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Abstract: Rate constants and activation parameters have been measured for the reactions between Fe(H2O)6
2+ 

and the ruthenium(III) complexes Ru(terpy)2
3+, Ru(phen)3

3+, Ru(bipy)3
3+, and Ru(bipy)2(py)2

3+. The net reac
tion is Fe(H2O)6

2+ + Ru(III) -•• Fe(H2O)6
3+ + Ru(II). Reduction potentials for the Ru(III)-Ru(II) couples 

are nearly the same (1.23-1.26 V), and the free energies of activation at 25° for the four net reactions are also 
nearly the same (9.4-9.5 kcal/mol). The calculated AH* and A S * values are remarkable. For the oxidants 
Ru(terpy)2

3+, Ru(phen)3
3+, Ru(bipy)3

3+, and Ru(bipy)2(py)2
s+ the AH* values are -2 .80 ± 0.50, -1 .35 ± 0.33, 

-0 .30 ± 0.05, and +0.30 ± 0.05 kcal/mol, respectively, and for A S * - 4 1 ± 4, - 3 6 ± 4, - 3 3 ± 3, and - 3 1 ± 
3 eu, respectively. It is concluded that the observed activation parameters are indicative of an activation process 
which differs in detail from the Marcus model for outer-sphere electron transfer. 

Various theoretical treatments have been given for 
outer-sphere electron transfer react ions . 1 - 4 Direct 

tests of the various theories have proven difficult, be
cause of the unavailability of necessary parameters. 
However, the treatment given by Marcus has led to the 
useful "cross reaction" equation (1) which has been 

fcu = (.hJcnKvf)1'' (1) 

tested experimentally for a variety of reactions involving 
metal ions.513 In eq 1 applying to a net reaction like 

Fe(H2O)6
2+ + Ru(bipy)3

s+ — > Fe(H2O)6
3+ + Ru(bipy)3

2+ 

kn is the rate constant for the net reaction, kn is the 
self-exchange rate for the Fe(H2O)6

 3 + / 2 + couple, k22 is 
the corresponding rate for the Ru(bipy) 3

3 + / 2 + couple, 
£12 is the equilibrium constant for the net reaction, and 

In / = (In K12Y/[4 In (fcn/c22/Z
2)] (2) 

where Z is the collision frequency between two neutral 
molecules in solution. 

We report here the rates and activation parameters 
for the reactions between the ruthenium(III) complexes 
Ru(terpy)2

3 + , Ru(phen) 3
3 + , Ru(bipy)3

3 + , or Ru(bipy)2-
(py)2

3+ and Fe(H2O)6
2 + (terpy is 2,2 ' ,2"-terpyridine, 

phen is 1,10-phenanthroline, bipy is 2,2'-bipyridine, 
and py is pyridine). Reduction potentials, Ru(III) + 
e —»• Ru(II) , for all four of the ruthenium complexes 
have been measured in acid solution and found to be 
essentially the same, 1.23-1.26 V.T The measurement 
of rates for the four reactions should provide a sensitive 
test for Marcus theory, since, for the series of reactions, 
kn is the same and Kn is nearly constant. In addition, 

(1) R. A. Marcus, Annu. Rev. Phys. Chem., 15, 155 (1964). 
(2) N. S. Hush, Trans. Faraday Soc, 57, 557 (1961). 
(3) W. E. Reynolds and R. W. Lumry, "Mechanisms of Electron 

Transfer," Ronald Press, New York, N. Y., 1966. 
(4) N. Sutin, Annu. Rev. Nucl. Sci., 12, 285 (1962). 
(5) R. G. Linck in "Transition Metals in Homogeneous Catalysis," 

G. N. Schrauzer, Ed., Marcel Dekker, New York, N. Y., 1971, Chapter 
7. 

(6) A. G. Sykes, Advan. Inorg. Chem. Radiochem., 10, 153 (1967). 
(7) A. M. Sargeson and D. Buckingham in "Chelating Agents and 

Metal Chelates," F. P. Dwyer and D. P. Mellor, Ed., Academic Press, 
New York, N. Y., 1964, p 269; F. P. Dwyer and E. C. Gyarafas, J. 
Amer. Chem. Soc, 76, 6320 (1954); A. A. Schilt, "Analytical Applica
tions of 1,10-Phenanthroline and Related Compounds," Pergamon 
Press, New York, N. Y., 1969, p 120. 

even small differences in k12, or in its associated activa
tion parameters, may reflect subtle differences in the 
activated complexes for the four reactions. 

