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Introduction 

Outer-sphere electron exchange reactions constitute the 
simplest class of electron transfer reactions.1 The rates and 
activation energetics of such reactions are therefore of con
siderable interest. The currently accepted model for bimole-
cular electron exchange between M ( I I I )L63 + and M ( I I )L62 + 

involves the reaction sequence2 

M(n i>L6
3 + + MC)L 6

2 + £± [M(11DL6IMC)L6]5+ (1) 

[M(1 1DL6IM(H)L6]5+^-[MC)L6IM('n)L6]5+ (2) 

[MWL6IMdH)L6]5+ -> MCDL6
2+ + MCDL 6

3 + (3) 

In this scheme the reactants first form a precursor complex (eq 
1). The electron transfer takes place within this complex to 
form a successor complex (eq 2). Dissociation of the successor 
complex yields the observed electron transfer products (eq 3). 
In this paper we treat the case in which precursor complex 
formation is a rapidly established preequilibrium with the 
subsequent electron transfer within this complex being rate 
determining (k-\ » kel). Under these conditions the observed 
second-order rate constant is equal to Koket where KQ = 
k\jk-\. We will also assume that the electron transfer is adi-
abatic, that is, that the interaction between the reactants is 

(31) Waddington, T. C; Klanberg, F. J. Chem. Soc. 1960, 2339-2343. 
(32) Ross, D. A.; Wojcicki, A. Inorg. ChIm. Acta 1971, 5, 6-8. 
(33) Severson, R. E.; Wojcicki, A. J. Organomet. Chem. 1978, 149, C66-

C70. 
(34) Su, S.-C. H.; Wojcicki, A. To be submitted for publication. 
(35) Jacobson, S. E.; Wojcicki, A. J. Am. Chem. Soc. 1973, 95, 6962-

6970. 
(36) Severson, R. E.; Wojcicki, A. To be submitted for publication. 
(37) Shriver, D. F. "The Manipulation of Air-Sensitive Compounds", McGraw-Hill: 

New York, N.Y., 1969. 
(38) Piper, T. S.; Wilkinson, G. J. Inorg. Nucl. Chem. 1956, 3, 104-124. 
(39) Severson, R. E.; Wojcicki, A. J. Organomet. Chem., 1978, 157, 173-

185. 
(40) Laubengayer, A. W.; Condike, G. F. J. Am. Chem. Soc. 1948, 70, 

2274-2276. 

large enough for the electron transfer to occur with unit 
probability in the activated complex. In other words, we assume 
for the time being that the probability factor (K) in the ex
pression 

* « = < K ) ^ e x p [ - A < J x * / R T ] 

is equal to unity. Under these circumstances the Franck-
Condon barrier to electron transfer should account for AGx*. 
For a M(II) /M(III) exchange reaction, the Franck-Condon 
barrier arises because the metal-ligand bond lengths must 
rearrange to some common value intermediate between that 
characteristic for the metal ion in oxidation states II and III 
before electron transfer can occur. Likewise, the solvent po
larization around the reactants, which is sensitive to the charge 
of the reactant, must rearrange prior to electron transfer. These 
rearrangements are required to satisfy conservation of en
ergy.1^-10 Therefore if the equilibrium constants for precursor 
complex formation (k\/k-\) and the Franck-Condon rear
rangement barriers are known, the rate constants for elec
tron-exchange reactions can be calculated. 

In this paper the exchange rate constants of the Ru(III) / 
Ru(II) redox couple in a series of ruthenium ammine com
plexes are compared with the predictions of various models. 
The exchange rate constants for the ruthenium complexes were 
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determined by using subtle modifications of ligands which 
allowed the true exchange rate constant to be approximated 
by a net electron transfer reaction rate constant. The rate 
constants to be compared with theory were either measured 
in this work or taken from the literature. The use of the 
Ru(III)/Ru(II) couple allows an evaluation of the inner-sphere 
rearrangement energy. The differences in the metal-ligand 
bond distances of the ruthenium(II) and ruthenium(III) 
complexes used in this work are known to be small either from 
X-ray crystallographic determinations of the structures of the 
complexes or from extrapolations from similar complexes. 
Ruthenium complexes also have the advantage of being inert 
to substitution in both the II and III oxidation states. As a 
consequence the reactions discussed in this work are known to 
be outer sphere. Furthermore, the ruthenium complexes used 
are not susceptible to hydrolysis in aqueous solution and can 
be employed at low acidity and hence at low ionic strength. 

We have also studied the temperature dependence of one 
of these exchange reactions as a function of ionic strength. 
From a comparison of the observed and calculated activation 
parameters we show under what conditions this simple semi-
classical model is applicable and present some possible reasons 
for deviations from the predicted behavior. 

Experimental Section11 

Chemicals and Solutions. The preparation of salts of tetraam-
mine-2,2'-bipyridineruthenium(II), Ru(NH3)4(bpy)2+, and of te-
traammine-l,10-phenanthrolineruthenium(II), Ru(XH3)4(phen)2+, 
have been previously reported.'2 The procedure reported here repre
sents a significant improvement since the starting material is the 
readily prepared and air-stable salt [Ru(NH3)5(H20)](CF3SO3)S.13 

[Ru(NH3)4(bpy)](C104)2 was prepared by reduction of [Ru-
(NH3)5(H20)](CF3S03)3 with Zn(Hg) amalgam in C2H5OH con
taining a tenfold molar excess of 2,2'-bipyridine under an argon at
mosphere for 1 h. The product was precipitated from solution by ad
dition to (C2Hs)2O, and the solid was collected by filtration, dissolved 
in a minimum volume of H2O, and extracted with CHCl3 to remove 
any residual free bipyridine. The perchlorate salt of the desired 
complex was obtained by adding several milliliters of saturated 
aqueous NaC104 to the solution. The reddish-purple salt was collected 
by filtration, washed with 1:1 (v/v) C2H5OH-(C2Hs)2O and then 
(C2Hs)2O, and air dried. The complex was characterized by UV-vis 
spectra (Xmax, nm (e, M- ' cm"1) H2O: 522 (3.31 X 103), 366 (5.51 
X 103), 295 (3.2 X 104)) and ruthenium analysis. Anal. Calcd: Ru, 
19.2. Found: Ru, 18.6. [Ru(NH3)4(phen)](CF3S03)r3H20 was 
prepared in an analogous manner. [Ru(NH3)5(H20)](CF3S03)3 was 
reduced over Zn(Hg) amalgam in CH3OH in the presence of a tenfold 
excess of phenanthroline monohydrate under argon. After 1 h the 
reaction mixture was filtered to remove the Zn and diluted fivefold 
with CH2Cl2, and the flask was sealed and placed in a refrigerator for 
2 days to allow the product to crystallize. The red-black crystals were 
collected by filtration, washed with CH2Cl2, and air dried in the filter 
funnel. The spectrum in H2O and analysis of the solid for ruthenium 
show that the salt is best characterized as a trihydrate. Xmax, run (c, 
M-' cm"1): 471 (6.68 X 103), 265 (3.5 X 104). Anal. Calcd: Ru, 14.4. 
Found: Ru, 14.3. [Ru(NH3)4(bpy)](C104)3 was prepared by dis
solving the Ru(II) salt in a minimum volume of CH3CN (MCB 
spectrograde) and oxidizing with a 10% excess of Br2 in CH3CN.14 

