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[ R ~ C I ( O H ) ( P Y ) ~ I +  - [RuCNO)(py),l+ + e- (10) 
oxidation of Ru1'-OH2 species to the corresponding RurV=O 
species has been known to be a common preparative route for 
high-valent ruthenium complexes with an oxygen ligand,5-'3 and 
in fact, eq 10 has been dem~nstrated.~ '  

In  contrast, the analogous trans- [ Ru( NO2) ( H 2 0 ) (  py),]+ 
changed to tram-[Ru(ONO)(O)(py),]+ with retention of the nitro 
nitrogen, as was indicated by a I5N labeling experiment (Table 
I ) .  Although both trans-[RuCI(O)(py),]+ and trans-[Ru- 
(ONO)(O)(py),]+ have identical oxo ligands, the origin of the 
ligand in each product is clearly different. The oxygen-transfer 
process expressed by Scheme I11 is not necessary for the expla- 
nation. One possible oxidation process of trans- [Ru- 
(N02)(H20)(py),]+ is expressed by Scheme IV (eqs 11-13). 
Equation 13 will proceed rapidly before [HO-RU"~-ONO]+ 
dimerizes with [H0-Ru"'-NO2]+ to give a transient intermediate 
because [HO-Ru"'-ONO]+ is less reactive toward the dimeri- 
zation reaction, as is suggested by electrochemical observations. 
Scheme IV 

[H20-Ru11-N02]+ - [HO--RU'~'-NO~]+ + e- + Hf 
(11)  

[H0-Ru1"-N02]+ - [HO-RU"'-ONO]+ (12) 

[HO-RU~~'-ONO]+ - [O=RU~~-ONO]+ + e- + H+ 
(13) 

The source of the oxygen atom in rrans-[RuCl(0)(py),lf can 
be the one oxygen atom of the nitro ligand in trans-[RuCI- 
(N02)(py),], while that in  trans- [ Ru(ONO)(O)( py),]' can be 
ascribed to the aqua ligand, which existed originally in trans- 
[Ru(NO,)(H,O)(py),]+. The selectivity observed in the formation 
reaction of the high-valent ruthenium complexes with a mono- 
oxygen ligand can reasonably be explained by a consideration of 
the reactivity of rrans-[RuX(N02)(py),ln where a strong de- 
pendence of the X ligand trans to NO; is seen. One reason that 

gives rise to the selectivity appears to be that while the nitro-nitrito 
isomerization occurs rapidly at 25 "C in both nitro complexes, 
a concomitant oxygen transfer to give a monooxygen moiety 
(Scheme I ,  compound e to A or B), via the formation of transient 
intermediate (Scheme I, compound c to compound e), is relatively 
slow in trans-[R~(NO~)(H~O)(py)~]+. How OH2 (or OH) ligand 
deaccelerates the oxygen transfer reaction is a problem for future 
study. 
Conclusion 

A chemical oxidation reaction of trans-[RuX(N02)(py),ln 
depends on the X ligand, which exists trans to NO2-. For X = 
CI, trans-[RuCI(O)(py),]+ is formed as the sole product (95% 
yield is usual), while trans-[Ru(ONO)(O)(py),]+ is produced 
when X = H20,  with retention of the original nitro nitrogen. The 
conversion processes were revealed through electrochemical in- 
vestigations at various temperatures (-25 to -40 "C). Both 
chemical and electrochemical oxidation of trans-[RuCI(N02)- 
( p ~ ) ~ ]  proceed by an oxygen transfer from one nitro group to 
another, via an intermediate consisting of trans-[RuC1(N02)- 
( p ~ ) ~ ] '  and its isomer, tran~-[RuCI(ONO)(py)~]+. The key to 
the occurrence of the rare reaction is a decomposition mode of 
the intermediate existing transiently. 