Experimental Section 

Materials. Water used for the kinetic experiments was de-
ionized and doubly distilled from alkaline permanganate. 
Perchloric acid (Reagent ACS from G. F. Smith), eerie perchlorate 
(0.5 M Ce(IV) in 6 M HClO4 from G. F; Smith), and lead dioxide 
(Alfa Inorganics) were used without further purification. Ferrous 
perchlorate (G. F. Smith) was purified by recrystallization from 
perchloric acid. Stock solutions of Fe(H2O)6

2+ were made up in 
0.1 M HClO4. The concentrations of iron(II) were determined 
spectrophotometrically as the Fe(phen)3

2+ complex8 with a maxi
mum absorbance at 510 nm (c 11,100 M - 1 cm-1). 

Preparations. (A) Complexes of Ruthenium(II). The com
plexes Ru(terpy)2

2+, Ru(phen)3
2+, and Ru(bipy)3

2+ were prepared 
by heating at reflux a mixture of 1.0 g of RuCl3 • «H20 and stoichio
metric amounts of the appropriate ligands for ca. 3 hr in 50 ml of 
iv~,V-dimethylformamide (DMF). At the end of 3 hr, the DMF 
was slowly distilled off, until the solution volume was ~10 ml. 
The DMF solution which remained was added dropwise to a satu
rated solution of tetra-tt-butylammonium chloride in reagent grade 
acetone, which precipitated the chloride salts, Rutterpy^CU, Ru-
(phen)3Cl2, or Ru(bipy)3Cl2. The salts were collected on a frit and 
dried in vacuo. The complex [Ru(bipy)2(py)j](C104)2 was prepared 
according to the literature method.9 Satisfactory analytical re
sults were obtained for all complexes. 

(B) [Ru(bipy)2(py)2](CI04)32H20. [Ru(bipy)2(py)2][C104]2 
(0.3 g) was finely ground using a mortar and pestle. Ce(IV) (0.5 M 
in 6 M HClO4; 10 ml) was added dropwise with additional grind
ing. There was an immediate color change, with the suspended red 
Ru(II) complex giving a deep green solution. The green solution 
was added dropwise to ~20 ml of cold 0.1 M HClO4, which pre
cipitated a green solid. After stirring for 15 min, the precipitate 
was collected by filtration, washed with three 10-ml portions of cold 
0.1 M HClO4, and dried in vacuo, giving 0.28 g of the green solid 
[Ru(bipy)2(py)2][C104]3-2H20. Anal. Calcd for RuC30H30Nf-
Cl3Oi4: C, 39.80; H, 3.75; N, 9.28; Cl, 11.75. Found: C, 
39.79; H, 3.86; N, 9.17; Cl, 11.77. 

Attempts to isolate the other Ru(III) complexes as perchlorate 
salts by this method were unsuccessful due to their high solubilities 
in perchloric acid. 

(C) Solutions of Ru(III) Complexes. The Ru(III) complexes 
Ru(terpy)2

3+, Ru(phen)3
3+, Ru(bipy)3

3+, and Ru(bipy)2(py)2
3+ were 

generated in aqueous acidic solution by the oxidation of the corre
sponding Ru(II) complexes using either PbO2 or Ce(IV). The 

(8) W. B. Fortune and M. G. Mellor, Ind. Eng. Chem., Anal. Ed., 
10, 60 (1938). 

(9) F. P. Dwyer, H. A. Goodwin, and E. C. Gyarfas, Aust. J. Chem., 
16, 544 (1964). 
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Table I. Ultraviolet-Visible Spectral Data for the Ruthenium Complexes from 550 to 220 nm" 

Complex Max, nm6-

Ru(terpyy+ 316(27,900) 277(34,500) 253.5(33,200) 
RutterpyV+ 476(10,600) 307.5(51,600) 269(35,000) 
Ru(phen)3

s+ 356 (~9700) 270(79,000) 
Ru(phen)3

2+ 447.5(18,400) 422(17,600) 261.8(112,000) 222(85,000) 
Ru(bipy)3

3+ 418(~30O0) 313.8(42,800) 304(42,300) 243(34,700) 
Ru(bipy)3

2+ 453(13,800) 286.5(79,000) 252.5(21,800) 243.6(25,000) 
Ru(bipy)2(py)2

3+ 418 (~36O0) 313.8(44,200) 304(44,400) 243(35,800) 
Ru(WPyWPy)2

2+ 452(13,500) 286(80,500) 242.6(25,000) 

" The values for the Ru(III) complexes were obtained in 1.9 MHClO4 and for the Ru(II) complexes in 1.0 MHClO4. b Molar extinction 
coefficient values (± 5 %) are given in parentheses. 

ultraviolet-visible spectra of the Ru(III) complexes in solution were 
identical, regardless of the method used to generate Ru(III)—by 
Ce(IV) or PbO2 oxidation of Ru(II) or directly as the Ru(III) salt in 
the case of Ru(bipyMpy)2s+. Oxidation with PbO2 in 1.9 M 
HClO4 was the most convenient method and was the method used 
in most of the kinetic runs. 