There was some precipitate present at this point and the complex was 
completely precipitated from solution by the addition of several drops 
of concentrated HCl. The solid was collected by filtration and im
mediately dissolved in a minimum volume of 0.1 M HCl. The per
chlorate salt of the desired complex was obtained by dropwise addition 
of concentrated HCIO4 until a purple solid appeared. After the flask 
was cooled in an ice bath the solid was collected by filtration. The 
crystals were washed with several milliliters of ice-cold 2 M HCIO4, 
air dried, and then dried in a vacuum desiccator overnight. The solid 
lost its crystalline appearance and became powdery as it dried. The 
complex was analyzed by reducing it to ruthenium(II) over Zn(Hg) 
amalgam in 0.1 M HCl and comparing the spectrum of the reduced 
product with that of the pure ruthenium(II) complex. The salt was 
found to be anhydrous. Ru(bpy)2Cl2-2H20 and Ru(phen)2Cl2-3H20 
were prepared by a procedure devised by Weaver and reported by 
Sprintschnik et al.15 cw-Diamrninebis(2,2'-bipyridine)ruthenium(II) 

perchlorate trihydrate, [Ru(bpy)2(NH3)2](C104)2-3H20, and cis-
diamminebis(l,10-phenanthroline)ruthenium(II) perchlorate, 
[Ru(phen)2(NH3)2](C104)2, were prepared from Ru(bpy)2Cl2-2H20 
and Ru(phen)2Cl2-3H20, respectively, by the literature procedure.16 

Tris(ethylenediamine)ruthenium(III) bromide, Ru(en)3Br3, was also 
prepared by the literature procedure.17 Hexaammineruthenium(III) 
chloride [Ru(NH3)6]Cl3 (Matthey-Bishop), was purified by recrys-
tallization.18 

CF3SO3H (3 M) was purified by reduced-pressure distillation. 
Dilute aqueous solutions of CF3CO3H and HClO4 were standardized 
by titration with base. 

Ru(NH3)4(phen)3+ was generated in HClO4 0r CF3SO3H solution 
by oxidation of the ruthenium(Il) complex with a stoichiometric 
amount of cerium(IV) in 1 N H2S04, followed by dilution until the 
concentration of H2S04 was insignificant (<1 X 1O-3 M). Solutions 
of Ru(NH3)4(bpy)3+ were prepared from the solid or by in situ oxi
dation with cerium(IV) as described above. Ru(phen)2(NH3)2

3+ was 
also generated in solution by stoichiometric cerium(IV) oxidation. 
Solutions of Ru(bpy)2(NH3)2

3+ were generated by oxidation of 
an acidic solution of the ruthenium(II) complex with excess PbO2 
followed by filtration through a bed of glass wool to remove the 
excess oxidant. PbO2 was unsatisfactory as an oxidant for Ru-
(phen)2(NH3)2

2+. Reduction of ruthenium(III) solutions of this 
complex by excess iron(Il) failed to reproduce quantitatively the ex
pected spectrum of Ru(phen)2(NH3)2

2+. Ru(NH3^2+ was generated 
under an argon atmosphere by Zn(Hg) amalgam reduction of a so
lution of the ruthenium(IIl) complex which was kept in an ice-water 
bath. These solutions were stored at an acidity of 10 - 3-10 - 2 M to 
prevent hydrolysis OfNH3 and were used within 1 h of generation. 
Solutions of Ru(en)3

3+ were kept in 10_1 M acid to suppress autox-
idation of the coordinated ethylenediamine and were used within 1 
day of preparation. 

Kinetic Apparatus and Methods. Rate constants were determined 
by the stopped-flow method using a Durrum-Gibson instrument which 
was modified as previously described.19 This spectrometer employed 
Teflon-covered drive syringes and a 2-cm path length cuvette. Tem
perature determinations were made with a calibrated thermometer 
by measuring the temperature of the thermostating liquid in the drive 
syringe trough and are accurate to within 0.2 0C. Exchange reactions 
which involved the substitution of phenanthroline for bipyridine were 
monitored at 290-295 or at 265 nm (the rate constants were inde
pendent of the monitoring wavelength). The Ru(en)3

3+-Ru(NH3)6
2+ 

reaction was followed at 300 nm. 
Kinetic Data Treatment. The rate of the Ru(en)3

3+-Ru(NH3)6
2+ 

reaction was measured under conditions such that the concentration 
of Ru(en)3

3+ was in a tenfold or greater excess over the concentration 
of Ru(NH3)62+ and the reaction obeyed first-order kinetics. The re
action systems Ru(NH3)4(bpy)3+/2+-Ru(NH3)4(phen)3+/2+ and 
Ru(bpy)2(NH3)2

3+/2+-Ru(phen)2(NH3)2
3+/2+ were studied under 

conditions such that a rate of approach to equilibrium was measured. 
For these reactions absorbance-time data were fit to the reaction 
scheme 

A + B ^ C + D 

^ i = WA][B] -MC] [D] 

The Ru(NH3)4(bpy)3+/2+-Ru(NH3)4(phen)3+/2+ and Ru(bpy)2-
(NH3)2

3+/2+-Ru(phen)2(NH3)2
3+/2+ reactions both have equilib

rium constants near unity. Under these conditions k[ = kT = k and 
the rate law for this reaction scheme reduces to a simple expression. 
When C and D are absent at time zero, the integrated rate expression 
is20 

In (xe - x) - In xt = -fc([A]0 + [B]0)? 

where x and xe are the extent of reaction at time t and at equilibrium, 
respectively, and [A]0 and [B]o are the concentrations of A and B at 
time zero. For spectrophotometric monitoring where ODe, ODo, and 
OD( are the optical densities at equilibrium, time zero, and at any time 
t, respectively, the integrated rate expression becomes 

In (OD, - ODe) - In (OD0 - 0De) = -*([A] 0 + [B]0)I 

For these reactions the observed first-order rate constant is related 
to the exchange rate constant by the expression 

*oi»d = *„([Ru(II)]o+[Ru(III)]O) (4) 
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Table I. Experimental Data for the [Ru(NH3)4(bpy)-Ru(NH3)4-
(phen)]3+/2+ Reaction at 25.0 0C in 0.10 M HClO4 

[Ru(IIl)]O, M 

0.50X IO-5 ' ' 
2.01 X IO"5 <• 
1.00 X IO"5 d 

[Ru(II)Io, M 

1.01 X IO-5 ' ' 
1.01 X IO"5 ' 
1.01 X IO-5 d 

^obsdi 
S - ' 

30.3 ±0.2 
62 ± 1 
39.7 ±0.1 

k b 

2.01 X IO6 

2.05X IO6 

1.97 X IO6 

a The errors in /c0bsd are average deviations. * The rate constant 
kcx is calculated from eq 4. '' Forward direction, Ru(NH3)4(bpy)3+ 

+ Ru(NH3)4(phen)2+. d Reverse direction, Ru(NH3)4(phen)3+ + 
Ru(NH3)4(bpy)2+. 