Such an intermediate process is not required for the oxidation 
of trans- [ Ru( NO2) ( H 2 0 ) (  py),] + to give trans- [ Ru(ON0) (0)- 
(py),]'. It can reasonably be assumed that a one-electron oxi- 
dation of trans- [ Ru( NO,)( H20)  ( p ~ ) ~ ] +  gives first predominantly 
truns-[R~(ONO)(OH)(py)~]+, which then changes directly to 
trans- [ R ~ ( O N 0 ) ( 0 ) ( p y ) ~ ] +  by a further one-electron oxidation. 
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The kinetics of a series of outer-sphere electron-transfer reactions of the type C O ( N H ~ ) ~ ( N H ~ R ) X ( ~ - " ) +  t Fe(CN)t- - Co2+ + 
4NH3 + NH2R t X" + Fe(CN);- (X = N), R = H; X = Cl-, R = H, CH,, i-C,H9) were studied as a function of temperature 
and pressure. I t  was possible to separate the ion-pair formation constant and the electron-transfer rate constant in a kinetic way, 
and the corresponding thermodynamic and activation parameters were determined. For the electron-transfer process, the rate 
and activation parameters lie in the ranges 0.06 5 k X lo2 5 20 SKI, 84 5 AH* 5 118 kJ mol-', 4-1 1 5 LS*  5 113 J K-I mol-', 
and t 1 9  5 A P  5 t 3 4  cm3 mol-'. The experimentally observed activation volumes are in good agreement with those predicted 
theoretically on the basis of an average A* value of 0.48 f 0.07. The results are discussed in reference to related studies reported 
in the literature. 

Introduction 
In recent years significant advances have been achieved in the 

application of pressure as a kinetic parameter in mechanistic 
studies of transition-metal c~mplexes .~-~  This has in many cases 
added a further dimension to our mechanistic insight, since such 
studies enable us to visualize the chemical process in terms of 

( I )  van Eldik, R., Ed. Inorganic High Pressure Chemistry: Kinetics and 
Mechanisms; Elsevier: Amsterdam, 1986. 

(2)  Kotowski, M.: van Eldik, R. Coord. Cfiem. Rev. 1989, 93, 19. 
( 3 )  van Eldik. R.: Asano, T.; le Noble, W. J .  Cfiem. Reo. 1989, 89. 549. 

volume changes along the reaction coordinate. We have in the 
past systematically studied the pressure dependence of a wide range 
of typical reactions of inorganic and organometallic 
and are convinced of the mechanistic discrimination ability of 
pressure when employed as a kinetic parameter. In this respect, 
we and others have studied the effect of pressure on some typical 
outer-sphere electron-transfer  reaction^.^-'^ Theoretical calcu- 

(4) van Eldik, R.; Kelm, H. Inorg. Cfiim. Acta 1983, 73, 91. 
(5 )  Krack, 1.: van Eldik, R. Inorg. Chem. 1986, 25, 1743. 
(6) Krack, 1.; van Eldik, R. Inorg. Chem. 1989, 28, 851. 
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lations based on the classical Hush-Marcus theory have been 
employed to account for the observed pressure  effect^.'-^-'^ 
However, the rather limited experimental data available restrict 
the general validity of such theoretical calculations and the un- 
derstanding of such processes. 

We have now completed a systematic studyi5 of a series of 
typical outer-sphere electron-transfer reactions between Fe(CN)6' 
and four different pentaamminecobalt(II1) complexes in which 
we have varied one of the ammine ligands as well as the ligand 
in the sixth coordination site. These data along with the three 
complexes studied p r e v i o u ~ l y ~ ~ ~  give us a total of seven complete 
systems for which all the activation parameters ( A H * ,  AS*, and 
AV) are now available. In addition, we report results for the 
theoretical calculation of the activation volumes for the rate-de- 
termining electron-transfer reactions. 