Measurements. Ultraviolet-visible spectra were obtained using 
Cary Model 14, Guilford Model 240 and Unicam Model SP 800 B 
spectrometers. The stopped-flow spectrometer used for the kinetic 
studies was similar to that described by DuIz and Sutin10 but had 
certain modifications, i The drive system used had all-glass stopcocks 
with Apiezon ApIOO anti-seize grease and silicone O-rings (Southern 
Rubber Co., Inc.) in both the stop syringe and the eight-jet Teflon 
mixing chamber. The reservoirs for the reactant solutions were 
equipped with a gas dispersion tube for degassing purposes, sur
rounded by a water jacket for constant temperature control, and 
were positioned above the instrument giving a gravity assist for 
filling the drive syringes. The solution reservoirs, drive syringes, 
mixing chamber, and observation tube were thermostated by a 
Model 2074A Forma Scientific refrigerated constant temperature 
bath designed to control temperature to ±0.02°. 

Techniques for Kinetic Runs. All reactions were carried out 
under nitrogen using the stopped-flow spectrometer described 
above. The Ru(III) complexes were prepared immediately before 
each kinetic run by PbO2 oxidation of the corresponding Ru(II) 
complex in 1.9 M HClO4. The concentrations of Ru(III) were 
determined spectrophotometrically using known wavelengths of 
maximum absorbance and the appropriate extinction coefficients 
(see Table I in the Results Section). The Fe(H2O)6

2+ reactant solu
tions were made up in 0.1 M HClO4 so that after reaction with the 
Ru(III) complexes the final mixed solutions were 1.0 M in HClO4. 

The reactions were first order with respect to each of the reac-
tants. The kinetic runs were carried out under second-order con
ditions for which the integrated rate law, in terms of absorbance 
(A), is 

where Aa = A0 — Aa (or A„ — At) and A - At — Aa (or Aa — 
Ai) and At is the absorbance at time /. Plots of log \((b\a) — I)-
{AmiA) + 1] vs. time were linear for >90% of the reactions. 

Stoichiometry. The stoichiometrics for the oxidations of Fe-
(H2O)6

2+ by Ru(terpy)2
3+, Ru(phen)3

3+, Ru(bipy)3
3+, and Ru-

(bipy)2(py)2
3+ were determined by a series of mixing experiments in 

which known concentrations of the Ru(III) complex in 1.9 M 
HClO4 (prepared by either PbO2 or Ce(IV) oxidation of the corre
sponding Ru(II) complex) were allowed to react with excess ferrous 
ion in 0.1 M HClO4. After the solutions were mixed, the concen
tration of the Fe(II) which remained was determined spectrophoto
metrically. In all experiments it was found that a 1:1 mole ratio 
existed between the amount of Ru(III) added and the amount of 
Fe(II) which disappeared, indicating that the stoichiometrics are 

Ru(III) + Fe(H2O)6
2+ — > Ru(II) + Fe(H2O)6

3+ 

It was also shown spectrophotometrically that the Ru(III) com
plexes were converted quantitatively into the corresponding Ru(II) 
complexes in the reactions. 

Results Section 

In Table I are given the wavelengths of maximum 

(10) G. DuIz and N. Sutin, Inorg. Chem., 2, 917 (1963). 

absorbance and molar extinction coefficients for the 
Ru(III) and Ru(II) complexes studied here. Spectra 
for many of the complexes have been reported pre
viously;11-14 however, in some cases our values are 
sufficiently different (in part because of a difference in 
medium) that we report them here. Assignments for 
the electronic transitions in these complexes have also 
been reported.12,13 

The reduction potentials for the Fe(H2O)6
 3 + / 2 + 

couple and for the various Ru(III)-Ru(II) couples have 
been measured in aqueous acidic media. For the 
Fe(H20)6

3+/2+ couple in 1 M perchloric acid e = 0.74 
V and for the Ru(III)-Ru(II) couples in 1 M sulfuric 
acid,7 the values (in volts) are Ru(terpy)2

3+/2+, 1.23; 
Ru(phen)3

3+/2+, 1.26; Ru(bipy)3
3+/2+, 1.26; and Ru-

(bipy)2(py)2
3+/2+, 1.25. Although the potentials above 

are given in two different media, the values for the 
Ru(III)-Ru(II) couples are known to be relatively in
sensitive to the nature of the acid at constant acid 
strengths and so the values in 1 M H2SO4 were used to 
calculate overall free energy changes. 