Electrochemical Measurements. A PAR Model 176 and 175 system 
with a Hewlett-Packard Model 7000A x-y recorder was used for 
potential measurements. The potentials of the Ru(en)3

3+/2+ and 
Ru(NH3)(J

3+Z2+ redox couples were measured vs. an internal standard 
reference reaction, the Ru(NH3)4(bpy)3+/2+ couple. Formal poten
tials were measured by cyclic voltammetry at a pyrolytic graphite 
electrode,21 taking the midpoint potential of reversible voltammo-
grams to be £1/2- Potentials were uncorrected for errors caused by 
differences in diffusion coefficients between the Ru(II) and Ru(IIl) 
complexes. It was assumed that this correction would be the same for 
the two redox couples and that it would cancel in determining AE for 
the reaction 

Ru(en)3
3+ + Ru(NH3)6

2+ Ru(en)3
2+ + Ru(NHs)6 

Temperature control was provided by immersing the electrochemica 
cell in a water bath of the desired temperature. Differences in poten
tials at 25 0C were measured for the Ru(bpy)2(NH3)23+/2+-Ru-
(phen)2(NHs)2

3+/2+ and Ru(NH3)4(bpy)3+/2+-Ru(NH3)4-
(phen)3+/2+ reaction systems by a similar internal reference tech
nique. 

Results 

[Ru(NH3)4(bpy)/Ru(NH3)4(phen)]3+/2+ Exchange Reac
tion.22 The rate of the electron transfer reaction 

Ru(NH3)4(bpy)3+ + Ru(NH3)4(phen)2+ 

Ru(NH3)4(bpy)2+ + Ru(NH3)4(phen) (5) 

was measured as a function of ionic strength and temperature 
in CIO4- and CF3SO3

- media. The equilibrium constant from 
potential measurements at 25 0C for reaction 5 is essentially 
unity (AE < 0.005 V in 0.1 M CF3SO3

-) which requires that 
&5 = k-s = kex. Sample data for the rate of approach to 
equilibrium in 0.1 M HClO4 at 25 0C are given in Table I. 
Integrated first-order plots for these runs were generally linear 
to greater than 90% of the reaction. The rate of approach to 
equilibrium is well described by eq 4. A more important ob
servation is that the exchange rate constant is independent of 
the direction from which the equilibrium is approached. A 
complete listing of the experimental data for this reaction and 
the other reactions studied in this work are given in supple
mental tables. Values of AH*, AS*, and least-squares best fit 
rate constants at 25 0C are given in Table II for the 
[Ru(NH3)4(bpy)/Ru(NH3)4(phen)]3+/2+ exchange reaction 
in both ClO4" and CF3SO3" media. 

The electron transfer reaction given in eq 5 is expected to 
be an excellent approximation to the true tetraamminebipy-
ridineruthenium(II)/-(III) exchange reaction. Within error 
there is no free-energy difference between the reactants and 
products in reaction 5 and the two complexes are virtually the 
same size. Moreover, the kinetic data for the Ru(NH3)4-
(bpy)3+/2+ exchange reaction are well fit by the rate expression 
(eq 4) at all the ionic strengths and temperatures used in this 
work. This implies that not only is AG0 = 0 for reaction 5 but 
also that AH° = 0 and AS0 = 0. From electrode potentials at 
25 and 0 0C, AH° and AS0 for reaction 5 are estimated to be 
—0.1 kcal mol"1 and —0.8 cal deg"1 mol"1, respectively. 

1 + J? 

Figure 1. Plot suggested by the Guggenheim equation showing the ionic 
strength dependence of the rate constants for the Ru(N Hs)4(DPy)3+Z2+ 

exchange reaction at 25 0C: circles, HClO4 medium; triangles, CF3SOsH 
medium. The line has the Debye-Hiickel limiting slope of 6.12. 

Table II. Rate Constants and Activation Parameters of the 
Ru(bpy)(NHs)4

3+/2+ Electron Exchange Reaction 

medium, 
M 

k25'C 
M - ' s -

0.002^ 
0.01 d 

0.04^ 
O.lC 
1.0C 
0.002e 

0.01' 
0.03* 
0.10f 

1.00f 

6.62 X 104 

1.40X 105 

3.77 X 105 

7.72 X 10s 

3.25 X IO6 

8.73 X IO4 

2.76 X 105 

7.3 X 105 

2.2 X IO6 

1.2 X 107 

AH*,b 

kcal 
mol-1 

4.1 
4.0 

3.1 
2.8 
4.3 
2.9 
2.1 
1.9 
1.2 

AS*,'' 
cal deg-1 

mol-1 

-23 
-22 

-21 
-19 
-22 
-24 
-25 
-23 
-22 

" Least-squares best fit value at 25 0C. * The error in AH* is ±0.5 
kcal mol-1. c The error in AS* is ±3 cal deg-1 mol-1. d Medium is 
HTFMS. e Medium is HClO4. 

Therefore the activation parameters measured for reaction 5 
should be an excellent approximation to those for the desired 
exchange reaction. A similar ligand substitution technique has 
previously been used by Wilkins and Yelin23 and by Young et 
al.24 to estimate the rate constants for the FeEDTA2-/" and 
the Ru(bpy)3

3+/2+ exchange reactions, respectively. 
The rate constants at 25 0C were fit to the Debye-Hiickel 

equation 

log k = log /C0 + 2zjZ2arvjt_ 
1 +8TVZ. (6) 

and to Guggenheim's modification of the Debye-Hiickel 
equation which sets fir= 1. In eq 6, z\ and Zj are the charges 
of the reactants, a and fi are the Debye-Huckel constants, 
equal to 0.51 and 0.329, respectively, at 25 0C, ix is the ionic 
strength, and r is the distance of approach of the centers of the 
reactants, which will be discussed in a later section. 

A plot of log k vs. V^t/(1 + V^) (Guggenheim equation) 
is shown in Figure 1. Significant deviation from linearity is seen 
at high ionic strength. This is not surprising in view of the 
failure of Debye-Hiickel theory to fit activity coefficients at 
high ionic strength.25 The data in CF3SO3" media, however, 
do have the correct Debye-Hiickel limiting slope of 6.12. This 
is shown by the solid line in Figure 1. These results suggest that 
the Guggenheim equation adequately accounts for the ionic 
strength dependence of the rate constants as the CF3SO3

-

medium approaches infinite dilution. The data in ClO4" me-



886 Journal of the American Chemical Society / 101:4 / February 14, 1979 

+ 1.41,/Ji 

Figure 2. Nonlinear least-squares best fit of the rate constants at 25 0C 
for the Ru(NH3)4(bpy)3+/2+ exchange reaction in CF3SO3H media to 
eq 7. 

dium, by contrast, are less well behaved. In this case the lim
iting slope has a value of 9-10 rather than the theoretical value 
of 6.12. A plot of the difference in rate constants in ClO4

- and 
CF3SO3- media vs. the concentration of ClO4

- is linear in the 
range [ClO4-] = 0.002-0.10 M. This indicates that the data 
in HCIO4 can be fit by a two-term rate law of the form 

rate = ^ex[Ru(II)][Ru(III)] 
+ J-'[Ru(II)] [Ru(III)] [ClO4

-] 

The k' term represents catalysis of the exchange reaction, 
probably by ion-pair formation of ClO4

- with the highly 
charged ruthenium(III) complex. No spectroscopic evidence 
for ion-pair formation between Ru(NH3)4(bpy)3+ and ClO4

-

was found. 
The correlation of the data with the exact Debye-Huckel 

equation (eq 6) is less satisfactory. The deviations from the 
calculated line in CF3CO3"" media are in the same direction 
as the deviations in ClO4

- media for which an argument for 
ion-pair formation has been presented. By contrast, the ex
tended equation 

log k = log k0 + . , , /- + 
1 + bV n 

cix (7) 

with k0 = 4.14 X 104M -1 s-1, b= 1.41 M -1/2, and c = -0.65 
M - 1 , does fit the CF3SO3- data well over the entire ionic 
strength range studied.26 This is shown in Figure 2. The fitted 
value of fir = b = 1.41 corresponds to a value of r which is 
roughly a factor of 2 smaller than the value calculated from 
the mean "hard sphere" radii (see below) of the reactants. 
Newton27 has found similar effects in treating the influence 
of ionic strength on the rates of oxidation-reduction reactions 
of actinide ions. 

