ) / ( I I ) couples have been shown 
to vary with pH according to the Nernst equation for a one-
proton/one-electron couple (-59 mV/pH).1 '20 For pH < 1 Ru(III) 
is present predominantly as the aqua complex, [Ru'"(bpy)2-
(py) (OH 2 ) ] 3 + (pA"a = 0.85),' so that the Ru( IV) / (HI ) couple 
assumes a two-proton/one-electron pH dependence (-118 mV/ 
pH) while the Ru( I I I ) / ( I I ) couple becomes pH independent, 
leading to increasing AiJ1/2cc,m and Acom values with decreasing 
pH. For pH >10 [Ru ! I (bpy) 2 (py)(OH 2 ) ] 2 + (pAa = 10.8)1 is 
deprotonated to form the hydroxo complex. Electrochemical 
measurements for this pH range have shown that the Ru(III) / (II) 
couple becomes independent of pH while the Ru(IV)/(III) couple 
continues to decrease with increasing pH, leading to decreasing 
values of A£ 1 / 2 c o m and KCQm with increasing pH.2 0 The pH de
pendence of these redox couples (Figure 1) can be calculated from 
eq 8 and 9 with use of the formal reduction potentials, iJ0 'iv/iii 
= +0.99 V and E°'m/ll = +0.78 V vs. SCE, determined previ-
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ously,1 where E]Vjm and £ni/n a r e t n e calculated potentials and 

£iv/m = £°'IV/IH " 0.05916[pH - log (AT3"
1 + [H+])] (8) 

•fi'iii/ii = -̂ "'111/Ii ~ 

0.05916[log (ATa
II[ + [H+]) - log (AT3" + [H+])] (9) 

AT3" and AT3
1" are the acid dissociation constants for the Ru(II) 

and Ru(III) aqua complexes, respectively. When the pATa values 
above are used, the redox potentials at pH 7 are calculated to be 
EU2 = +0.526 V for Ru(IV)/(III) and EU2 = +0.416 V for 
Ru(III)/(II). Similarly, the point at which the two couples in
tersect (AG0 = 0, AT00n, = 1) is calculated to be at pH 12.6. Thus, 
for pH > 13 the comproportionation (eq 6) is nonspontaneous in 
the forward direction. 

For solutions of [Run(trpy)(bpy)(OH2)]2+ measurements of 
£ ^ 2 vs. pH have been reported recently for the entire range 0 < 
pH < 13 with use of activated glassy carbon and carbon paste 
electrodes.23 The pH dependence of the Ru(IV)/(III) and Ru-
(III)/(H) couples followed the same trends as described above 
for [Ru"(bpy)2(py)(OH2)]

2+. From their extensive data Takeuchi 
et al.2a were able to estimate pATa values for the aqua complexes; 
[Ru111UrPyKbPy)(OH2)P+ (pATa e* 1.7) and [Ru»(trpy)(bpy)-
(OH2)]2+ (pAT3 <* 9.7). The values of Ei/2, A£1/2,com, and AT00n, 
at pH 2 given in Table I were therefore obtained with a mixture 
of the Ru(III) aqua and hydroxo complexes present. However, 
when eq 8 and 9 with the estimated pAT3 values above were used, 
the redox potentials at pH 7 are calculated to be E1J2 — +0.573 
V for Ru(IV)/Ru(III) and Eu2 = +0.482 V for Ru(III)/Ru(II). 
These values give the corrected value of &Eu2,wm — 0.091 V (AT00n, 
= 35, AG" = -2.1 kcal mol"1) appropriate for pH 7 at 25 0C, 
in agreement with the value of =*0.09 V (3 < pH < 9) reported 
previously.22 For pH > 10 the driving force for the compropor
tionation was found to decrease with increasing pH until AE^200n, 
= 0 V at pH =; 11.5. For pH >11.5 only a single wave was 
observed, decreasing at 30 mV/pH as expected for a one-
proton/two-electron couple.2a These observations are consistent 
with the Ru(IV)/(III) couple crossing the Ru(III)/(H) couple 
at pH =* 11.5 so that for pH >12 [Rum(trpy)(bpy)(OH)]2+ 

becomes unstable with respect to disproportionation. 
Kinetics Measurements. The kinetics of the comproportionation 

reaction (eq 1) between [Ru"(bpy)2(py)(OH2)]2+ and [RuIV-
(bpy)2(py)(0)]2+ have been reported in a previous communication 
to be first order with respect to both reactants.14 This reaction 
was investigated at 25 0C within the range 2 < pH < 13 for an 
ionic strength of 0.10 M (Na2SO4) in both H2O and D2O, and 
the results are summarized in Table II. The pH range of the 
investigation was limited at high pH by the fact that the reaction 
becomes pH dependent above the pAT3 for [Run(bpy)2(py)(OH2)]

2+ 

H2O + [RuIV(bpy)2(py)(0)]2+ + [Ru"(bpy)2(py)(OH)]+ -
OH" + 2[RuIII(bpy)2(py)(OH)]2+ 

for which AG° = 0 at pH c* 12.6 so that the reaction between 
Ru(IV) and Ru(II) becomes nonspontaneous for pH >13, since 
Ru(III) is unstable with respect to disproportionation. This 
situation arises from the difference in pH dependence between 
the Ru(IV)/(III) couple 

[RuIV(bpy)2(py)(0)]2+ + H2O + e -* 

[Runl(bpy)2(bpy)(OH)]2+ + OH" 

and the Ru(III)/(II) couple 

[Ru11KbPy)2(Py)(OH)J2+ + e - [Ru"(bpy)2(py)(OH)]+ 

A further experimental complication arises from the instability 
of Ru(IV)=O and Ru( I I I ) -OH for pH > 12,20 but the Hg-
and-based decomposition reactions are relatively slow and had 
no effect on the results reported here. 

Under the pseudo-first-order conditions used for the kinetics 
measurements the comproportionation reaction was driven to 
>99% completion at neutral pH but only to 73% completion at 
pH 12.7, so that the observed rate constant becomes faster than 
kf in basic media. Obtaining kf by using the full second-order 

400 500 600 700 

WAVELENGTH Cnm) 

Figure 2. Spectrophotometric titration of [Run(bpy)2(py)(OH2)]
2+ (\max 

= 335.5, 470 nm) with NaOH solution for 7 < pH < 13 at / = 0.10 M 
(Na2SO4), T = 22 0C. 