Kinetics. The rate law for the oxidation of Fe-
(H2O)6

2+ by the various Ru(III) complexes was found 
to be 

-d[Ru(III)]/df = /C[Fe(H2O)6
2+][Ru(III)] 

where Ru(III) is Ru(terpy)2
3+, Ru(phen)3

3+, Ru-
(bipy)3

3+, or Ru(bipy)2(py)2
3+. The rate constants for 

all four reactions as obtained by stopped-flow kinetic 
measurements at various temperatures are given in 
Table II. 

The medium used for the kinetic runs (1 M HClO4) 
was chosen for several reasons. Both the reduction 
potential15 and the Fe(H2O)6

3+-Fe(H2O)6
2+ self-ex

change rate16 are known in this medium. Although 
values for both the Ru(III)-Ru(II)7 and Fe(H2O)6

3+/2+ 17 

potentials have been measured in 1 M H2SO4, in 1 M 
H2SO4 the formation of sulfato complexes of iron(II) 
is known to be important.18 Also, rate constants for 
related reactions have been found to be faster in sulfate 
media than in perchlorate media by factors of up to 

(11) J. D. Miller and R. H. Prince, /. Chem. Soc. A, 1048 (1966). 
(12) A. J. McCaffery, S. F. Mason, and B. J. Norman, J. Chem. Soc. 

A, 1428 (1969). 
(13) G. M. Bryant and J. E. Fergusson, Aust. J. Chem., 24, 275 

(1971); G. M. Bryant, J. E. Fergusson, and H. K. J. Powell, ibid., 24, 
257 (1971). 

(14) G. Ciantelli, P. Legittimo, and F. Pantani, Anal. CMm. Acta, 
53, 303 (1971). 

(15) W. C. Schumb, M. S. Sherrill, and S. B. Sweetser, J. Amer. 
Chem. Soc, 59, 2360 (1937). 

(16) J. Silverman and R. W. Dodson, J. Phys. Chem., 56, 846 (1952). 
(17) R. J. P. Williams, J. Chem. Soc, 135 (1955). 
(18) J. Beukenkamp and R. O. Herrington, J. Amer. Chem. Soc, 

82, 3022 (1960). 
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Table II. Rate Constants for the Oxidation of Fe(H2O)6

2+ by 
the Ruthenium(III) Complexes in 1.0 M HClO4 

Oxidant 

Ru(terpy)2
3+ 

Ru(phen)3
3+ 

Ru(bipy)3
3+ 

Ru(bipy)2(py)2
3+ 

T, 
0C 

35.0 
25.0 
15.0 
35.0 
25.0 
15.0 
35.0 
25.0 
15.0 
35.0 
25.0 
15.0 

k X 10~6, 
M - 1 sec - 1 

6 . 3 6 ± 0 . 3 1 
7 . 2 3 ± 0 . 3 6 
8 . 1 0 ± 0 . 8 8 
7 . 7 4 ± 1.33 
8.04 ± 0 . 5 0 
8 . 4 4 ± 0 . 4 3 
6 . 5 6 ± 0 . 4 4 
6.41 ± 0 . 3 8 
6 . 3 5 ± 0 . 4 2 
6 . 7 4 ± 0 . 5 6 
6 . 3 8 ± 0 . 4 4 
6.08 ± 0 . 3 2 

No. of 
runs 

6 
6 
7 
6 
6 
6 
6 
6 
8 
9 
8 
8 

« ±0.3°. 

9.8.19'20 Since the reactions reported here are so rapid, 
rate enhancements of this magnitude would have made 
the rates difficult to measure. 

In all of the kinetic runs, one reactant was present in 
at least a twofold excess. The observed second-order 
rate constants were independent of whether Fe(H2O)6

2+ 

or the Ru(III) complex was the reactant in excess. 
The reactions were studied using various concentra
tions of Fe(H2O)6

2+ (2 X 10"6 to 11.90 X IO"5 M) and 
of Ru(III) (1.06 X 10-5 to 8.70 X 10~6 M) and at 
various wavelengths where the absorbance changes were 
maximized. Calculated rate constants for all reactions 
were found to be independent of the wavelength used 
in the kinetic runs. The error limits for the k values in 
Table II are standard deviations calculated from the 
results of at least six separate kinetic runs. It should 
be noted that our determination of the rate constant 
for the oxidation of Fe(H2O)6

2+ by Ru(bipy)3
3+ at 25° 

in 1 M HClO4 ((6.41 ± 0.38) X 105 sec"1) compares 
well with the value obtained by Gordon, Williams, and 
Sutin19 (7.2 X 105 M - 1 sec-1) under similar conditions. 