[Ru(bpy)2(NH3)2/Ru(phen)2(NH3)2]3+/2+ Exchange Reac
tion. The rate of approach to equilibrium of the electron 
transfer reaction 

Ru(bpy)2(NH3)23+ + Ru(phen)2(NH3)22+ £± 

Ru(bpy)2(NH3)22+ + Ru(phen)2(NH3)2
3+ (8) 

was measured at 25.0 0C in 0.10 M HClO4. Potential mea
surements show that within experimental error the equilibrium 
constant for reaction 8 is unity (AE ^ 0.004 V). The data are 
well fit by the rate expression given in eq 4 and the calculated 
second-order rate constant is independent of the direction from 

which the equilibrium is approached. The exchange rate con
stant is (8.4 ± 1.1) X 107 M - 1 s -1 at 25.0 0C in 0.1 M HClO4. 
The standard deviation of the rate constant is large because 
the range and absolute values of the concentrations of reactants 
for which the rate could be measured were small (1-2.5 X 1O-6 

M), and the observed first-order rate constants were near the 
limit of the stopped-flow method (260-41Os-1). 

Ru(en)3
3+ + Ru(NH3)6

2+ Reaction. The rate of the title re
action was measured in order to confirm the exchange rate 
constant reported for the Ru(NH3^

3+72"1" couple at ju = 0.1 
M.28 The Ru(NH3^3+Z2+ exchange rate constant was first 
reported by Meyer and Taube in an elegant experiment in
volving the substitution of ND3 for NH3. The most precise 
value for the exchange rate constant in their study was obtained 
at ix = 0.013 M. The exchange rate constants for the Ru-
(en)3

3+/2+ and Ru(NH3)6
3+/2+ couples are expected to be 

similar since the complexes are virtually the same size and the 
ethylene-diamine ligand is not expected to cause steric re
straints as the reactants approach one another. 

In CF3SO3
- media, the rate constant for the net reaction 

Ru(en)3
3+ + Ru(NH3)6

2+ — Ru(en)3
2+ + Ru(NH3)6

3+ 

(9) 

is 2.70 X 104 M - 1 s - 1 at 25 0C and n = 0.10 M. In order to 
calculate an exchange rate constant, the rate constant for the 
cross reaction was corrected for the free-energy change by 
means of the Marcus equation 

* 1 2 = ( * l l * 2 2 W l 2 ) 1 / 2 

log/,2 = (log Kn)
2/4 log (kukn/Z2) (10) 

where A: 12 is the rate constant for the cross reaction, k\\ and 
&22 are the exchange rate constants of the reactants, Kn is the 
equilibrium constant for the cross reaction, and Z = 10u M - 1 

s -1. In the case in question, k\\ and &22 are expected to be 
virtually the same and consequently ke% = kn/(Kx-Jn)^l2. 
From measurements of the difference in formal potentials of 
the Ru(III)/Ru(II) complexes, Kn is 73 and therefore keK is 
calculated to be 3.2 X 103 M - 1 s - 1 (25 0C, /x = 0.10 M). This 
is in excellent agreement with the value of 4 X 103 M - 1 s_1 

reported by Meyer and Taube. 
The enthalpy and entropy of activation for the Ru-

(NH3)63+'/2+ exchange reaction are also of interest. The values 
reported by Meyer and Taube28 for AH* and AS* at n = 
0.013 M are 10 kcal mol - ' and — 11 cal deg - ' mol - ' , respec
tively. As will be noted in the Discussion section, the value of 
AS* appears to be too positive by a factor of more than 2. For 
this reason, the activation parameters for reaction 8 were 
measured (AH* = 2.4 ± 0.5 kcal mol-1 and AS* = -30 ± 3 
cal deg - ! mol-1, M = ClOM CF3SO3

-). The activation pa
rameters for the desired exchange reaction can be estimated 
using the equations derived by Marcus and Sutin.29 

A „ | ; , = |A»„. + ^ . j ( 1 _ 4 n 2 ) + Ay(1,2a) 

*Su- ( " ' • • : A 5 " 1 ( l - 4 ^ ) + ^ ( l - 2 » ) 
12 AG 

4(AGn* + AG22*) 
where AG* = -RT In (k/Z), AG* = -RTIn (kh/kBT), AG* 
= AG* - RT In (hZ/kBT), AH* = AH* - RT/2, and AS* 
= AS* - R/2. As in eq 10, the subscript 12 refers to the cross 
reaction and 11 (and 22) refers to the exchange reaction. 
ATZ]2

0 and ASj2
0 for reaction 9 were measured from electrode 

potential data. The measured values of AE' are 0.102 and 
0.109 V at 25 and 0 0C, respectively, in 0.10 M CF3SO3

-. 
Thus AH° and AS0 are -4.3 kcal mol-1 and -6.4 cal deg-1 

mol-1, respectively. These values are in reasonable agreement 
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Table III. Electron Exchange Rate Constants of Ruthenium Ammine Complexes at 25 0C 

reaction medium M- A ref 

Ru(NHj)6
3+/2+ 

Ru(NH3)5py3+/2+ 
Ru(NH3)4(bpy)3+/2+ 

Ru(NHs)2CbPy)2
3+/2+ 

Ru(bpy)3
3+/2+ 

0.1 MHClO4 
0.1 MCF3SO3H 
0.1 MCF3SO3H 
0.1 MCF3SO3H 
0.1 MHClO4 
0.1 MHClO4 
0.1 MHClO4 

4.3 X 103 

3.2 X 103 

1.1 X 105 

7.7 X 105 

2.2 X 106 

8.4 X 107 

4.2 X 108 

3.3 

3.8 
4.4 

5.6 
6.8 

b 
this work 

32c 

this work 
this work 
this work 

24 

" Mean radius, a = V2(̂ Id2CZ3)
1/3. b T. J. Meyer and H. Taube, quoted in H. Taube, Adv. Chem. Ser., No. 162, 127 (1977). c The exchange 

rate constant at 25 0C and 1.0 M CF3SO3H is 4.75 X 105 M" 
atju = 1.0 M by 0.23. 

s '; it was empirically corrected to ti = 0.1 M by multiplying the rate constant 

with AfY0 = -1.1 kcalmol-' and AS0 = +3.9caldeg-> mor1 

calculated from the data of Lavallee et al.30'31 at ^ = 1.0 M 
CF3SO3-. The values of AH* = 4.5 kcal mol"1 and AS* 
= —27 cal deg-1 mol-1 are then estimated for the Ru-
(NH3)63+/2+ exchange reaction, using the values of AH° and 
AS° measured in this work. 