Table II. pOH or pOD Dependence of the Comproportionation 
Reaction between [RuIV(bpy)2(py)(0)]2+ and 
[Ru"(bpy)2(py)(0H2)]

2+ at 25 0C with / = 0.10 M (Na2SO4) 
pOH 

11.39 
7.85 
4.57 
3.81 
3.56 
2.66 
2.36 
1.74 
1.67 
1.28 
1.29 

pOD 

7.00 
4.12 
3.12 
2.12 
1.12 

N" 

1 
11 
12 
10 
9 

11 
11 
11 
7 
8 
9 

10 
8 
7 
9 
8 

w * 
^ C O m 

75.2 
70.7 
67.8 
50.7 
49.1 
15.7 
9.01 
2.39 
2.02 
0.85 
0.85 

70.7 
63.1 
32.1 

5.43 
0.58 

k, X 10"V M"1 s 

2.179 ±0.019 
2.179 ± 0.032 
2.066 ± 0.042 
1.841 ± 0.013 
1.469 ± 0.011 
0.698 ± 0.008 
0.472 ± 0.005 
0.317 ± 0.003 
0.293 ± 0.004 
0.258 ± 0.003 
0.252 ± 0.003 

0.135 ± 0.001 
0.142 ± 0.001 
0.160 ± 0.001 
0.164 ± 0.001 
0.166 ± 0.002 

"N = number of replicates averaged. 'Values calculated based on 
eq 8 and 9 with pATb = 3.2. cError bars are for one standard deviation 
of the mean. 

kinetics analysis requires independent knowledge of the com
proportionation equilibrium constant, AT001n, which can be calculated 
from the pH dependence of the redox couples (eq 8 and 9) provided 
that the pATa of [Run(bpy)2(py)(OH2)]

2+ is well determined. Since 
this pATa was previously measured at far higher ionic strength than 
used for the kinetics studies, the value was redetermined by 
spectrophotometric titration with NaOH (Figure 2) at an ionic 
strength of 0.10 M (Na2SO4). 

The smoothed values of absorbance vs. pHmeas at four wave
lengths were fitted to eq 10a by nonlinear least-squares regression, 
yielding an average value of pATa = 10.68 ± 0.005 (average 
standard deviation = ±0.04), which is close to the value of 10.79 

I 6X(HA) eX(A) I 

1 + I0(PH-P**) + 1 + ,0(P^-PH)) O 0 a ) 

determined previously at / = 1.0 M (Na2SO4).1 However, the 
more meaningful pATb value was obtained by fitting the absorbance 
data vs. the calibrated pOH measurements to eq 10b, yielding 
an average value of pATb = 3.20 ± 0.004 (average standard de
viation = ±0.05), which is somewhat higher than the value of 2.94 
obtained at / = 1.0 M (Na2SO4).1 The rate constants, kf, for 

I 6X(HA) eX(A) I 

1 + 10<P -̂P°H) + j + 10<pOH-p*b)j <10b> 
the comproportionation reaction (Table II) were obtained by the 
second-order analysis (see above) with K011n values calculated from 
the pOH dependence of the redox potentials and pATb = 3.20 to 
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D2O 

pOH on pOD 

Figure 3. pOH dependence (•) or pOD dependence (O) of the forward 
rate constant for the comproportionation reaction between [RuIV-
(bpy)2(py)(0)]2+ and [Ru»(bpy)2(py)(OH2)]

2+ at / = 0.10 M (Na2SO4), 
T= 25 0C. 

Si, 1 

Figure 4. Dependence of the rate constant for the comproportionation 
reaction between [Rulv(bpy)2(py)(0)]2+ and [Ru"(bpy)2(py) (OH2)I

2+ 

on solvent mole fraction of deuterium (X) without added electrolyte, / 
= 3.3 x 10-" M, T = 25 0C. 

obtain AE^.com an(^ hence A^om. The rate constants in D2O 
solution were corrected by assuming the same value for pKb since 
the absorbance vs. pOD behavior was very similar to that in H2O. 

The most striking feature of these results is the unusually large 
solvent isotope effect on the rate constant, with [kH20/kDl0] = 
16.1 ± 0.4 over a broad pH/pOH range at 25 0C, as shown in 
Figure 3. In the absence of supporting electrolyte (I = 3.3 X 
10"4 M), where A:H2o = (4-45 ± 0.03) X 104 M"1 s"1 at 25.3 0C, 
the solvent isotope effect is identical, with [&H2OMD2O] = 16.1 ± 
0.2 (Table III). Since the electrochemical measurements show 
that there is no significant difference in AG0^n, between H2O and 
D2O it follows that the large isotope effect is kinetic in origin. 
The kinetic isotope effect for pOH ^ 7 displays a linear depen
dence on the mole fraction of deuterium in the solvent, as shown 
in Figure 4. 

The pOH dependence of the forward rate constant in H2O was 
fitted to a model (eq 11) involving two forms of Ru(II), [Ru11-
(bpy)2(py)(OH2)]2+ being the dominant form for pH <10 and 
[Ru"(bpy)2(py)(OH)]+ predominating for pH >11, each reacting 
with [RuIV(bpy)2(py)(0)]2+ to yield the Ru(III) hydroxo complex. 

* ,= 

kt = 

koH + A:H20^b/[OH-] 

1 + Kb/[OH~] 

kOH + fcH2O10<e°H-P^ 

(Ha) 

( l ib) 

Table III. Temperature and Solvent Isotope Dependence for the 
Comproportionation Reaction between [RuIV(bpy)2(py)(0)]2+ and 
[Ru"(bpy)2(py)(OH2)]

2+ in H2O, HDO (X = 0.5), and D2O with / 
= 3.3 X 1O-4 M at pH or pD = 7 

solvent 

H2O 

HDOc 

D2O 

T, 0C 

5.0 
15.0 
20.0 
25.3 
30.0 
35.0 
45.0 
55.0 

25.3 

6.0 
15.1 
25.3 
35.0 
45.0 

N" 

11 
16 
15 
17 
13 
12 
16 
6 

18 

7 
16 
15 
14 
11 

fc'X 10"VM-1 s"1 

2.95 ± 0.10 
3.70 ± 0.05 
3.93 ± 0.03 
4.46 ± 0.03 
4.77 ± 0.05 
5.21 ± 0.04 
5.92 ± 0.03 
6.60 ± 0.03 

2.355 ± 0.015 

0.174 ± 0.003 
0.221 ± 0.004 
0.278 ± 0.002 
0.358 ± 0.007 
0.468 ± 0.012 

j + 10(pOH-P/cy 

Since the well-determined quantity was pOH in most of our 

"N = number of replicates averaged. 'Error bars are for one 
standard deviation of the mean. CX = 0.5, mole fraction of deuterium 
in a H20:D20 mixture. 

measurements, eq l i b was used to fit the data by nonlinear 
least-squares regression, yielding values of pKh = 3.23 ± 0.10, 
kHl0 = (2.174 ± 0.028) x 105 NT1 s"\ and k0H = (0.247 ± 0.024) 
X 105 M"1 s"1. The fit is shown as the solid curve in Figure 3. 
The value of pKb obtained from the kinetics agrees very well with 
the value of 3.20 ± 0.05 determined spectrophotometrically. 

The comproportionation reaction in D2O shows little dependence 
on pOD in the region of the pKb (Figure 3). The data were fitted 
to eq l ib with the value of kD20 held fixed, resulting in fitted values 
of pKb = 3.66 ± 0.21, and kOD = (0.165 ± 0.001) X 105 M"1 s'1. 
This fit is shown as the dashed curve in Figure 3. Refitting the 
experimental data by using the fitted value for pKb results in the 
corrected rate constant passing through a maximum near the pKb 

and decreasing rapidly for lower pOD values. This seems to 
indicate that the pKb in D2O is actually much closer to the value 
of 3.20 measured in H2O and that the fitted value is subject to 
a large uncertainty due to the very small change in rate constant 
with pOD. 

The temperature dependences of the rate constants for the pH 
independent pathway, in the absence of supporting electrolyte, 
are summarized in Table III. These data give quite linear plots 
of loge (k'/T) vs. (1/7), as shown in Figure 5, or logc [k') vs. 
(1/70, yielding, from linear least-squares fits, the activation pa
rameters in Table VI. 