An extraordinary feature of the data in Table II is 
that for both Ru(terpy)2

3+ and Ru(phen)3
3+ as the 

oxidants, the observed rate constants increase as the 
temperature decreases. For all four reactions the rate 
constants are only slightly temperature dependent. 

Activation Parameters. The activation parameters 
for the four reactions were determined from plots of 
In k/T vs. 1/7 using the expressions from reaction rate 

k = (kBT/h)e-AG*/RT AG* = AH* - TAS* 

theory. The results are given in Table III. The reac
tion rate theory expression was used rather than the 

Table III. Activation Parameters for the Oxidation of Fe(H2O)6
2 + 

by the Ruthenium(III) Complexes in 1.0 M HClO4 

Oxidant 

Ru(terpy)2
3+ 

Ru(phen)3
3~ 

Ru(bipy)3
3J" 

Ru(bipy)2(py)2
3* 

AG*, 
kcal/mol 

(25°) 

9 . 4 0 ± 1.9 
9 . 4 0 ± 1.5 
9.53 ± 0 . 9 
9 . 5 3 ± 0 . 9 

Atf*, 
kcal/mol 

- 2 . 8 0 ± 0 . 5 0 
— 1.35 ± 0.33 
- 0 . 3 0 ± 0 . 0 5 
+ 0 . 3 0 ± 0 . 0 5 

A S * , 
eu 

(25°) 

- 4 1 ± 4 
- 3 6 ± 4 
- 3 3 ± 3 
- 3 1 ± 3 

related expression from Marcus theory21'22 because of 

k = Ze-AG*/RT AG* = AG* + RT In (kBT/hZ) 

the ease of comparison with earlier data and because of 
the uncertainty in choosing a value for Z. 

In view of the extraordinary values found for the 
activation parameters and because of their importance 
in the later discussion, some mention should be made 
about the error limits given in Table III. As evidenced 
by the standard deviations in Table II, the reproducibil
ity in k values was generally good. The standard devia
tions were used to calculate the uncertainties in the ac
tivation parameters by standard methods of error 
analysis.23,24 As implied by the error limits given in 
Table III, we are reasonably certain that, at least for 
the reactions between Fe(H2O)6

2+ and the oxidants 
Ru(terpy)2

3+ and Ru(phen)3
2+, the negative values 

found for AH* are real. 
The temperature range available for the activation 

parameter studies was restricted by the insolubility of 
the Ru(II) complexes as perchlorate salts at low temper
atures and by the oxidation of water by the Ru(III) 
complexes at higher temperatures. Although the tem
perature range used was small (20°), there is no hint of 
nonlinearity in plots of In k/Tvs. I/T for any of the four 
reactions. 

Discussion 

When written in terms of free energies the Marcus 
cross reaction equation becomes 

AG12* = V2(AG *„ + AG*22 + 

AG°12) 

which can be rearranged giving 

(AG*12 - 1AAG * n ) = V2AG *22 + 
72AG°12 

The rates of reduction of Fe(phen)3
3+ and of several 

ligand substituted analogs by Fe(H2O)6
2+ have been 

studied,20 e.g. 

(RT/2)\nf (4) 

(RT/2)\nf (5) 

Fe(H2O)6
2+ + Fe(phen)3

3+ Fe(H2O)6
3+ + Fe(phen)3

2+ (6) 

(19) B. M. Gordon, L. L. Williams, and N. Sutin, J. Amer. Chem. 
Soc, 83, 2061 (1961). 

(20) M. H. Ford-Smith and N. Sutin, J. Amer. Chem. Soc, 83, 1830 
(1961). 

as have the rates of oxidation of the corresponding com
plexes of iron(II) by Ce(IV).10 By using the rate data 
to determine the intercepts of plots of (AG*i2 — 
V2AG*n) vs. AG0I2, DuIz and Sutin10 have calculated 
an "average" rate of self-exchange at 25° for the various 
iron(III)-iron(II) phenanthroline complexes. The cal
culated value, 2 X 103 M - 1 sec -1, is significantly less 
than the lower limit, 3 X 107 M~x sec-1, established by 
Larson and Wahl by epr measurements.26 By using 
eq 1, the values 3-7 X 105 M~l sec -1 can be estimated 
for the Ru(III)-Ru(II) polypyridine self-exchange rates 
at 25°.26 In the high ionic strength media (0.5-1.0 M) 
in which the various reactions were studied, a reason-