Dependence of Exchange Rates on the Size of the Reactants. 
The rate constants at 25 0C and 0.1 M ionic strength for 
the Ru(NH3)6

3+/2+,28 Ru(NH3)5py3+/2+,32 Ru(NH3)4-
(bpy)3+/2+, Ru(NH3)2(bpy)2

3+/2+, and Ru(bpy)3
3+/2+ 24 

exchange reactions are summarized in Table III. The general 
trend in the electron exchange reactions of these complexes is 
an increase in rate with an increase in the size of the complex. 
Although the complexes Ru(NH3)6"+ and Ru(bpy)3"+ are 
spherically symmetrical, the other reactants considered here 
are not. For purposes of comparison of the rates and also for 
theoretical purposes (the theory which has been developed for 
outer-sphere electron exchange reactions is for spherical 
reactants) we have calculated the radii equivalent to the sphere 
of equal volume using the relation 

a = y2(d,d2diy^ 

where the dj are the "diameters" along the three L-Ru-L axes. 
These radii are included in Table III. Values of dt were esti
mated from CPK molecular models and corrected to agree with 
known crystallographic results. For NH3-Ru-NH3, NH3-
Ru-pyridine, and pyridine-Ru-pyridine diameters, the values 
used are 6.6, 10.2, and 13.6 A, respectively. 

A plot of log k vs. 1 /r, where k is the rate constant for 
electron exchange and T is the mean distance of separation of 
the ruthenium centers, taken to be Id, is presented in Figure 
3. The plot shows good linearity. Figure 3 can be used to predict 
the exchange rate constants of other ruthenium ammine-
pyridine complexes. Accordingly we estimate exchange rate 
constants of 8 X 106 and 2 X 108 M - ' s - ' for the couples Ru-
(terpy)(NH3)3

3+/2+ (T = 9.7 A) and Ru(terpy)(bpy)-
(NH3)3+/2+ (f = 12.3 A), respectively, at 25 0C and M = 0.1 
M. 

Discussion 

The results will be compared with the predictions of two 
adiabatic electron transfer models. The two models that will 
be discussed are the Marcus reactive-collision description and 
the ion-pair preequilibrium scheme outlined in the Introduc
tion. We start first with the equations of the Marcus theory (eq 
11-13).3"6 

k = Z exp[-(wr + AG1n* + AG0^*)/RT] 

LC . _ 6AZ2(Aa")2 

'" 2(/\ +/2) 

AG0 
e'-

.* = — 
1 

+ ±- l 
4 [2O1 Ia2 r 

1 

(H) 

(12) 

(13) 

Figure 3. Plot of the logarithm of the observed exchange rate constant vs. 
the reciprocal of the mean distance of closest approach of the ruthenium 
centers: 1, Ru(NHj)6

3+/2+; 2, Ru(NH3)5py3+/2+; 3, Ru(NHj)4-
(bpy)3+/2+; 4, Ru(bpy)2(NH3)2

3+/2+; 5, Ru(bpy)3
3+/2+. 

In the above expressions, f\ and f2 are the breathing force 
constants of the two reactants, Aa0 is the difference between 
the equilibrium metal-ligand bond distances of the two reac
tants, a\ and a2 are the radii of the two reactants, r is the sep
aration of the metal centers in the activated complex (assumed 
equal to a\ + a2), and n and Ds are the refractive index and 
static dielectric constant of the solvent, respectively. Z is the 
collision frequency of neutral molecules in solution and wr is 
the work required to bring the two reactants together. Z is 

s_1 and is calculated from the usually taken to be 1011 M -

equation 

_ N[%irkBT(m\ + m2)/wiw2] 
1000 

(14) 

which has been derived for gas-phase collisions (m\ and m2 are 
the masses of the two reactants and N is Avogadro's number). 
In terms of the transition state theory expression 

k = ^ - exp[-AG*/RT] 

the free energy of activation for an exchange reaction ac
cording to the Marcus model is 

A G * = - J ? r i n - ^ ; + w r + AGin* + AGout* (15) 

The term RT In (hZ/ksT) in this formulation arises from the 
loss in rotational and translational degrees of freedom in 
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forming the activated complex from the separated reactants 
and is given the symbol AGtr»ns-

We next consider the formulation of the electron exchange 
process in terms of an ion-pair preequilibrium (eq 1-3). In this 
description the exchange rate constant is given by eq 16-
19.2 

k = K0kcl 

kel = ^fexp[-AGx*/RT] 

AGx* = AGin* + AGout* 

47riV>3 

(16) 

(17) 

(18) 

(19) 

The above expression for K0, the ion-pair equilibrium constant, 
has been derived from both diffusional33a and free volume33b 

considerations and has been applied with some success to the 
rates of substitution reactions which are believed to go by an 
interchange mechanism.34 In terms of transition state theory 
the activation free energy according to the ion-pair preequi
librium model is 

4TT/VV3 

AG* = -RT\n~^- + wr + AGin* + AGolli* (20) 

The Marcus and ion-pair formulations of the rate constant 
can be put on a common basis by writing eq 11 in the form 

k=-^-cxp[-wT/RT]^cxp[-AGx*/RT] (21) 
KBJ n 

Comparison of eq 21 with eq 16 and 17 shows that the rate 
constant for electron transfer in the Marcus formulation can 
also be formally expressed as the product of an equilibrium 
constant for precursor complex formation, given by eq 22, and 
a rate constant for electron transfer within the precursor 
complex, given by eq 17. 

K0 = -^-exp[-wr/RT] 
KnJ 

(22) 

The preequilibrium assumption for precursor complex 
formation and the use of eq 19 and 22 for K0 merit additional 
comment. The preequilibrium assumption requires that the 
dissociation of the precursor complex be rapid compared to the 
rate of electron transfer within the precursor complex, that is, 
that the electron transfer not be diffusion controlled. If the 
electron transfer is diffusion controlled then it is necessary to 
make a steady-state assumption for the concentration of the 
precursor complex. So far as the expressions for KQ are con
cerned, eq 19 has been derived for ion-pair formation between 
oppositely charged reactants. For such systems the potential 
energy of interaction is a minimum when the two reactants are 
in contact. The same is not true for similarly charged reactants. 
For the latter systems eq 19 (and other analogous equations) 
can still be used with r = (a\ + ai). However, although the 
equilibrium constant in this case still gives the statistical dis
tribution of reactants that are in contact, r = (a\ + «2) no 
longer corresponds to a minimum in the interaction free en
ergy.35 With this reservation in mind, we will continue to use 
eq 19 for similarly charged reactants. Equation 22, which has 
been derived from the kinetic theory of gases, glosses over the 
details of the diffusional process in liquids. Nevertheless, the 
use of Z is justified by the fact that it provides a reasonable 
estimate of the total number of collisions per unit time between 
a pair of molecules in solution. 

The ratio of the equilibrium constants for precursor complex 
formation given by eq 19 and 22 is 

K0 (eq 19) ^ ( ^ r ) W 

K0 (eq 22) 3Nh 

where m\ = mi = m, M = Nm, and r is in angstroms. The 
difference between the two methods of calculating the rate 
constants is small for small reactants but, as will be pointed out 
in the next section, is significant for the reactions discussed 
here. 

An important term in the expressions for the free energy of 
activation is the work required to bring the two reactants to
gether. Since the Debye-Hiickel theory fits the ionic strength 
dependence reasonably well to ^ = 0.1 M (for the Ru-
(NH3)4(bpy)3 + ' / 2 + exchange reaction the error in the rate 
constant at ju = 0.10 M from Debye-Hiickel theory is only a 
factor of 2 based on the rate constant extrapolated to n = 0) 
we will use the expression for the work term appropriate to the 
Debye-Hiickel theory. 

wr 
z\zjel 

Dsr(l + K7) 
/2„2 8TrA^e2M | ' /2 

000DsRT, 
= 0V£ 

(24) 

(25) 

where the symbols have been previously defined. In the limit 
of infinite dilution the above expressions are simply a statement 
of Coulomb's law which gives the energy required to bring two 
charged spheres from infinity to a separation distance r in a 
medium of dielectric constant Ds. 