Outer-sphere electron-transfer reactions usually proceed ac- 
cording to a multistep process, involving the formation of an 
encounter (ion-pair) complex followed by rate-determining electron 
transfer. For the reactions under investigation this can be for- 
mulated as in ( 1 ) .  Under pseudo-first-order conditions, i.e. in 

C O ( N H , ) ~ ( N H ~ R ) X ( ~ - ~ )  + F e ( C N ) 6 4 - e  
K 

(CO(NH~),(NH~R)X(~-")+,F~(CN)~~-) 
k ~CO(NH,)~(NH~R)X(~-")+,F~(CN)~~-) - 

Co2+ + 4NH3 + NH2R + Xw + Fe(CN)d- (1) 

the presence of excess Fe(CN)64-, the observed rate constant is 
a composite quantity as shown in (2).  It is therefore essential 

kobs = kK[Fe(CN)64-]/11 K[Fe(CN)64-]) ( 2 )  

to analyze the [Fe(CN),4-] dependence of kobs in  detail in order 
to be able to resolve the values of k and K as a function of 
temperature and pressure. The systems studied in this investigation 
are as follows: X = N3-, R = H; X = CI-, R = H, CH,, i-C4H9. 

Experimental Section 
The following complexes were prepared according to published pro- 

cedures: [ C O ( N H , ) , N , ] ( C I O ~ ) ~ , ~ ~  [CO(NH,)~CI](CIO,)~,'~~~* trans- 
[CO(NH,),(CH~NH~)CI](CIO~)~,~~~~~ and trans-[Co(NH,),(i- 
C4H9NH2)CI] (C104)2.19*20 Cemical analyses2' and UV-visible spectral 
data were in good agreement with the theoretically expected values and 
those reported b e f ~ r e , ' ~ . ~ ~ , ~ ~  respectively. All chemicals used were of 
analytical reagent grade, and doubly distilled water was used as solvent 
throughout this study. The ionic strength of the medium was maintained 
constant at  1.0 M with the aid of NaCIO,. The redox reactions were 
followed via the formation of Fe(CN)l - ,  and HzEDTA2- was added to 
prevent the formation of Co,[Fe(CN),], by binding the produced Co2+ 
as Co(EDTA). 

UV-visible absorption spectra were recorded on Shimadzu UV 250 
and Perkin-Elmer Lambda 5 spectrophotometers. pH measurements 
were performed on a WTW instrument equipped with a reference elec- 
trode filled with 3 M NaCl in order to prevent the precipitation of KCIO, 
when KCI was used as electrolyte. Kinetic measurements were performed 

(7) Braun, P.; van Eldik, R. J. Chem. SOC., Chem. Commun. 1985, 1349. 
(8) Sasaki, Y.; Endo, K.; Nagasawa, A.; Saito, K. Inorg. Chem. 1986, 25, 

4845. 
(9) Spiccia, L.; Swaddle, T. W. Inorg. Chem. 1987, 26, 2265. 

(10) Dione, H.; Swaddle, T. W. Inorg. Chem. 1988, 27, 665. 
(11) Swaddle, T. W. In ref I ,  Chapter 5. 
(12) Neilson, R. M.; Hunt, J. P.; Dodgen, H. W.; Wherland, S. Inorg. Chem. 

1986, 25, 1964. 
(13) Stranks. D. R. Pure A D D ~ .  Chem. 1974. 38. 303. 
(14) Wherland, S. Inorg. dh'em. 1983, 22, 2349. 
(15) Krack, 1. Doctoral Thesis, University of Frankfurt, FRG, 1987. 
(16) Linhard, M.; Flygare, H. Z .  Anorg. Allg. Chem. 1950, 262, 340. 
(17) Linhard, M.; Flygare, H. J .  Am. Chem. SOC. 1922, 44, 2220. 
(18) Diehl, H.;  Clark, H.; Willard, H. H. Inorg. Synth. 1939, I ,  186. 
(19) Balt, S.; Gamelkoorn, H. J.; Piriz Mac-Coll, C. R.; Renkema, W. E. 