(21) R. A. Marcus, J. Phys. Chem., 67, 853 (1963). 
(22) R. A. Marcus, / . Chem. Phys., 43, 679 (1965). 
(23) J. Rose, "Advanced Physico-Chemical Experiments," Wiley, 

New York, N. Y., 1964. 
(24) F. Daniels, et al., "Experimental Physical Chemistry," McGraw-

Hill, New York, N. Y., 1962, p 393. 
(25) D. W. Larson and A. C. Wahl, J. Chem. Phys., 43, 3765 (1965). 
(26) For the calculations ka values were taken from Table II, Kn 

values were calculated from the known reduction potentials, and ku 
for the Fe(H2O)6

3+-Fe(H2O)6
2+ exchange rate is 4.0 /Vf"1 sec"1 in 

0.5 M HClO1.
16 For the calculations of / (eq 2) 10» M~i sec"1 was 

used for k?i and 2.5 X 10" M"1 sec-1 for Z.27 / i s relatively insensitive 
to the value chosen for kii. 

(27) R. A. Marcus, Discuss. Faraday Soc, 29, 21 (1960). 
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able limit for the iron and ruthenium self-exchange rates 
is k > 10s M - 1 sec-1.28 '29 The deviations from the 
results predicted by eq 1 have been suggested to arise 
from the failure of nonelectrostatic terms to cancel in 
the work done in bringing together the various pairs of 
reactants.21 It may also be indicative of an activation 
process which differs in detail from the Marcus and 
Hush models. 

The latter possibility is supported by the activation 
parameters reported here. For the reactions 

Fe(H2O)6
2+ + Ru(III) — * - Fe(H2O)6

3+ + Ru(II) 

remarkably low values for AH* ( -2 .80 to +0.30 kcal/ 
mol) and large negative AS* values are observed. 
Because of the negative values for AH* it is difficult 
to reconcile all of the mechanistic details of the reactions 
in terms of the model used by Marcus in deriving eq 4. 
Important features of the model include the diffusion 
of the ions in solution to form a collision complex, re
organization of inner and outer coordination spheres, 
and adiabatic electron transfer between the metal 
centers. Contributions to the enthalpy of activation 
from diffusion of the ions30'31 and from the reorganiza
tion of the coordination spheres from their equilibrium 
positions, as described by Marcus,21'22 should be posi
tive. Even if the contributions to AG*i2 from inner 
and outer sphere reorganization are small, which is the 
expected result for reactions like these with large, favor
able net free energy changes, it should still be true that 
AH* > 0, because of the contribution from the diffu
sion together of the ions in solution. It would appear 
then that electron transfer between the ruthenium(III)-
polypyridine complexes and Fe(H2O)6

2+ occurs by a 
"non-Marcus" path in which there is at least one dis
tinctive feature not considered in the Marcus model. 
The activation parameters for reaction 6, E3. = 0.8 ± 
0.2 kcal/mol (AH* = 0.2 kcal/mol) and AS* = -37.2 
eu,32 suggest that the reactions between the analogous 
polypyridine iron(III) complexes and Fe(H2O)6

2+ occur 
by the same path. 

The full mechanistic implications of the negative 
AH* values which characterize the non-Marcus path 
are not clear. It is possible that preequilibria involving 
Fe(H2O)6

2+ or the reversible protonation of the Ru(III) 
complexes14'33'34 could be important. However, the 
rate of reduction of Fe(phen)3

3+ by Fe(H2O)6
2+ is rela

tively insensitive to the concentration of H2SO4 in the 
range 0.05-1.00 M10 and to the concentration of acid 
in a perchlorate medium at constant acid strength.32 

Endicott and his coworkers have found negative 
AH* values for inner sphere electron transfer reactions 
between a series of Co(en)2ACl2+ complexes (en is 
ethylenediamine and A a neutral ligand) and Cr2+ and 
have concluded that the formation and dissociation of 
chloride-bridged precursor complexes are important 
features of the reactions.33 A mechanism in which a 

(28) J. C. Solenberger, Ph.D. Thesis, Washington University, St. 
Louis, Mo., June 1969. 

(29) J. B. DeRoos, mentioned in ref 28. 
(30) S. R. Logan, J. Phys. Chem., 73, 227 (1969); Trans. Faraday 

Soc, 63, 1712 (1967). 
(31) M. Anbar, Quart. Rev., Chem. Soc., 22, 578 (1968). 
(32) N. Sutin and B. M. Gordon, J. Amer. Chem. Soc., 83, 70 (1961). 
(33) P. George and D. H. Irvine, J. Chem. Soc, 587 (1964). 
(34) J. H. Baxendale and N. K. Bridge, / . Phys. Chem., 59, 789 

(1955). 
(35) R. C. Patel, R. E. Ball, J. F. Endicott, and R. G. Hughes, 

Inorg. Chem., 9, 23 (1970). 

ligand is shared in common between normal coordina
tion positions of iron(II) and the ruthenium(III) chelate 
complexes cannot explain the negative AH* values 
since the ruthenium(III) complexes are substitution 
inert. However, the formation of outer sphere pre
cursor complexes, e.g. 