The kinetics of the cross reaction (eq 2) between [Ru"-
(bpy)2(py)(OH2)]2+ and [Runl(trpy)(bpy)(OH)]2+, which is fa
vored in the forward direction by a driving force AE0' = 0.056 
V (AG0 = -1.3 kcal mol"1, Kmm =* 9) at neutral pH, were in
vestigated at 25 0C within the range 3 < pOH < 11 for an ionic 
strength of 0.005 M in both H2O and D2O, and the data are 
summarized in Table IV. Although less striking than for the 
comproportionation reaction, a solvent kinetic isotope effect of 
[^Hjo/^Djol = 5.8 ± 0.4 exists for pOH > 5, as shown in Figure 
6. Within experimental error the cross reaction also displays a 
linear dependence on the mole fraction of deuterium in the solvent 
(Figure 7). These are remarkable observations for such a simple 
M(III)/M(II) electron transfer reaction. Furthermore, unlike 
the comproportionation reaction there is a dramatic increase in 
the rate constant in the vicinity of the pKa of [Ru"(bpy)2(py)-
(OH2)]2+, where the "pseudo-self-exchange" reaction 

Ru"(bpy)2(py)(OH)+ + Rum(trpy)(bpy) (OH)2+ — 
Rum(bpy)2(py)(OH)2+ + Ru[I(trpy)(bpy)(OH)+ 

is accessible. With use of the value of pKh = 3.20 for [Ru"-
(bpy)2(py)(OH)]+, the observed values of &'vs. pOH were fitted 
by nonlinear least-squares regression to eq l ib , yielding values 
offc-H2O = (4.0 ± 0.4) X 105 M"1 s-1 and &OH = (4.4 ± 0.3) X 
107 M"1 s"1. Similar extrapolations from the limited data in D2O 
give a value of k0D =* 2.9 X 107 M"1 s"1. 
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Figure 5. Temperature dependence of the rate constant for the com-
proportionation reaction between [RuIV(bpy)2(py)(0)]2+ and [Ru"-
(bpy)2(py) (OH2)I2+ in H2O (•) and D2O (O) without added electrolyte, 
/ = 3.3 X 10"4M. 

1. 5 
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. 5 

• 
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D2O 

, 

• 

, °", 

-

Figure 6. pOH dependence ( • ) or pOD dependence (O) of the rate 
constant for the cross reaction between [Ru ln(trpy)(bpy)(OH)]2+ and 
[Ru»(bpy)2(py)(OH2)]2+ at / = 0.005 M (Na2SO4), T = 25 0C. 

Table IV. pOH or pOD Dependence for the Cross Reaction between 
[Rum(trpy)(bpy)(OH)]2+ and [Ru11JbPy)2(Py)(OH2)J

2+ at 25 0C 
with / = 0.005 M (Na2SO4) 

pOH 

10.99 
9.25 
8.30 
6.70 
5.14 
4.70 
3.00 

pOD 

7.32 
5.67 
4.61 
3.00 

A™ 
19 
19 
13 
20 
13 
7 

14 
12 
14 

k'x 10-5^M-1 s"1 

4.26 ± 0.18 
3.13 ± 0.10 
4.08 ± 0.21 
4.10 ± 0.12 
9.82 ± 0.54 
17.1 ± 0.37 

C 

0.706 ± 0.014 
0.780 ± 0.011 
11.5 ± 0.9 

C 

"N = number of replicates averaged. * Error bars are for one 
standard deviation of the mean. 'Too fast to measure. 

The temperature dependence of the rate constants for the pH 
independent pathway of the cross reaction ( / = 0.005 M) are 
summarized in Table V. The data give reasonably linear plots 
of loge (k'/T) vs. (I/T), as shown in Figure 8, or loge (k') vs. 
( 1 / r ) , yielding the activation parameters in Table VI. As for 
the comproportionation reaction, the rate difference between H 2O 
and D2O solution appears in the activation enthalpy, a feature 
that will be discussed below. 

Discussion 
The Comproportionation Reaction. From the pH dependence 

of the kinetics study (Figure 3), comproportionation between 

Figure 7. Dependence of the rate constant for the cross reaction between 
[RuIII(trpy)(bpy)(OH)]2+ and [Run(bpy)2(py)(OH2)]2+ on solvent mole 
fraction of deuterium (X) at I = 0.005 M (Na2SO4), T = 25 0C. 

1/7" x 10"" 

Figure 8. Temperature dependence of the rate constant for the cross 
reaction between [Ru ,"(trpy)(bpy)(OH)]2+ and [Ru"(bpy)2(py)-
(OH2)J2+ in H2O (•) and D2O (O) at / = 0.005 M (Na2SO4). 

Table V. Temperature and Solvent Isotope Dependence for the Cross 
Reaction between [Rum(trpy)(bpy)(OH)]2+ and 
[Ru"(bpy)2(py)(OH2)]2+ in H2O, HDO (X = 0.5), and D2O with / 
= 0.005 M (Na2SO4) at pH or pD ^ 7 

solvent 2",0C N" 

H2O 

HDOc 

D2O 

5.0 
15.0 
25.2 
35.0 

25.2 

5.0 
15.0 
25.2 
35.0 

14 
13 
13 
12 

18 

13 
18 
14 
4 

2.10 ± 0.02 
2.97 ± 0.08 
4.08 ± 0.21 
5.31 ± 0.18 

2.50 ± 0.04 

0.352 ± 0.005 
0.518 ± 0.007 
0.706 ± 0.014 
1.080 ± 0.020 

"N = number of replicates averaged. 'Error bars are for one 
standard deviation of the mean. cX = 0.5, mole fraction of deuterium 
in a H20:D20 mixture. 

R u l v = 0 2 + and Ru"—OH 2
2 + occurs by two well defined pathways 

which differ in the proton content at Ru(II) . The first pathway 
(eq 12), which is dominant in the range 2 < pH < 10, involves 
the Ru(II) aqua complex. In the second pathway (eq 13), which 

( b p y ) 2 ( p y ) R u I V = 0 2 + + ( b p y ) 2 ( p y ) R u " - O H 2
2 + * 

2 ( b p y ) 2 ( p y ) R u n l - O H 2 + (12) 

is favored for pH > 1 1 , the Ru(II) hydroxo complex is the re-
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Table VI. Summary of Thermodynamic and Kinetic Data for the 
Comproportionation and Cross Reactions at pH or pD ^ 7° 

AG°~, 
me- F s ' c X 10'4, A//', kcal mol"1 AS*, cal K"1 mol'1 kcal 

dium M"' s"1 [EJ, kcal mol-1 [A], s"1 mol"1 

Reaction 1: (bpy)2(py)Ru,v=02+ + (bpy)2(py)Run—OH2
1+ 

H2O
6 4.46 ± 0.03 2.33 ±0.13 -29.5 ± 0.4 -2.5 

[2.93 ± 0.10] [6.1 ± 1.1] X 106 

D2O
4 0.278 ± 0.003 3.86 ± 0.23 -29.8 ± 0.8 -2.4 

[4.43 ±0.15] [5.0 ± 1.5] x 106 

Reaction 2: (trpy)(bpy)Rum—OH2+ + (bpy)2(py)Ru"—OH2+ 

H2O
f 40.8 ±2.1 4.70 ±0.11 -17.1 ± 0.4 -1.3 

[5.28 ± 0.09] [3.0 ± 0.5] X 109 

D2O
c 7.06 ±0.14 5.65 ± 0.36 -17.3 ±1.2 -\.2d 

[6.23 ± 0.36] [2.7 ± 1.3] X 10' 
"Error bars are for one standard deviation. bI = 3.3 X 10"4 M (no 

added electrolyte). cl = 0.005 M (Na2SO4).
 d Assuming pATa(D20) =* 

P^3(H2O) = 1.7 for [Rum(trpy)(bpy)(OH2)]
3+, Af0' = 0.056 V (H2-

O); AE0' = 0.054 V (D2O) at pH 7. 