Comparison of Observed and Calculated Rate Constants. As 
noted in the Introduction, the contribution to the electron ex
change activation energy from the reorganization of the 
inner-coordination spheres in ruthenium ammine complexes 
is small. For the Ru(NH 3 ^ 3 + Z 2 + exchange reaction, Aa0 is 
known from X-ray crystallographic determination to be 0.04 
A.36 The symmetrical Ru-N stretching frequency of 
Ru(NH3)63 + is reported to be 500 cm - 1 37 and assuming that 
the force constants of Ru(II) and Ru(III) are not appreciably 
different f\ = /2 = 2.5 X 105 dyn cm - 1 can be calculated. Thus 
using eq 12, AGin* for the Ru(NH 3 ) 6

3 + / 2 + exchange reaction 
is 0.9 kcal mol -1 . Crystal structures have also been determined 
for pentaamminepyrazineruthenium(II) and -(III)38 and for 
m-tetraamminebis(isonicotinamide)ruthenium(II) and 
-(III),39 which are good analogues for estimating AGjn* for 
the Ru(NH 3 ) 5 py 3 + / 2 + and Ru(NH 3 ) 4 (bpy) 3 + / 2 + exchange 
reactions, respectively. For both of these exchange reactions 
AGjn* is estimated to be 1.0 kcal mol - 1 . Within the error of 
the measurements there is no difference in metal-nitrogen 
bond lengths between tris(phenanthroline)iron(H) and -(III).40 

This result suggests that AGjn* for the Ru(bpy)3
3+- / 2+ ex

change reaction is negligible. Although there are no structural 
results available for the Ru(bpy)2(NH3)2

3 + /2 + system, AGin* 
for this exchange reaction is also expected to be very 
small.41 

The observed rate constants for the electron exchange re
actions of the ruthenium complexes can now be compared with 
the theoretical predictions using the equation 

Scaled = Q exp[-(w r + AG0Ut* + AGiB*)/RT] (26) 

The reactive-collision and ion-pair preequilibrium formulations 
differ only in the expressions used for the preexponential term 
Q: in the former case Q is simply equal to Z while in the latter 
case it is equal to (^B7y^)(4xA^3/3000). The expressions for 
wT, AG0Ut*! and AGjn* have been previously given (eq 24,13, 
and 12, respectively). The formulas for wr and AG0Ut* with 
constants at 25 0 C and at /x = 0.1 M are 

AG, 

4.24z]Z2 

7(1 +0.104r) 

45.0 

(27) 

(28) 

(23) in kcal mol ' for r (= 2a) in angstroms. The observed rate 
constants are compared with the predictions of eq 26 in Figure 
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Table IV, Comparison of Terms Contributing to Calculated Rate Constants for the Electron Exchange Reactions of Ruthenium(II)/-(III) 
Couples at 25 0C and n = 0.1 M 

exchange reaction 

r.k 
Z, M"1 s - ' " 
Q, M " ' S"1 * 
vvr, kcal mol - ' 
A(70U1*, kcal mol - 1 

ACjn*, kcal mol - 1 

Scaled, M - ' S - " 
Scaled, M - ' S - " ' 
Scaled, M - ' S - ' / 

U.«i, M - ' s-i 

Ru(NHj) 6
3 + / 2+ 

6.6 
2.1 X 10" 
4.5 X 10'2 

2.28 
6.82 
0.9 

4.7 X 103 

9.6 X 103 

2.1 X 105 

4 X l O 3 ' 
3.2 X 103* 

Ru(NH3)5py3 + /2+ 

7.6 
2.4 X 10" 
6.9 X 1012 

1.87 
5.92 
1.0 

3.7 X 104 

8.6 X 104 

2.5 X 10" 
1.1 X 105> 

Ru(NH 3 ) 4 (bpy) 3 + / 2 + 

8.8 
2.9 X 10" 
1.1 X 10'3 

1.51 
5.11 
1.0 

2.6 X 105 

7.5 X 105 

2.8 X 107 

7.7 X 105« 

Ru(bpy)2(NH3)2
3+/2+ 

11.2 
4.0X 10" 
2.2 X 1013 

1.05 
4.02 

~ 0 f 

1.9 X 107 

7.7 X 107 

4.3 X 109 

8.4 X 107* 

Ru(bpy) 3
3 + / 2 + 

13.6 
5.2X 10" 
3.9 X 10'3 

0.77 
3.31 

~ 0 C 

1.0 X 108 

5.3 X 108 

4.0X 10'° 
4.2 X IO8* 

a Z calculated from eq 14. * Q is equal to (fcB7"//!)(4irA?3/3000).' Assumed to be zero. d Equation Il with Z = 10" M" 
11 with Z calculated from cq 14. / Equations 16-19. * This work. * Reference 24. ' Reference 28. > Reference 32, 

Equation 

4 and in Table IV for both the reactive collision formulation 
(eq 11) and the ion-pair preequilibrium formulation (eq 
16). 

The agreement between the observed and calculated rate 
constants is much better using eq 11. The agreement using a 
fixed value of Z is acceptable but the agreement with the ob
served rate constants improves when Z is calculated from eq 
14. The latter equation allows for differences in the sizes and 
masses of the reactants. Calculations based on eq 16 show the 
expected slope but the absolute rate constants are about a 
factor of 40 too high. The agreement between the experimental 
results and eq 16 can be improved if a value of r equal to ap
proximately 70% of 2a (Table III) is used. That a smaller value 
of r may be appropriate was also suggested by the fit of the 
ionic strength dependence of the rate constants to eq 7. Note, 
however, that this would require that the ligands of one reac-
tant penetrate the other reactant's inner-coordination 
sphere.42 

Enthalpy and Entropy of Activation. The entropy of acti
vation for an electron exchange reaction can be calculated by 
differentiating the equation for the free energy of activation 
with respect to temperature (Gibbs-Helmholtz equation), AS* 
= -d(AG*)/dT 

AS* = AS t r a n s - | ^ f + AS0111* + AS in* 

dwT 

dT 

Wr 

2r(i +fffy/H.) 

dT 

2 d in Z)8 

(29) 

d in T 
+ /37V^ 

d In Z?s' 

d in T 
+ Br 

(30) 

where the Debye-Htickel expression (eq 24) for the electro
static work has been used. At infinite dilution this equation 
simplifies to 

dwr° w r°d In Ds 

dT T d I n T 
(31) 

where d In DJd In T = -1.368 for water at 25 0 C. The two 
formalisms for the free energy of activation differ in the 
equation for A(7trans and thus will also differ in AS t r an s . The 
expressions for ASlrans derived for the reactive collision and 
the ion pair preequilibrium formulations are given by eq 32 and 
33, respectively. 

h 7 R 
AS, r ans = R In f ^ - £ (32) 

AS1, = /?ln 

kBT 2 

4TrNdI 

3000 
(33) 

There is good evidence that AS0111* and AS1n* can be ig
nored. The energy required to rearrange the inner coordination 
spheres of the ruthenium complexes is very small and thus 

">9 kob» 

Figure 4. Plot of the logarithm of the calculated rate constant vs. the log
arithm of the observed rate constant for the series of ruthenium complexes: 
triangles, calculated from eq 16-19; circles, calculated from eq 11 with 
Z calculated from eq 14; squares, calculated from eq 11 with Z fixed at 
10" M-' s-'. 1, Ru(NH3)6

3+/2+; 2, Ru(NH3)5py3+/2+; 3, Ru(NH3)4-
(bpy)3+/2+; 4, Ru(bpy)2(NH3)2

3+/2+; 5, Ru(bpy)3
3+/2+. 