Fe(H2O)6
2+ + Ru(terpy)2

3+ z ? ± : Fe(H2O)6
2+, Ru(terpyV+ K 

Fe(H2O)6
2+, Ru(terpy)2

3+ — > Fe(H2O)6
3+ + Ru(terpy)2

!+ * 

may be important.35'36 Although the reacting ions are 
of like charge, in the high ionic strength media in which 
the reactions were studied, coulombic repulsion is ex
pected to be small.37 The origin of a negative heat of 
interaction for the preequilibrium (K) could then lie in 
charge fluctuation forces in an outer sphere complex in 
which the electrical charges on the ions are largely 
neutralized by the surrounding ion atmosphere.38 

Because of the intimately close distances needed for a 
significantly attractive interaction of this kind, it is 
probably necessary that in the precursor complex the 
iron(II) ion would have to penetrate somewhat between 
the chelate rings of the ruthenium(III) chelate com
plexes. For the reactions between iron(III) poly
pyridine complexes and Fe(H2O)6

2+, Sutin and co
workers have suggested a nearly equivalent mechanism 
in which it is necessary for Fe(H2O)6

2+ to penetrate into 
the space between the chelating ligands in the activated 
complex.1 ̂ 20 Alternately, the distinctive mechanistic 
feature of the non-Marcus path may be the occurrence 
of an extensive and energetically favorable ordering of 
solvent and/or ion atmosphere in the activated complex. 

For the reactions between Fe(H2O)6
2+ and the Fe(III) 

and Ru(III) chelate complexes, it is interesting to spec
ulate that a more or less "normal" Marcus-Hush path 
distinctly different from the path observed here should 
exist, characterized by positive, but possibly small AH* 
values. Equation 4 should hold for such a path, and 
if so, it would have a lower free energy of activation 
(~6.5 kcal/mol at 25° using AG*22 = 6.5 kcal/mol 
(fc22 = 10s M"1 sec"1)) than for the path observed 
here (AG*i2 = 9.4 kcal/mol). Since the non-Marcus 
path dominates, the free energy of activation for a 
Marcus-Hush path must be significantly greater (>9.4 
kcal/mol) than the calculated value of 6.5 kcal/mol. 
A Marcus-Hush path is not observed here and the 
reason for its unexpected slowness may lie in a signifi
cant nonadiabatic contribution to electron transfer.39 

In terms of electronic configurations the net reactions 

(36) We have recorded the ultraviolet spectra of solutions of Ru-
(bipy)3

3+ (7 X 10"4 M) in the presence of high concentrations of 
Co(H2O)6

2+ (up to 0.5 M) in order to search for outer sphere complex 
formation. Co(H2O)6

2+ is not oxidized by the ruthenium(III) com
plexes and, because of its similarities with Fe(H2O)6

2+, it should be a 
good model for Fe(H2OV". The ruthenium(III) complexes have 
intense ir -* T* transitions in the ultraviolet which should be somewhat 
sensitive to complex formation.n ' la The spectra that we have ob
tained are essentially the superimposed spectra of the two ions. From 
these data we estimate that if precursor complex formation is important 
K must be less than 0.5. 

(37) Reference 3, p 123. 
(38) H. Jehle, Ann. N. Y. Acad. Sci., 1S8, 240 (1969). 
(39) There are other possibilities. The Fe(H2O)6

3+-Fe(H2O)6
2+ self-

exchange rate used in the calculation is the measured value16 and the 
mechanism may be inner sphere. If so, the true outer sphere rate con
stant which should be used in the calculation, may be considerably 
less which would increase the calculated value for AG*. Also, eq 4 
may not hold for reactions, like the reactions studied here, for which 
the overall AH change is large and negative.40 

(40) P. George, G. I. H. Hanania, and D. H. Irvine, / . Chem. Soc, 
2548 (1959). 