ductant and consequently the overall reaction must involve net 
H+ transfer from solvent. In comparing the two pathways there 

(bpy)2(py)Ru IV=02+ + (bpy)2(py)Ru»-OH+ + H2O - ^ 
2(bpy)2(py)Ru ,n—OH2+ + OH" (13) 

are two striking observations. The first is the considerable decrease 
in reactivity for the Ru(II) hydroxo complex with [&H2OMOH]25°C 

= 8.8. The second is the dramatic difference in the H 2 0 / D 2 0 
kinetic isotope effects for the two pathways with [A:H20/^D:o]25°c 

= 16.1 and [ W * O D F ° C = 1.5. 

There are some unusual features associated with the /cH2o 
pathway in addition to the dramatic H 2 0 / D 2 0 kinetic isotope 
effect. Compared with self-exchange rates for related reactions 
like [Ru(bpy)2(py)(Cl)]2+/+ or [Ru(bpy)3]3+/2+, the value of *H2O 
is surprisingly slow especially given its favorable driving force, 
AG0 = -2.5 kcal mol"1.24"26 The mechanism involved cannot be 
via an initial outer-sphere electron transfer 

(bpy)2(py)Ru IV=02+ + (bpy)2(py)Ru"-OH2
2+ -

(bpy) 2 (py)Ru m -0 + + (bpy)2(py)Ru'"-OH2
3+ (14a) 

followed by rapid proton transfer 
rapid 

(bpy) 2 (py)Ru i n -0+ + (bpy)2(py)Ru I I I-OH2
3+ -

2(bpy)2(py)Rum—OH2+ (14b) 

In addition to the normal activational requirements, an initial 
outer-sphere electron-transfer step (eq 14a) involves the free energy 
cost, A(/°'os, associated with the formation of the products, Ru-
(IH)-OH2

3+ and Ru(III)-O+, which are thermodynamically 
disfavored because of their nonequilibrium proton distributions. 
The free energy change for the initial step (eq 14a) can be cal
culated from 

AG°'0S = AG°'ion + A(7°'rxn (15a) 

AG°'im =-RT \ogs J ^ j (15b) 

where A(70/
rxn is the free energy change for the overall reaction 

(-2.5 kcal mol"1) and Ka] and K32 are the first and second proton 
ionization constants for [Runl(bpy)2(py)(OH2)]3+. By using the 
values p£a l = 0.85' and pA"a2 >1227 the initial free energy change 
for outer-sphere electron transfer is calculated to be AG0'M > 12.7 
kcal mol"'. Thus, the minimum free energy of activation for an 

(24) Callahan, R. W.; Keene, F. R.; Meyer, T. J.; Salmon, D. J. J. Am. 
Chem. Soc. 1977, 99, 1064. 

(25) Chan, M. S.; Wahl, A. C. J. Phys. Chem. 1978, 82, 2542. 
(26) (a) Sutin, N. Ace. Chem. Res. 1982, 15, 275. (b) Sutin, N. Prog. 

Inorg. Chem. 1983, 30, 441. 
(27) The pKa or [Ru'"(bpy)2(py)(OH)]2+ has not been determined di

rectly. However, the results of electrochemical measurements up to pH 13 
for both this complex and [Ru"I(trpy)(bpy)(.OH)]2+ show that pKa2 > 13. 

initial outer-sphere electron-transfer step is AG*0S = AG°'0S and 
the maximum rate constant can be calculated from the expression 

* = (vstKA) exp(-AG*0S//?D (16) 

where KA is the preassociation equilibrium constant for the 
reactants and cet is the frequency factor for electron transfer.26 

Using a value of v„KA =; [kBT/h] = 6.2 X 1012 s"1 gives k =S 3 
X 103 M"' s"1 at 25 0C, which is considerably less than the 
experimentally observed value of kHl0 = 2.18 X 105 M - ' s"1 or 
A:D2o = 1.35 X 104 M"1 s"' (/ = 0.10 M) but close to the value 
observed in D2O without added electrolyte, where kDl0 = 2.78 
X 103 M- ' s_1 at 25 0C. In fact, if just the activational requirement 
expected for an outer-sphere reaction arising from solvent dipole 
reorientation were included,26 the calculated maximum rate 
constant would be considerably less than the value above. 

From the magnitude of the kinetic isotope effect it is evident 
that in the redox step associated with the kH20 pathway (Figure 
3) there is considerable proton, as well as electron, transfer 
character. The linear dependence of kHl0

 o n mole fraction of 
added deuterium (Figure 4) reveals that the H/D isotopic frac
tionation factor for the bound H2O molecule in [Ru(bpy)2-
(py)(OH2)]2+ is close to unity, comparable to bulk water, and 
further that, to any significant degree, only a single proton is 
involved in the proton coupled redox step.28 

Although mechanistically complex, as shown by the large H/D 
kinetic isotope effect, there is a clear thermodynamic advantage 
for the direct proton coupled electron transfer pathway in reaction 
12. The initial products of the reaction, [Ru'"(bpy)2(py)(OH)]2+, 
are formed with the proton composition appropriate to the pH 
of the medium, avoiding the "high energy" intermediates, 
[Runl(bpy)2(py)(OH2)]3+ and [Rum(bpy)2(py)(0)]+, required 
by an outer-sphere electron transfer pathway. 

Above pH 10.8, where [Ru"(bpy)2(py)(OH)]+ is the dominant 
form of Ru(II), the proton coupled pathway (eq 12) becomes 
thermodynamically disfavored with increasing pH, due to the 
decreasing equilibrium concentration of the Ru(II) aqua ion. 
Eventually, a second pathway (eq 17a,b) involving [Ru"(bpy)2-
(py)(OH)]+ as the reductant appears for which electron transfer 
to Ru(IV) is the rate-determining step. 

(bpy)2(py)Ru IV=02+ + (bpy)2(py)Ru"-OH+ • 
(bpy)2(py)Runl—O+ + (bpy)2(py)Rum— OH2+ (17a) 

rapid 
(bpy)2(py)Ru I»-0+ + H2O • 

(bpy)2(py)Ruln—OH2+ + OH" (17b) 

Since there is no thermodynamic advantage for a proton coupled 
redox step in the alternative pathway involving the Ru(II) hydroxo 
ion, there is a dramatic increase in the H 2 0/D 2 0 kinetic isotope 
effect for pH >10 to a final value consistent with expectations 
for a typical outer-sphere electron transfer.29 Indeed, there is 
no reason to believe that the reaction does not proceed via an initial 
outer-sphere electron transfer (eq 17a) followed by a rapid H+ 

transfer from solvent (eq 17b). However, the rate constant ^0H 
= 2.47 X 104 M"1 sM is still well below that expected for a simple 
outer-sphere reaction. For example, in the cross reaction between 
[Runl(trpy)(bpy)(OH)]2+ and [Ru"(bpy)2(py)(OH)]+, where 
there are no proton transfer restrictions on an initial outer-sphere 
electron transfer step, £(25 0C) = (4.4 ± 0.3) X 107 M"1 s"1. 
However, for the k0H pathway there is an additional free energy 
cost arising from the appearance of R u " ' - 0 + as a product. At 
a pH value sufficiently high that pH ^ pKa2 for [Ru'"(bpy)2-
(py)(OH2)]3+, the Ru(III) products in reaction 17a would be 
formed in their equilibrium proton compositions. The fact that 
k0H is relatively slow suggests that pKa2 » 12 for the Ru(III) 
complex.27 

(28) Albery, W. J. Proton Transfer Reactions; Caldin, E., Gold, V., Eds.; 
Wiley-Interscience: New York, 1975; Chapter 9. 