ASjn* will also be very small. A50Ut* is also expected to be very 
small from theoretical considerations. In the studies of Fischer 
et al.43 and of Rieder et al.,44 the entropy of activation for in
tramolecular electron transfer within binuclear Co(III)-
Ru(II) complexes was found to be near zero. Based on these 
considerations, we will neglect any contribution to the entropy 
of activation from these terms and assume that AG01n* = 
AH001* and AGin* = AHin*. 

The enthalpy of activation can be calculated from an al
ternative formulation of the Gibbs-Helmholtz equation, ATY* 
= d(AG*/T)/d(\/T). 

w'~ 7^r) + A//trans + AHoM*+ AH,n* (34) AH* = 

For the reactive-collision model the equation is 

AT/trans = ~ RT/2 (35) 

while for the ion-pair preequilibrium model A//trans is equal 
to zero. The values of AH* for the two formulations will 
therefore differ by only RT/2 or 0.3 kcal mol -1 . The difference 
between the entropies of activation calculated from the two 
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- io -

-20 

Figure 5. Plot showing the entropy of activation for the Ru(N Hh)4-
(bpy)3+/2+ exchange reaction as a function of ionic strength: squares, 
CF3SO3H medium; circles, HCIO4 medium. The lines were calculated 
from eq 29 and 32 with the following values of T: a, 7.0 A; b, 9.0 A; c, 14.0 

Table V. Comparison of Observed and Calculated Entropies and 
Enthalpies of Activation at Zero Ionic Strength for the Ru(NH3)4-
(bpy)3+/2+ Exchange Reaction 

A50*(obsd), cal deg"1 mol-1 

AH0* (obsd), kcal mol"1 

f,k 
AS0* (calcd, eq 37), cal deg-1 mol-1 

AS0* (calcd, eq 40), cal deg-1 mol-1 

AW0* (calcd, eq 38), kcal mol-' 
AH0* (calcd, eq 39), kcal mol"1 

- 2 4 ± 3 
4.0 ±0.5 

9.0 
-22.1 
-11.7 

4.7 
5.0 

4.5 

-22.6 

8.9 

models depends upon the size of the reactants and will typically 
be some 5-15 cal deg - 1 mol - 1 for the complexes considered 
in this study. 

The ionic strength dependence of the entropy and enthalpy 
of activation for the Ru(NH3)4(bpy)3 + /2 + exchange reaction 
is shown in Figures 5 and 6, respectively. The solid line in each 
figure has been calculated from eq 29 and 34 using Z = I O 1 1 

M - 1 s - 1 and r = 9 A. It will be seen (Figure 5) that the ob
served entropy of activation does not show the predicted in
crease with increasing ionic strength; instead the entropy is 
essentially independent of ionic strength. The increase in rate 
constant wi.th increasing ionic strength is reflected almost 
entirely in a decrease in the enthalpy of activation. This is 
contrary to the expectation from eq 34 in which a slight in
crease in enthalpy with increasing ionic strength is predicted 
(Figure 6). This behavior is not unique to this ruthenium sys
tem but has also been observed for the electron transfer reac
tions of some aquo metal ions.45 

A smaller ionic strength dependence of the entropy of acti
vation is predicted by the Guggenheim modification of the 
Debye-Hiickel equation and by the extended Debye-Huckel 
equation derived by Waisman et al.46 However, the predicted 
ionic strength dependence is still larger than observed for the 
Ru(NH3)4(bpy)3 + /2 + exchange reaction and for the aquo 
metal ions. The observed trend in AH* and AS* with in
creasing ionic strength in C l O 4

- media vs. CF3SO3 - media 
suggests that ion pairing or other specific anion effects are 
responsible for the deviations from the predicted behavior. As 
discussed above, there is good evidence for ion pairing between 
the Ru(III) complex and C l O 4

- relative to CF3SO3 - media. 
There is, however, an alternative explanation for the depen
dence of the activation parameters on the ionic strength of the 

0.0 
0.00 0.20 0.40 0.60 0.80 1.00 

Figure 6. Plot showing the enthalpy of activation for the Ru(NHs)4-
(bpy)3+/2+ exchange reaction as a function of ionic strength: squares, 
CF3SO3H medium; circles, HClO4 medium. The line was calculated from 
eq 34 and 35 with r = 9.0 A and AGm* = 0. 

medium. The expression in eq 36 is the equivalent of expressing 
the ionic strength dependence of the rate constant by eq 7. 

Wr = Wr
a — 

vfbV^ 
+ 2303RTc1* (36) 

+ bVJi. 
Here wr° = z\Z2e2/Dsr and b and c are empirical constants 
taken from the nonlinear least-squares fit of the data to eq 7. 
Utilizing this expression an entropy of activation which is in
dependent of ionic strength can be obtained if the dielectric 
constant or its temperature derivative is assumed to be a 
function of ionic strength. Although the ionic strength data can 
be rationalized in this manner, a more fundamental difficulty 
lies in the use of a dielectric continuum model for highly 
charged ions such as those employed in this study. 

Because of the difficulty in interpreting the ionic strength 
dependence of the activation entropy and enthalpy, activation 
parameters for the Ru(NH 3 ) 4 (bpy) 3 + / 2 + exchange reaction 
at infinite dilution were obtained by extrapolating the rate 
constants to /* = 0 using eq 7. This was done at each tempera
ture. The entropy and enthalpy of activation at infinite dilution 
within the reactive-collision formulation are given by eq 37 and 
38, respectively. 

AH0* = wr° 1 -

vr° d In Ds 

T d in T 

d In Ds\ RT 

din T 

+ R\n 
hZ 

kBT' 

R 

2 

• + AG0U,* + AG:, 

(37) 

(38) 

The value of AHo* calculated from the ion-pair preequilibrium 
formulation 

AH0* = wr° 1 
d lnfl s 

din T 
+ AG0Ut* + AGn (39) 

differs only slightly from the reactive-collision formulation 
The entropy of activation calculated from the ion-pair pre
equilibrium formulation is given by 

Id In D. 
AS0* = • 

T d in T \ 3000 
(40) 

The experimental activation parameters are compared with 
the calculated values in Table V. The values of ASo* and 
AHo*, calculated from eq 37 and 38, respectively, are in ex
cellent agreement with the observed values. By contrast, the 
entropy of activation calculated from the ion-pair preequilib
rium formulation is much too positive. If a smaller value of? 
is used, the agreement between the observed entropy and that 
calculated from eq 40 is improved. However, using a value of 
r derived from the ionic strength dependence of the rate con
stant at 25 0 C increases the value of A//n* calculated from eq 
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39 to such an extent that it is in poor agreement with the ob
served value. 

One further point with regard to the activation parameters 
deserves mention. The entropy and enthalpy of activation for 
the Ru(NH3)63+'/2+ exchange reaction were calculated from 
the net reaction between Ru(en)33+ and Ru(NH3)62+. If the 
entropy of activation is not a strong function of ionic strength, 
then the observed value at n = 0.10 M, —27 ± 3 cal deg-1 

mol-1, is reasonably close to the expected value for an r of 7 
A. The reported entropy of activation for the Ru(bpy)33+/2+ 

exchange reaction at n = 0.1 M, —6.6 cal deg-1 mol-1,24 is 
more positive than expected on the basis of the present treat
ment. 