Transition Met. Chem. 1984, 9, 224. 
(20) van Eldik, R.; Kitamura, Y.; Piriz Mac-Coll, C. R. Inorg. Chem. 1986, 

25, 4252. 
(21) Hoechst Analytical Laboratory, Frankfurt, FRG. 
(22) Swaddle, T. W.; Guastalla, G. Inorg. Chem. 1969, 8, 1604. 
(23) Linhard, M.; Weigel, M .  Z. Anorg. Allg. Chem. 1951. 266, 52. 
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Figure 1.  Plots of kobs versus [Fe(CN)$-] for the reduction of trans- 
CO(NH,)~(~-C.,H~NH~)CI*' as a function of temperature. Solid lines 
represent nonlinear best fits of the data points. 
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Figure 2. Plots of kobs versus [Fe(CN),&] for the reduction of trans- 
C O ( N H , ) ~ ( ~ - C , H ~ N H ~ ) C I ~ +  as a function of pressure at  308.2 K. Solid 
lines represent nonlinear best fits of the data points. 

CFe(CN)64-I-', M-' 

Figure 3. Plots of kob;' versus [Fe(CN),e]-l for the data in Figure I .  

with a modified Aminco stopped-flow instrument at ambient pressure and 
with a homemade high-pressure stopped-flow unit a t  elevated pressure.24 
The slower reactions were followed in the thermostated cell compartment 
of the mentioned spectrophotometers a t  ambient pressure and in a Zeiss 
spectrophotometer equipped with a thermostated high-pressure cell2s at  
elevated pressure. The temperature control on all the kinetic instruments 
was within fO.l "C. All kinetic measurements were performed under 
pseudo-first-order conditions, and the rate constants were observed in the 
usual way using an on-line data acquisition system2, in the case of the 

(24) van Eldik, R.; Palmer, D. A,; Schmidt, R.; Kelm, H. Inorg. Chim. Acto 
1981, 50, 1 3 1 .  

(25) Fleischmann, F. K.; Conze, E. G.; Stranks, D. R.; Kelm, H. Reu. Sci. 
Insrrum. 1974, 45, 1427. 

(26) Kraft, J.; Wieland, S.; Kraft, U.; van Eldik, R. G I T  Fachz. Lob. 1987, 
31, 560. 
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Table 1. Values of K and k as a Function of Pressure for the Reactionn 
C O ( N H ~ ) ~ ( N H , R ) X ( ~ - ~ ) +  + Fe(CN)6'-- Co2+ + 4NH3 + NH2R + X" + Fe(CN),3- 

R X" T, K P, MPa K,b M-' thermodynamic parameters k,b  s-I activation params 
H 

H 

CH2 

i-C4H9 

N3- 290.2 
298.2 
300.7 
303.2 
308.2 

CI- 298.2 
303.2 
308.2 
313.2 
308.2 

C1- 293.2 
298.2 
303.2 
308.2 

CI- 298.2 
303.2 
308.2 
3 13.2 
308.2 

0.1 

5 
25 
50 
75 

IO0 

0. I 

5 
25 
50 
75 

IO0 
0.1 

5 
25 
50 
75 

IO0 
0. I 

5 
25 
50 
75 

100 

66 f 1 A H o  = 2 f 14 kJ mol-' (1.73) f 0.07) X IO4 
49 f 1 
45 f 1 
7 1.6 f 0.4 
70.5 f 0.1 
61.7 f 0.3 
69.9 f 0.2 
90.4 f 0.2 

105.0 f 0.3 
110f I 
37.9 f 0.3 
51.8 f 0.3 
50.6 f 1.0 
74 f 2 
56.5 f 0.8 
63.6 f 1.6 
47.9 f 0.3 
43.9 f 0.2 
76.5 f 1.9 
48.5 f 0.1 
37.2 f 0.3 
31.6 f 0.5 
35.2 f 0.4 
35.3 f 0.3 
30.9 f 1.2 
36.9 f 1 . 1  
32.7 f 0.2 
30.1 f 0.9 
13.2 f 0.8 
12.2 f 0.7 
12.9 f 1.3 
12.9 f 1.1  
12.4 f 0.9 
14.5 f 0.3 
14.6 f 1.2 
16.1 f 0.9 
16.0 f 0.5 