(29) (a) Guarr, T.; Buhks, E.; McLendon, G. J. Am. Chem. Soc. 1983, 
105, 3263. (b) Yee, E. L.; Cave, R. J.; Guyer, K. L.; Tyma, P. D.: Weaver, 
M. J. J. Am. Chem. Soc. 1979, 101, 1131. 
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Scheme II 

IV 2 + 

b2(py>RuII-OH2
2+ 

inner sphere i n m 4+ 
Cb2(py)Ru —0—Ru (py)b2: + 

H2O 

KA = 
4TrTV3 

3000 
exp(-w,/RT) (18) 

H- atom „, , , H I 2+ 
2b2(py)Ru (OH) 

outer-sphere i n + 
b2(py)Ru (0) + 

b2(py)Rum(OH2)3+ 

I I I 2+ 
2b2(py)Ru (OH) 

Details of the Comproportionation Mechanism. In principle, 
there are a series of accessible pathways for the reaction between 
[RuIV(bpy)2(py)(0)]2+ and [Ru"(bpy)2(py)(OH2)]2+; three of 
the more likely are shown in Scheme II. The inner-sphere 
pathway, which involves displacement of H2O from [Ru11-
(bpy)2(py)(OH2)]2+ and oxo-bridge formation, is potentially of 
significant synthetic value for the preparation of oxo-bridged 
dimers but is apparently too slow to play an important role in 
aqueous solution. The ju-oxo-bis(pyridyl) dimer is a known 
compound, but it has been prepared by displacement of H2O in 
the corresponding diaqua dimer and not by reaction between 
Ru(II) and Ru(IV).8c An inner-sphere mechanism has been 
proposed to account for the oxidation of [Run(NH3)5(S)]2+ (S 
= acetone) by ClO4" or O2 in acetone solution via steps like30 

Ru(NHj)5(S)2+ + ClO4- ^ Ru(NH3)5(0-C103)+ + S 

Ru(NH3)5(0-C103)+ — Ru IV(NH3)5(0)2+ + ClO3-

Ru'v(NH3)5(0)2 + + Ru"(NH3)5(S)2+ — 
(NH5)5Ru I I I-0-Ru" I(NH3)5

4+ 

In dry acetone there is no possibility of the appearance of the 
proton coupled electron transfer pathway, labeled "H-atom" in 
Scheme II. However, in aqueous solution, where the Ru(II) 
reductant has a bound aqua ligand, the more facile H-atom 
pathway dominates and there is no sign of formation of the highly 
colored oxo-bridge dimer. 

The energetic factors which make the outer-sphere pathway 
disadvantageous have already been discussed. However, an 
outer-sphere pathway does exist but it is not competitive with 
H-atom transfer. Furthermore, the H-atom transfer pathway is 
accessible only because of the special nature of the reactants—the 
R u l v = 0 site is an electron-proton acceptor and the Ru11—OH2 

site is an electron-proton donor. With less adequately constituted 
reactant partners or, for example, at a solid electrode, the out
er-sphere pathway may be the only accessible pathway leading 
to relatively slow electron-transfer kinetics. 

The mechanism for the H-atom pathway must involve initial 
preassociation of the reactants followed by the critical redox step. 

Scheme III 

b 2(py)Ru , v=0 2 + + 

b2(py)Ru"—OH2
2+ ; = ± 

b2(py)Ru IV=02+ ,H—0(H)—Runb2(py)2+ 

b2(py)Ru IV=02+ ,H—O(H)—Ru"b2(py)2+-^ 
b2(py)RuIn—OH2+,HO—Ru inb2(py)2+ 

b2(py)Rum—OH2+,HO—Run,b2(py)2+ rapid 

2b2(py)Ru,n—OH i i i _ r > H 2 + 

(b = 2,2'-bipyridine) 

An estimate for the magnitude of the preassociation equilibrium 
constant, KA, for two spherical reactants is available from the 
Eigen-Fuoss equation 

(30) Baumann, J. A.; Meyer, T. J. Inorg. Chem. 1980, 19, 345. 

where d is the separation between reactants (A), N0 is Avagadro's 
number, and wT is the electrostatic contribution to the free energy 
for bringing together the two reactants.26 However, the rather 
severe structural constraints associated with the proton coupled 
electron transfer step must necessarily impose a considerable 
element of orientational demand as well which will appear in the 
experimentally observed rate constant and in the activation pa
rameters for the reaction. On the basis of Scheme III, the ex
perimentally observed rate constant is given by 

k, = knK,' (19) 

where the statistical factor associated with the required relative 
orientation of the reactants for occurrence of the proton coupled 
electron transfer is included in K11'. 

There is another factor which may complicate the preassociation 
step. From the X-ray crystallographic work of Bino et al. on 
hydroxo/aqua complexes,31 it appears that there is a special 
stability associated with H-bonding between coordinated hydroxo 
and aqua groups 

M — 0 — H -

at least in the solid state. It is conceivable that a related interaction 
exists in solution between R u I V = 0 2 + and Ru"—OH2

2+ as 

_ IV _2+ 
RU = 0 •• H - O — R u ' 

prior to H-atom transfer. However, there is no evidence for 
protonation of the oxo complex even in strongly acidic media, and 
it is the electron transfer component of the "proton coupled electron 
transfer" act that creates a proton affinity at the Ru(IV) site. 

The evidence suggesting that there is a concerted proton-
electron transfer in the redox step has been presented above. For 
convenience this pathway is described here as H-atom transfer 
although it is important to note that in no sense of the phrase is 
there a literal transfer of an H-atom between the reactants. If 
a discrete H-atom were formed on a time scale long enough to 
reach thermal equilibrium with the surrounding medium 

b2(py)Ru I V=02 + ,H—O(H)—Ru"b2(py)2 +^ 
b2(py)Ru IV=02+,H,0(H)—Ru"'b2(py)2+ (2Oa) 

and then transferred 
rapid 

b2(py)Ru IV=02+ ,H,0(H)—Rumb2(py)2+ • 
b2(py)RuHI—OH2+,0(H)—Rumb2(py)2+ (20b) 

the net energy cost would be prohibitive. From redox potentials 
for the [Rum(bpy)2(py)(0H)]2+/[Ru"(bpy)2(0H2)]2+ and H + /H ' 
couples,32 the free energy for reaction 20a at pH 7 is AG0 a* 64 
kcal mor1. Rather, the key redox step is a complex event at the 
molecular level involving significant electronic-vibrational coupling 
and only in the net sense are the elements of an H-atom transfer, 
one electron-one proton, transferred from one redox site to another. 