Braddock, Meyer / Oxidation of Fe(H2O)^+ by Polypyridine Complexes of Ru(IIl) 
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are, for example 

Fe(H2O)6S+
 ( t 2 g4 e s 2 ) + R u ( b i p y y + (tJg«) — * • 

Fe(H8O)6
3+ (t2« V ) + Ru(bipyV+ (V) 

The metal TT orbitals of d origin are labeled as t2g, even 
though the symmetries of the chelated complexes are 
lower than octahedral. The molecular radii of the 
chelated complexes are large (6-8 A).28 If in the ac
tivated complex for electron transfer Fe(H2O)6

2+ is 
constrained to remain on the periphery of the chelate 
complex, overlap between d orbitals on the two metal 
centers may be weak leading to nonadiabatic electron 
transfer. 

It has been suggested that polypyridine ligands may 
be good "conducting ligands" for electron transfer41 

since their metal complexes characteristically undergo 
rapid electron transfer. However, as Linck has pointed 
out5 rapid electron transfer may occur because ligands 
like the polypyridines tend to make the two valence 
states involved in electron transfer more alike by TT 
bonding and not because they provide a low-lying path 
for electron conduction between metal centers, w 
and 7T* orbitals, basically ligand in character but ex
tensively mixed with metal 7r-type orbitals, do exist on 
the peripheries of the complexes;42'43 however, these 
orbitals may not provide a useful path for electron 
transfer into the metal center. Evidence on this point 
comes from the chemi- and photoluminescence prop
erties of Ru(bipy)3

2+ in solution.44-46 Emission is ob
served from the lowest charge transfer triplet state 
(3d-7r*) at •—'17,8 kK, essentially independent of the 

(41) J. Halpern, Quart. Rev., Chem. Soc, 15, 207 (1961). 
(42) P. D. Fleischauer and P. Fleisohauer, Chem. Rev., 70, 199 

(1970). 
(43) R. E. Simone and R, S. Drago, J. Amer. Chem. Soc, 92, 2343 

(1970); Inorg. Chem., 11, 668 (1972). 
(44) J. P. Paris and W. W. Brandt, / . Amer. Chem. Soc, 81, 5001 

(1959). 
(45) F. E. Lytle and D. M. Hercules, J. Amer. Chem. Soc, 91, 253 

(1969). 
(46) J. N. Demas and G. A. Crosby, J. Amer. Chem. Soc, 93, 2841 

(1971); / . MoI. Spectrosc, 26, 72 (1968). 

The extension of our studies of donor-acceptor inter
actions1 to a broader range of compounds has been 

(1) R. S. Drago, G. C. Vogel, and T. E. Needham, J. Amer. Chem. 
Soc, 93,6014(1971). 

exciting wave length.46 The observed phosphorescence 
can be viewed as accompanying intramolecular electron 
transfer where the phosphorescence lifetime (~0.7 

3d-Tr*(?£g
57r*) —> ^ d ( V ) + hv 

,usee in room temperature aqueous solution46) gives an 
upper limit on the rate of electron transfer. The same 
excited state can be reached chemically by reducing 
Ru(bipy)3

3+ with hydrazine in aqueous solution47 or 
by Ru(bipy)3

+ in acetonitrile.48 Conceptually the 
chemiluminescent reactions are very similar to oxida
tion-reduction reactions involving pentaamminecobalt-
(III) where ligand-reduced radical anion intermediates 
have been postulated.49'50 It is important to note that 
in the chemiluminescent reactions, electron transfer 
occurs to ligand IT* orbitals and not through them to 
metal d orbitals, even though reduction at the metal is 
far more favorable thermodynamically. For a reduc-
tant like Fe(H2O)6

2+, where net reduction of the ligand 
is not possible thermodynamically, it may also be true 
that overlap with a IT* (ligand) orbital does not lead to 
efficient electron transfer to the metal d orbitals in the 
lifetime of a collision complex. Direct overlap between 
d orbitals may be a necessary feature of such reactions. 
The importance of specific chemical interactions with 
t2g orbitals in the chemistry of ruthenium-ammine com
plexes has been suggested by Ford and Taube.51 
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limited by solubility considerations and has made it 
necessary to employ polar solvents as a reaction me
dium. Solvents of this nature are no longer "poorly 
solvating" and, in general, do not produce enthalpies 
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Abstract: A previously reported procedure for eliminating solvation contributions to measured enthalpies in basic 
solvents has been successfully extended to several adducts in the weakly acidic solvent methylene chloride, CH2Cl2. 
For the donor A^iV-dimethylacetamide, DMA, and the series of Lewis acids reported here, the enthalpy measured 
in CH2Cl2 differs from that in poorly solvating media by a constant amount, 2.0 ± 0.2 kcal mol-1. The origin of 
this constant difference has been investigated by measuring the transfer energies of the acids, the base, and the ad
ducts from CCl4 to CH2Cl2. 
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