So = -204 f 46 J K-' mol-' 

A v  = -16.5 f 2.2 cm3 mol-' 

AHo = 28 f 8 kJ mol-' 
ASo = -120 f 27 J K mol-' 

A v  = -3 f 8 cm3 mol-' 

A H o  = -20 f 9 kJ mol-' 
ASo = -280 f 29 J K-' mol-' 

AHo = -4 f 3 kJ mol-' 
ASo = -240 f 9 J K-' mol-' 

A?rp = -6 f 1 cm3 mol-' 

i6.2 i 0.4) X'104 
(9.9 f 0.6) x 10-4 
(1.12 f 0.06) x 10-3 
(2.36 f 0.06) X 
(2.46 f 0.05) X IO-) 
(2.07 f 0.04) X IO-' 
(1.65 f 0.04) X IO-' 
(1.42 f 0.02) X 

(2.7 f 0.2) X 
(4.6 f 0.2) X 
(8.7 f 0.6) X 
(14.5 f 0.7) X 
(8.5 f 0.6) X 
(6.8 f 0.5) X IO-, 
(5.9 f 0.5) X 
(4.7 f 0.3) X 
(3.0 f 0.1) X 

(5.0 f 0.2) X 

(21.0 f 0.8) X 
(19.0 f 0.5) X 
(17.9 f 1.8) X 
(12.6 f 1.5) X 
(10.2 f 0.7) X 
(7.8 f 0.6) X 

(42 f 3) X 
(78 f 8) X 
(156 f 16) X 
(76 f 6) X 
(56 f 2) X 

(30 f 2) X 
(24 f 1) X 

(1.22 0.03) x 10-3 

(2.1 f 0.2) x 10-2 

(11.0 f 0.1) x 10-2 

(20 f 2) x 10-2 

(44 f 5) x 10'2 

AH* = 104 f 6 kJ mol-' 
AS* = +44 f 20 J K-' mol-' 

AV = + I 8 3  f 1.1 cm3 mol-' 

AH* = 85 f 3 kJ mol-' 
AS* = + I  1 f 8 J K-' mol-' 

AV = +25.9 f 3.1 cm3 mol-' 

AH* = 114 f 4 kJ mol-' 
AS* = +I12  f 14 J K-l mol-' 

AV = +25.1 f 1.5 cm3 mol-' 

AH* = 103 f 2 kJ mol-' 
AS* = +87 f 8 J K-' mo1-I 

A v '  = +31.3 f 0.9 cm3 mol-' 

ORate data are reported in Table SI (supplementary material): [Co(III)] = 1 X IO-) M; [H2EDTA2-] = 2 X lo-' M; ionic strength = 1.0 M; 
[Fe(ll)]  = (0.6-7.5) X IO-* M. bEstimated from plots of kob;l versus (Fe(CN)64']-' according to eq 3. 

Table 11. Summary of the Equilibrium Constants and Associated Thermodynamic Parameters for Ion-Pair Formation According to 

CO(NH~),(NH,R)X(~-")+ + Fe(CN):- & {CO(NH~),(NH,R)X(~-")+,F~(CN)~~-J 
R X" K(25 "C),  M-' AH', kJ mol-' ASo, J K-' mol-' A r ,  cm3 mol-' ref 

480 f 110 -15 i 8 5 
168 f I 5 

H DMSO 34 f 4 -8 f 21 -240 f 67 -11 f 3 5 
H N ,- 49 f 1 +2 f 14 -204 f 46 -16 h 2 this work 

H H20  
H C 5 H P  

H C i- 37.9 f 0.3 +28 f 8 
CI- 37.2 f 0.3 -20 f 9 

-4 f 3 i-C,H9 c1- 13f 1 
CH3 

stopped-flow instrumentation. The corresponding first-order plots were 
linear for at least 3 half-lives of the reaction under all experimental 
conditions. 
Results and Discussion 