There is sufficient information available to discuss the nature 
of the redox step in some detail. Electronically, the Ru(IV) 
acceptor site, [RuIV(bpy)2(py)(0)]2+, is a ground state magnetic 
singlet with a low-lying triplet.33 In the triplet state there is single 
electron occupation of each of a degenerate or nearly degenerate 
pair of dir levels, dxz and d^ in an axis system where the z-axis 
lies along the R u = O bond. The dir acceptor levels must be 
strongly mixed with filled p^ and py orbitals of the oxo ligand given 
the infrared evidence for multiple Ru-O bonding (^RU„O = 792 

(31) Bino, A. Coord. Chem. Rev., in press. 
(32) Latimer, W. M. Oxidation Potentials, 2nd ed.; Prentice-Hall: En-

glewood Cliffs, NJ, 1952; Chapter 3. 
(33) Dobson, J. C; Hatfield, W.; Meyer, T. J., work in progress. 
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Q ( O - H ) , (A) 

Figure 9. Harmonic oscillator description of the v0lt modes for the 
reactants (Ru"-OH) and products (Rum-OH) of the comproportiona-
tion reaction neglecting electronic coupling. The H-atom tunneling 
distance for H-bonded closest approach, case A, is AQ^ a* 0.5 A, while 
reaction from van der Waals contact, case B, implies AQ^ ^ 1.6 A. 

cm"1).1 Some of the most significant features of the redox step 
must be as follows: (1) There is no apparent basis for strong 
electronic coupling between the reactants in the association 
complex, [RuIV=0,H—O(H)—Ru"]4+, or initial redox products, 
[Ru"1-OH1O(H)-Ru1 1 1J4 + , since there is no ligand sharing 
between redox sites. Interactions between redox sites are con
strained to occur between the outer coordination spheres. The 
electron transfer component of the redox step involves the transfer 
of an electron from one of the filled dir orbitals at the (d7r)6 Ru(II) 
site to dxz or dyl at Ru(IV). (2) There is no spin prohibition to 
the net reaction, whether it involves the magnetic singlet or triplet 
states of Ru I V =0 2 + . (3) Strong e0H(Run) vibrationally induced 
electronic coupling between the d7r Ru(II) and d7r Ru(IV) states 
must be an important feature of the redox step. Arguing as 
Endicott et al. have done for inner-sphere reactions,34 a measure 
of the extent of electronic coupling is available from the energy 
difference between the intermediate state involving the appearance 
of a free H-atom, [Ru I V=0,H,HO—Ru"']4 + ( ^64 kcal mol"1 

for reaction 20a), and the experimental activation energy (£a-
(H2O) ^ 3 kcal mol"1). The intermediate H-atom state is a useful 
reference state for the limit of no electronic coupling. The 
magnitude of the implied P0H(Ru11) vibrationally induced electronic 
coupling between cl^d^ (RuIV), Is (H), and d7r (Ru") is im
pressive. (4) In contrast to electron transfer, the simultaneous 
transfer of both an electron and a proton involves no net charge 
transfer component and, therefore, no contribution to the acti-
vational requirements arising from the reorientation of solvent 
dipoles. (5) In the R u I V = 0 oxidant the electron and proton 
acceptor roles are at different sites in the molecule with Ru(IV) 
being the electron acceptor and the oxo ligand the proton acceptor. 

It is illustrative to consider the energetics of the redox step based 
on the normal coordinate-potential energy diagram in Figure 9. 
The most important vibrational contributions to the reaction must 
come from both vRu_0, which decreases >400 cm"1 from R u I V = 

O2+ to Ru11L-OH2+,1 and obviously v0H at Ru(II). The coordinate 
describing the H-atom transfer can be constructed from a linear 
combination of the I>0H(RU") ar>d "OH(RU1") normal modes of 
the reactants and products. The potential energy curves in Figure 
9 were constructed by using the harmonic oscillator approximation 
with force constants fc(O-H) = 6.61 mdyn A"1 and a vibrational 
spacing of 3450 cm"'.23 For the deuteriated case, shown as the 
dashed lines, the vibrational spacing is 2510 cm"1, based on the 
greater reduced mass. The tunnelling distance for the H-atom 
transfer was calculated as the difference between the RuO—H 
bond length (=^0.96 A) and the RuOH-O=Ru contact distance. 
Two limiting cases are shown in Figure 9 with case A representing 
the closest known (O—O) distance of =^2.4 A in strongly hydrogen 
bonded systems,35 [RuOH-O=Ru = 1.44 A, Ag1^(O-H) = 0.48 

(34) Endicott, J. Prog. Inorg. Chem. 1983, 30, 141. 

A], while case B is for reaction from van der Waal's contact at 
a R u O H - O = R u distance of ^2.6 A,35 [(O-O) = 3.6 A, 
Ageq(0—H) = 1.64 A]. The energy difference between the 
bottoms of the potential curves in Figure 9 was taken to be that 
for the overall reaction, AG0 = -0.11 V (-890 cm"1). 

The potential energy curves in Figure 9 illustrate the case of 
no electronic coupling between redox sites. Even at the closest 
possible approach between reactants, case A, there is a remarkable 
difference between the observed energy of activation (£a =a 1050 
cm"1) and that predicted classically for the contribution to £a from 
v0H at the intersection between the curves (~7400 cm"1). Clearly, 
vibrationally induced electronic coupling must play an important 
role in the reaction. A complete description of the v0H reaction 
coordinate must include the effects of nuclear motions on the 
extent of electronic coupling between the two redox sites and, 
hence, on the shape of the potential curves. In particular, the role 
of yRU_o (^92 cm"1) induced electronic coupling requires con
sideration since the v = 1 vibrational level is thermally accessible. 

The H/D kinetic isotope effect and its temperature dependence 
are also important characteristics of the reaction. The temperature 
dependences of isotope effects have been treated both in general 
and for simple outer-sphere reactions where electronic coupling 
is weak.26'36 Quantum mechanically, electron transfer occurs as 
a non-radiative transition from the vibrational levels of the 
reactants to the vibrational levels of the products. The rate 
constant for electron transfer depends on the magnitude of the 
overlap between the vibrational wave functions for the reactants 
and products. For the same vibrational quantum number, vi
brational overlaps for O-D vibrations lie lower in the potential 
energy curve than for O-H vibrations. The larger apparent Ea 

in D2O compared with H2O suggests that when the effects of 
electronic coupling are included there is an advantage in the 
deuterium case for thermal population of higher, electronically 
coupled levels where vibrational overlaps are larger. Because of 
the temperature dependence of &H2OAD2O> the H/D kinetic isotope 
effect increases with decreasing temperature. Although not ex
perimentally accessible, at very low temperatures where transitions 
occur only from v = O levels, the H/D kinetic isotope effect would 
be maximized and there would be no contribution to £a from v0H. 
The low temperature isotope effects could be considerably greater 
than the value obtained here near room temperature. For example, 
in recent work a temperature independent isotope effect of ^ 5 0 
was observed in the oxidation of benzyl alcohol by [RuIV-
(bpy)2(py)(0)]2+.37 

The Cross Reaction. As for the comproportionation reaction, 
kinetic studies show that the cross reaction between [Ru111-
(trpy)(bpy)(OH)]2+ and [Run(bpy)2(py)(OH2)]2+ also occurs by 
two pathways which differ in their pH dependences. The first 
pathway, which is dominant for 3 < pH < 9, is pH independent 
and the reaction is 