Conclusions and Implications for Other Exchange Reactions. 
The ionic strength dependence of the rate constants and acti
vation parameters determined in this work cannot readily be 
interpreted in terms of the models used. Consequently acti
vation parameters were computed at zero ionic strength and 
compared with the experimental values. At zero ionic strength 
the semiclassical model derived on the basis of the reactive 
collision formulation of an activated complex (Marcus theory) 
gives excellent agreement with the rates and activation pa
rameters for the exchange reactions of the ruthenium ammine 
complexes. This model also accounts satisfactorily for the 
linear dependence of log k on \jr. 

As shown above, the Marcus equations can be recast in 
terms of the preequilibrium formation of a precursor complex 
followed by rate-limiting electron transfer within the complex. 
The expression for the equilibrium constant for the formation 
of the precursor derived in this manner differs from the con
ventional expression for ion pair formation. From the better 
agreement of the rate constants calculated from the reactive 
collision model with the experimental data it might be con
cluded that the preexponential term given by the reactive 
collision model is the appropriate one. However, this conclusion 
is not necessarily correct. The data in Table IV show that 
AGin* is small and that the largest contribution to AG* for 
each exchange is from AG0Ut*. Thus it could still be that the 
conventional ion-pair expression is the appropriate one to use, 
but that the expression for AGout* is in error. For this expla
nation to be correct the "real" value of AG0Ut* would have to 
be larger than the value given by eq 13. 

Additional information on this point can be obtained from 
a consideration of the barrier to electron transfer within bi-
nuclear complexes. In such systems the question of the stability 
constant of the precursor complex (and ionic strength effects) 
is circumvented. Theoretical considerations show that provided 
that the distortions are harmonic and the electronic interaction 
between the two metal centers is not too large, the barrier for 
light-induced electron transfer within the binuclear complex 
should be equal to four times the thermal activation barrier, 
in other words,47 

£oP = 4£ th = 4(AG1n* + AG0Ut*) 

Thus (AGjn* + AG0Ut*) for the thermal electron transfer in 
a binuclear complex can be estimated from the position of the 
intervalence absorption band in the complex. For 

[(NH3)5RuN0)—(QNRU(NH3)J5+ 

\m a x is 1050 nm in D2O corresponding to £o p = 27.2 kcal 
mol-1 and (AG1n* + AGout*) = 6.8 kcal mol-'.48 If we now 
assume that the thermal electron transfer within the binuclear 
complex provides a good model for the electron transfer within 
the precursor complex for the Ru(NH3)5py3+/2+ ex
change,32'49 then the barrier (AGin* + AGout*) for the latter 
exchange is calculated to be ~6.8 kcal mol-1. This value is in 
excellent agreement with the reorganization barrier calculated 
for the Ru(NH3)5py3+/2+ exchange reaction using eq 13 for 

AG0Ut* (Table IV). The above comparisons thus provide no 
evidence that the expression for AG0Ut* is in error. 

Other factors which have been neglected in the above dis
cussion are steric effects, nonadiabaticity, and alternative 
forms of the frequency factor. The absolute rate theory 
preexponential term kT/h has been used in this discussion. 
Other expressions for the frequency factor have been pro
posed.2 Including these effects may improve the agreement 
between the kinetic parameters calculated for the ion-pair 
model and the observed values.51 A calculation of the electronic 
interaction energy of the Ru(II)-Ru(III) system will evidently 
be of considerable interest. In the absence of this information 
we may conclude that the Marcus equations provide a better 
rationalization of the kinetic data. 

Finally, if the ionic strength dependence of the entropy of 
activation for the Ru(II)/Ru(III) exchange reaction can be 
generalized to other reactions, then the measured entropy of 
activations for aquo metal ions of ca. —25 cal deg-1 mol-1 at 
0.1-1.0 M ionic strength cannot be taken as evidence for 
nonadiabaticity when observed and calculated values are 
compared (as has been done, for example, in ref 46). Thus, 
when extrapolations are made to infinite dilution, the calcu
lated entropy of activation for the Fe(FhO^3+Z2+ exchange 
is in good agreement with the experimental value.10 The cal
culated activation enthalpy is, however, several kilocalories 
per mole too high. It has been proposed1,10 that nuclear tun
neling is occurring in this exchange reaction and recent cal
culations indeed show that such effects are appreciable in this 
system.50 However, nuclear tunneling effects are not important 
for systems where the inner-shell reorganization energies are 
small. This is the case for the ruthenium ammine systems 
discussed here. 
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[(MeCp)2Mn] have demonstrated a thermal equilibrium be
tween high-spin (6Aig) and low-spin (2E2g, [e2g

3aig
2]) elec

tronic configurations, with the high-spin form predominating 
at elevated temperatures. A gas-phase electron diffraction 
investigation similarly revealed the presence of two isostruc-
tural species in the vapor at 100 0 C, with average /?(M-C)s 
of 2.433 (8) and 2.144 (12) A.5 Comparison of these bond 
lengths with the bond length observed in the high-spin Cp2Mn 
led to the conclusion that the former distance represents 
high-spin and the latter low-spin (MeCp)2Mn. An unusually 
large Mn-C vibrational amplitude (0.160 A) was noted for 
low-spin (MeCp)2Mn, and it was concluded that this was a 
manifestation of a dynamic Jahn-Teller distortion involving 
ring-tilting modes. The 2E2g configuration is orbitally degen
erate; thus in theory the low-spin manganocene is subject to 
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Abstract: The crystal and molecular structures of bis(pentamethylcyclopentadienyl)manganese(ll) and -iron(ll) have been 
determined by single-crystal X-ray diffraction. The crystal packing of the two compounds is closely related and highly ordered, 
allowing a detailed comparison of structural parameters. Both metallocenes contain planar, staggered Me5Cp rings, The ferro
cene corresponds to a molecular symmetry of Ds1/ with average Fe-C and C-C distances of 2.050 (2) and 1.419 (2) A, respec
tively. The low-spin manganocene has an orbitally degenerate 2E2g ground state in D^ symmetry. This degeneracy is relieved 
in the solid state by (1) a distortion of the Cp rings in which C-C ring distances range from 1.409 (2) to 1.434 (2) A and (2) 
a small slippage of the top and bottom halves of the metallocene "sandwich" to give Mn-C bond lengths which range from 
2.105 (2) to 2.118 (2) A. In both structures the methyl groups bend away from the metal atom 0.06 A from the Cp rings. Or
ange crystals of (C5(CH3)S)2Mn conform to the space group C2/<r with a = 15.143 (4) A, b = 12.248 (3) A, c = 9.910 (3) A, 
and /3 = 93.56 (3)°. For 2581 independent reflections with F0

2 > Za(F0
1), R = 3.6%, RK = 5.0%. Orange crystals of 

(C5(CH3)S)2Fe conform to the space group Owa with a = 15.210(3),* = 11.887 (2), and c = 9.968 (2) A. For 1217 indepen
dent reflections with F0

2 > 3a(F0
2), R = 3.9% and Rw = 5.5%. Both structures have four molecules per unit cell with C, (Mn) 

and C2/, (Fe) crystallographic site symmetry, respectively. 
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