The observed pseudo-first-order rate constant, kob, was mea- 
sured as a function of [Fe(CN)6"-] a t  different temperatures and 
pressures, and the results for the four investigated systems are 
summarized in Table SI (supplementary material). A typical 
example of the results for one system is presented in Figures 1 
and 2, at  various temperatures and pressures, respectively. For 
all the investigated systems, plots of kobs versus [Fe(CN):-] are 
strongly curved and the double-reciprocal-plot procedure according 
to (3) can be adopted to resolve the values of k and K as a function 

(3) 
of temperature and pressure (see Figures 3 and 4, respectively). 
The resulting values of K and k for all the investigated systems 

kob-I = k-I + (kK[Fe(CN),4-]}-1 

-120 f 27 -3 f 8 this work 
-280 f 29 +3 f 2 this work 
-240 f 9 -6 f 1 this work 
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Figure 4. Plots of kob;' versus [Fe(CN),4-]-' for the data in  Figure 2. 
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Table 111. Summary of Rate and Activation Parameters for Electron Transfer According to the Reaction 
{CO(NH~)~(NH~R)X(~-")+,F~(CN)~'-J - Co2+ + 4NH3 + NH2R + X" + Fe(CN):- 

R X" 102k(25 "C), s-I AH*, kJ mol-' AS*, J K-' mol-l Av, cm3 mol-' ref 
12.7 1.0 102 f 5 +79 f 15 +26.5 f 2.4 5 
0.89 f 0.03 118 f 8 +I13 f 29 +29.8 f 1.4 5 

H H20 

5 
H C5H5N 
H DMSO 20 f 1 84 f 2 +25 f 8 +34.4 f 1.1 

this work H N3- 0.062 f 0.004 104 f 6 +44 f 20 +18.8 f 1.1 
this work H CI- 2.7 f 0.2 85 f 3 + I 1  f 8  +25.9 f 3.1 

c1- 5.0 f 0.2 114 f 4 +112 f 14 +25.1 f 1.5 this work 
iX4H9 CI- 20 f 2 103 f 2 +87 f 8 +31.3 f 0.9 this work 
CH3 

Table IV. Summary of Theoretically Calculated Activation Volume Data for the Reduction of Various Co(11I) Complexes by Fe(CN);-O 
Co(1ll) complex A ~ S R  A ~ C O U L  A ~ D H  A ~ N A  A ~ L S I H S  A p  Avcrp A *  

Co(N H3)5H203+ -7.4 +13.1 -11.1 -5.0 +10 54.9 +26.5 0.49 
Cow H,)5PY3+ -5.4 +9.9 -9.3 -6.6 +10 62.6 +29.8 0.50 
CO(NH,)~DMSO~+ -5.5 +10.1 -9.4 -6.5 +10 60.9 +34.4 0.59 
CO(N H3)5N32+ -5.0 +6.1 -5.9 -7.2 +IO 56.0 + I 8 3  0.37 
Co(N H3)&l2+ -5.9 +7.2 -6.6 -6.1 +IO 57.7 +25.9 0.47 
CO(N H3)4(N H2CH3)CI2+ -6.6 +8.1 -7.1 -5.4 +IO 58.9 +25.1 0.44 
Co(NH3),(NH2-i-C4H9)CI2+ -6.1 +7.5 -6.7 -5.8 +IO 61.1 +31.3 0.53 

OData taken from ref 15 and auoted in cm3 mol-'. bCalculated from the partial molar volume data in Table V: A T  = VF;e(lll) + Vcco(ll) - VFe([[) 
- ~CCo(lll). 

are summarized in Table I as a function of temperature and 
pressure, along with the associated thermodynamic and kinetic 
parameters, respectively. A comparison of the results of this 
investigation with those published previously on closely related 
systems is presented in Tables I1 and 111 for K and k ,  respectively. 