(trpy)(bpy)Rum—OH2+ + (bpy)2(py)Run—OH2
2+ — 

(trpy)(bpy)Run—OH2
2+ + (bpy)2(py)Runl—OH2+ (21) 

(AE0' = 0.056 V) 

The pH dependence of the observed rate constant (Figure 6) is 
consistent with a second pathway involving [Run(bpy)2(py)(OH)]+ 

as the reductant 

(trpy)(bpy)RunI—OH2+ + (bpy)2(py)Run—OH+ -* 
(trpy)(bpy)Run—OH+ + (bpy)2(py)Ruln—OH2+ (22) 

(AE0' =* 0.134 V) 

In contrast to the comproportionation reaction where [k0H/ 
^H2o]25°C = 0.114, there is a marked enhancement of k0H over 
&H2O for the cross reaction with [k0H/ kH20]

25°c =110. The rate 
enhancement dramatically illustrates the role of proton content 

(35) (a) The Hydrogen Bond Project, HBS-IOO, 1975, Institute of Chem
istry, University of Uppsala. Sweden, (b) Gordon, A. J.; Ford, R. A. The 
Chemist's Companion; Wiley-Interscience: New York, 1972; pp 107-115. 

(36) Buhks, E.; Bixon, M.; Jortner, J. / . Phys. Chem. 1981, 85, 3763. 
(37) Roecker, L.; Meyer, T. J. J. Am. Chem. Soc. 1987, 109, 746. 
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in determining both the observed rate and the mechanism. When 
there is no change in proton content between reactants and 
products as in reaction 22, a "normal" outer-sphere pathway exists 
without the intervention of any high-energy intermediates, and 
the observed rate constant approaches that expected from related 
studies on self-exchange reactions of polypyridyl complexes of 
ruthenium. 

For pH <1, where [Ru in(trpy)(bpy)(OH2)]3+ (ptfal c~ 1.7) 
and [Ru'"(bpy)2(py)(OH2)]

3+ (pATal = 0.85) become the dominant 
forms of Ru(III), a similar outer-sphere pathway would be ex
pected to exist between the aqua ions of the two complexes 

(trpy)(bpy)Rum—OH2
3+ + CbPy)2(Py)Ru11-OH2

2+ -> 
(trpy)(bpy)Ru»-OH2

2+ + (bpy)2(py)Ru<"-OH2
3+ (23) 

Presumably, if kinetic studies had been feasible at the higher ionic 
strengths required to reach this pH domain then an additional, 
relatively rapid pathway (eq 23) would also have appeared. 

Although not well defined, due to limited experimental data, 
the H/D kinetic isotope effect (koil/kOD) a* 1.5 (25 0C, / = 0.005 
M) for the fc0H pathway of the cross reaction is quite small, 
consistent with an outer-sphere mechanism.23,36 Although less 
dramatic than for the comproportionation reaction, the H/D 
kinetic isotope effect for the kH20 pathway (kH:p/kD20) = 5.8 (25 
0C, / = 0.005 M) is still significant. As shown by the data in 
Figure 7, the dependence of kH20 on mole fraction of deuterium 
is also linear, within experimental error, suggesting the partici
pation of a single proton site in the redox step. As for the com
proportionation reaction, a mechanism involving initial outer-
sphere electron transfer 

(trpy)(bpy)Ruin—OH2+ + (bpy)2(py)Ru"—OH2
2+ — 

(trpy)(bpy)Ru"—OH+ + (bpy)2(py)Rum—OH2
3+ (24a) 

followed by rapid H+ transfer steps 

(trpy)(bpy)Run—OH+ + H + - * (trpy)(bpy)Ru"—OH2
2+ 

(24b) 

(bpy)2(py)Ruln—OH2
3+ — (bpy)2(py)Ruin—OH2+ + H+ 

(24c) 

can apparently be ruled out on energetic grounds. By analogy 
with eq 15a,b, AG for the initial outer-sphere electron transfer 
step can be calculated from the expression 

J ^ai(H) ) 

KJm)+ A G ° ™ (25) 

From AG°'rxn = -1.3 kcal mol"1 and the K^ values for the aqua 
ions, [Ru"(trpy)(bpy)(OH2)]2+ (pATal = 9.7)2a and [Ru111-
(bpy)2(py)(OH2)]3+ (p*. , ' = 0.85),1 AG°'0S * +11 kcal mol"1, 
giving the maximum rate constant k cs 7.5 X 104 M ' s ', which 
is significantly less than the experimentally observed value of kHl0 

= 4.0 X 105 M"1 s_1. In D2O solution, where the value of kD20 

= 7.06 X 104 M-1 s"1, it is possible that the outer-sphere pathway 
may contribute to the observed rate, producing the lower value 
of the kinetic isotope effect than found for the comproportionation 
reaction. 

However, in H2O it appears that the cross reaction must occur 
by a "proton assisted electron transfer" or H-atom transfer 
mechanism, Scheme IV, in order to avoid the proton composition 
dilemma imposed by simple outer-sphere electron transfer. 

Scheme IV 

(trpy)(bpy)Ru ln(OH)2+ + 

(bpy)2(py)Ru"(OH2)2+ ^ 
( t rpy)(bpy)Ru I I I - (H)0 2 + ,H-0(H)-Ru"(bpy) 2 (py) 2 + 

( trpyXbpy)Ru1 1 1—(H)02 + ,H-0(H)-Ru"(bpy)2(py)2 +— 
(trpy)(bpy)Ru"—(H)O-H2+,0(H)—Runl(bpy)2(py)2+ 

(trpy)(bpy)Ru"—(H)O-H2+,0(H)—Runi(bpy)2(py)2+ 

rapid 
• (trpy)(bpy)RuII(OH2)2+ + (bpy)2(py)Rum(OH)2+ 

Scheme V 
IV V t < 0.11 V 

C b p y ) 2 ( p y ) R u — O H 3 + — 

( P K . < O ) ^ 

IV 2 + 0 53 V I H 2 + 
(bpy)2(py)Ru = 0 - (bpy)2(py)Ru — O H 

"lit PK1 > 13) 

< 0 . 1 7 V TTT 4-
I ( b p y ) 2 ( p y ) R u — O 

(b) 
(at pH 7 ) 

In comparing the apparently analogous pathways for com
proportionation and the cross reaction, there are some clear sim
ilarities and some notable differences: (1) Although there is no 
basis for strong electronic coupling between the reactants or initial 
products, because of the absence of ligand sharing between co
ordination spheres, strong v0H induced electronic coupling must 
play an important role in the reaction. In this case the possibility 
exists for a significant H-bonding interaction via 

R u m — 0 - - H — O — R u " 

I I 
H H 

precursor complexes.31 In principle, a mixed-valence structure 
of this type could exist in a "delocalized" state 

R U " ' 5 - 0 . . H . - 0 — R u " 

I I 
H H 

In the more usual ligand-bridged mixed-valence dimers the extent 
of electronic coupling plays a critical role in determining the extent 
of delocalization. However, in the outer-sphere, H-bonded case, 
the key is the influence of the O—H—O bond distance change 
on the electronic coupling between sites. (2) While variations in 
solvent or ionic strength may influence the equilibrium preasso-
ciation between the reactants, they are not expected to influence 
the rate of the redox step in any significant way due to the H+/e~ 
coupled nature of the redox process. (3) Although the origin of 
the H/D isotope effect lies in AH* (£a) for both the compro
portionation and cross reactions, the actual pattern of activation 
parameters is quite different. For the cross reaction both AH* 
(E3) and AS* (A) are considerably larger. A detailed interpre
tation of the origin of these variations is beyond our capabilities 
at present, but it may be a reflection of better electronic-vibra-
tional wave function overlap in levels above v = O, giving the 
reactions more of an appearance of classical activated complex 
behavior. 