The values for the ion-pair formation constants K vary between 
13 and 480 M-l with no specific trend that can be correlated with 
the charge on the Co(II1) complex. This indicates that the in- 
teraction is not purely electrostatic and that other effects such 
as hydrogen bonding may be very important and account for the 
observed formation constants. This deviation from the expected 
trends is also clearly seen in the values of AV. On the basis of 
ion-pair formation that is accompanied by charge neutralization 
and a decrease in electrostriction, APis  expected to be positive. 
Although our values are subjected to large errors due to the errors 
in K and the indirect way in which the latter is determined, it is 
clear from Table 11 that our values are all slightly negative or at 
most close to zero. Sasaki and co-workersz7 reported a very 
significantly positive A V  for ion-pair formation between Co- 
(NH&py3+ and Fe(CN)6e, viz. +23.4 f 3.3 cm3 mol-', compared 
to an almost zero value of +3.5 f 0.6 cm3 mol-' for the Co- 
(NH3)5Hz03+/Fe(CN)64- system.* The majority of our data 
indicate that no significant volume increase occurs during ion-pair 
formation; i.e. no significant charge neutralization occurs. Thus 
we tend to support our earlier conclusion5 that charge neutrali- 
zation effects are probably smaller than intrinsic volume decreases 
due to the overlap of the molecular spheres, suggesting that the 
ionic nature of the species within the ion pairs is retained and they 
can act on the surrounding solvent molecules almost as if they 
are separated individual ions. This means that no significant 
desolvation occurs during the formation of the precursor (ion-pair) 
species and that the reactants are separated by solvent molecules. 

According to the data on the electron-transfer process in Table 
111, there is no specific correlation between the value of k and 
the size of the NH2R or X" ligands that may determine the 
distance of closest approach between the redox centers. It has 
been reported by Haim et aLB that the optimal interaction between 
the redox centers occurs under preservation of the orbital sym- 
metry, i.e. only when the reductant contacts the cobalt center via 
an amine ligand. Under such conditions, steric hindrance or other 
effects on NHzR or X" cannot affect the electron-transfer rate 
constant significantly. Some specific ligand effects, such as a 
unique coordination geometry in Co-N, or r-back-bonding effects 
in Co-py, may partially account for some of the variations observed 

(27) Kanesato, M.; Ebihara, M.; Sasaki, Y.; Saito, K. J .  Am.  Cfiem. SOC. 
1983, 105, 571 1 .  

(28) Haim, A.; Miralles, J.; Szecsy, P. Inorg. Cfiem. 1982, 21, 697. 

in k .  In a similar way the values of AH* vary in the range 84-1 14 
kJ mol-I, and aS* and AV are significantly positive throughout 
the series of complexes. In this respect, it is appropriate to note 
that AV values reported in the literature, viz. +37.6 f 1.2 cmz 
mol-l for the reduction of C O ( N H ~ ) ~ H ~ O ~ + ~  and +23.9 f 1.0 cm3 
mol-' for the reduction of C O ( N H ~ ) ~ ~ ~ ~ + ~ ~ ,  also fall within the 
range of values reported for this parameter in Table 111. Very 
significant is the fact that AV does not show any apparent 
correlation with the overall charge on the Co(II1) complex. 

There are basically two ways in which AV for the electron- 
transfer step can be interpreted, a more qualitative and a more 
quantitative one. We have argued previously5 that during electron 
transfer within the precursor (ion-pair) species, major volume 
changes occur due to intrinsic and solvational changes. It was 
predicted5 that an overall volume increase of ca. 22 cm3 mol-' 
occurs during the reduction of Co(II1) to Co(I1) and an increase 
of ca. 43 cm3 mol-' during the oxidation of Fe(CN),4- to Fe- 
(CN)63-.29 In this way the redox reaction will result in an overall 
volume increase of ca. 65 cm3 mol-', if we consider the reaction 
partners to exist as separated ions in the ion-pair precursor and 
successor species (see earlier discussion). It follows that the values 
of AV in Table I11 are approximately 50% of the overall AE i.e. 
the transition state for the electron-transfer process is ca. halfway 
between the reactant and product states on a volume basis. This 
result is also in line with the general principle that a rearrangement 
of the reactant molecules must occur prior to electron transfer 
such that the energy of the electron is the same at either redox 
sites and will fit both states equally This must, according 
to our results, represent the halfway position on a volume basis. 
This would mean that both the Co(II1) and Fe(I1) centers reach 
a half-reduced/half-oxidized geometry in the transition state. 