Implications for Electron Transfer in Related Systems. The 
issues raised here concerning the role of protons in the electron 
transfer reactions of aqua ions are of general applicability and 
must unavoidably dictate their redox characteristics. A particular 
example is the common observation that for outer-sphere reactions 
such as the oxidation of [Ru(NH3)6]2+ by [Fe l n(H20)6]3+ and 
its conjugate base [Fem(H20)5(OH)]2+ in acidic solution the rate 
is diminished for the conjugate base compared with [Fe-
(H2O)6J3+.38 The explanation lies in the relative thermodynamic 
disadvantage of forming in the initial outer-sphere electron transfer 
step the conjugate base of the lower oxidation state, e.g., [Fe"-
(H2O)5(OH)]"1". For an outer-sphere pathway, if there is a change 
in proton content between the different oxidation states of a couple 
such a rate inhibition will always exist. This necessarily includes 
many electrochemical reactions at metal electrodes involving aqua 
ions and helps to explain why the heterogeneous charge transfer 
kinetics for such couples can be slow. The point is illustrated in 
Scheme V with use of the [RuIV(bpy)2(py)(0)]2+/[Ru,I,(bpy)2-
(py)(OH)]2+ couple at pH 7 as the example. If reduction of 
Ru(IV) to Ru(III) occurs either by outer-sphere electron transfer 
followed by proton gain (path b in Scheme V) or initial proton 
gain followed by electron transfer (path a in Scheme 5), high-
energy intermediates with regard to proton content are necessarily 
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involved. In path b the potential of the Ru(IV)/(III) couple is 
reduced because Ru(III) is formed in a non-equilibrium proton 
composition. In path a the potential is reduced because of the 
low equilibrium concentration of the protonated oxo complex. The 
problem is less severe for the Ru(III)/(II) couple where the 
relevant pATa values are ~ 1 for [Ruln(bpy)2(py)(OH2)]

3+ and ~ 11 
for [Ru»(bpy)2(py)(OH2)]2+. 

The "proton assisted electron transfer" or H-atom transfer 
pathway discussed here represents at least a partial solution to 
the dilemma posed by changes in proton content accompanying 
electron transfer. However, it is mechanistically more complex 
than outer-sphere electron transfer and as shown, for example, 
by reactions between [RuIV(bpy)2(py)(0)]2+ and [Ru"(bpy)2-
(py)(OH2)]2+ (eq 12) compared with [RuIV(bpy)2(py)(0)]2+ and 
[Ru"(bpy)2(py)(OH)]+ (eq 13) or between [Runl(trpy)(bpy)-
(OH)J2+ and [Ru"(bpy)2(py)(OH2)]2+ (eq 21) compared with 
[Rul"(trpy)(bpy)(OH)]2+ and [Ru"(bpy)2(py)(OH)r (eq 22), 
will probably only play an important role for those cases where 
the difference between reactants is one proton and one electron, 
i.e., an H-atom. Where such pathways appear, as indicated by 
appreciable H/D kinetic isotope effects, the term "H-atom 
transfer" refers to what is transferred between reactants in the 
net sense and not to the mechanism of the event. The details of 
the mechanisms involved are necessarily complex, involving time 
dependent electronic-vibrational coupling events which demand 
a quantum mechanical description in the limit where the Born-
Oppenheimer approximation is no longer valid. 

In some cases H-atom transfer may not be competitive with 
an initial outer-sphere electron transfer step followed by proton 
transfer. H-atom transfer pathways have been invoked previously, 

Rapid "charge recombination" by back electron transfer imposes 
rather severe restrictions on any energy storage scheme based on 
electron transfer quenching of molecular excited states in solution, 
e.g., eq 2 followed by 3.1 The recombination or back electron 

RuCbPy)3
2 + - ^ - R u ( b p y ) 3

2 + * (1) 

R u ( b p y ) 3
2 + * + P Q 2 + R u ( b p y ) 3

3 + + PQ- + (2) 

Ru(bpy>3
3 + + PQ*+ - R u ( b p y ) 3

2 + + P Q 2 + (3) 

(where bpy is 2,2 ' -b ipyr id ine; P Q 2 + is paraquat, 

Me—*N O / x O N ~̂~ M , ) 

* California State University. 
'University of North Carolina. 

most notably for the [Fe(H2O)6P
+Z2+ self-exchange reaction which 

displays a relatively small H/D kinetic isotope effect.39 Although 
the small isotope effect can be explained as a secondary effect 
on an outer-sphere mechanism,292 there is other experimental 
evidence for the existence of H-atom transfer pathways. For 
example, although outer-sphere oxidation of [Ru(NH3)6]2+ by 
[Fen l(H20)5(OH)]2 + is decreased by =*6 compared with 
[Fem(H20)6]3 + , the oxidation of [Ru(NH3)5(OH2)]2+ by [Fe-
(H2O)5(OH)]2+ is increased by a factor of =*6 compared with 
that of [Fe(H2O)6]

3"1".38 While the conventional interpretation 
of the origin of inverse acid terms in self-exchange reactions like 
[Fe(H20)6]3+/2+ is attributed to an inner-sphere pathway involving 
the redox partners [Fem(H20)5(OH)p+ and [Fe»(H20)6]2+, there 
is a clear possibility that such effects could have their origin in 
the H-atom transfer pathway, an issue that could be resolved by 
further studies in D2O. 
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transfer step is a bimolecular process, and it is possible to reduce 
its rate by modifying the microenvironment of the system such 
that diffusion is hindered. Several approaches for making such 
modifications have been explored, and the results are summarized 
in a recent review.2 One strategy has been to anchor the donor 
and acceptor sites on separate polymeric strands, thereby reducing 
their mobility and decreasing the rate of recombination.2-4 

However, if polymeric attachment reduces the rate of recombi
nation, it must also slow the second-order processes by which the 
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Abstract: 9-Methylanthracene (9-MeAn) is found to function as an efficient, sequential energy and electron transfer shuttle 
between chromophore and redox sites bound to separate strands of chemically modified polystyrene. Sensitized formation 
of the triplet excited state, 3(9-MeAn)*, occurs by energy transfer following visible irradiation of a polymer-bound polypyridyl 
complex of Ru(II), PS-(Ru"). In the presence of separate polymers containing reductive (phenothiazene, PS-PTZ) or oxidative 
sites (paraquat, PS-PQ2+), a series of subsequent electron transfer steps results in the transient generation of PS-PTZ1+ and 
PS-PQ'"1" and the net photoinduced production and separation of oxidative and reductive equivalents on separated polymers. 
The rate of recombination between PS-PQ"+ and PS-PTZ1+ by back electron transfer is reduced by a factor of 27 relative 
to an analogous system based on PTZ and PQ2+ monomers. 
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