A more quantitative interpretation of the data is possible if one 
calculates AV theoretically on the basis of the Marcus-Hush 
theories of electron-transfer r e a c t i o n ~ ~ l , ~ ~  as applied by Swaddle 
and c o - w o r k e r ~ . ~ ~ ' ~  These theoretical treatments have been de- 
veloped for outer-sphere electron-transfer reactions and take into 
account volume changes resulting from the internal rearrangement 
of the two reacting molecules (AVIR), the rearrangement of the 
surrounding solvent molecules ( A P s R ) ,  the Coulombic work 
required to bring the reactants together (AVcouL), and Debye- 
Hiickel or other electrolyte effects (AVDH). It follows that for 

(29) Millero, F. J. Wafer and Aqueous Solutions: Structure, Tfiermody- 
namics and Transport Processes; Horne, R. A., Ed.; Wiley-Interscience: 
London, 1972; Chapter 13. 

Cfiem. 1988, 60, 1817. 
(30) Sutin, N.; Brunschwig, B. S.; Creutz, C.; Winkler, J. R. Pure Appl. 

(31) Sutin, N.  Prog. Inorg. Cfiem. 1983, 30, 441. 
(32) Newton, M. D.; Sutin, N. Annu. Reu. Pfiys. Chem. 1984, 35, 437. 
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Table V .  Summary of Partial Volume Data for the Different 
Co(II/III) and Fe(II/III) Complexes in Aqueous Solution at  25 OC 

partial molar vol, 
cm3 mol" 

complex M(I1)" M(III)b 
C O ( N H ~ , H , O ~ + / ~ +  12.3 60.3 
Co(N H;);pi2+/3+ 148.9 129.2 

C O ( N H , ) ~ N ~ + / ~ +  82.0 68.9 
CO( N H , ) ~ C I + / ~ +  98.3 83.5 
~ ~ ~ ~ ~ - C O ( N H ~ ) ~ ( N H ~ C H S ) C ~ + / ~ +  109.8 93.8 
~ ~ ~ ~ ~ - C O ( N H ~ ) ~ ( N H ~ - ~ - C ~ H ~ ) C I ~ / ~ +  165.0 143.8 
Fe(CN)64-/3- 89.lC 132.6c 

"Calculated on the basis of the closest packing of spheres involving a 
dead volume between the spheres of 30% and an increase in radius of 
0.16 A on going from Co(1ll) to Co(l1). bCalculated from the partial 
molar volume data for the corresponding perchlorate complexes on the 
basis that v (Cl0L)  = 48.6 cm3 mol-] since v(H+) = -4.5 cm3 mol". 
'Calculated from the partial molar volume data given in ref 29 as in- 
dicated in  ref 5. 

a symmetrical ET reaction, such as self-exchange, AV can be 
expressed as in (4). This equation must be modified in the case 

C O ( N H ~ ) ~ D M S O * + ~ ~ +  130.2 112.2 

of a nonsymmetrical reaction to include the term A'A7,i3 where 
A' is a reaction parameter between 0 and 1 depending on the 
location of the transition state along the reaction coordinate. In 
addition, it was shown that more accurate predictions of AV are 
reached if  a term AVNA for the nonadiabaticity of the process 
is i n c l ~ d e d . ~ J ~  Finally, it is known that electron transfer is ac- 
companied by a low-spin to high-spin change on the Co center, 
which requires a further correction term. Equation 4 is therefore 
modified to eq 5, and a detailed account of the equations adopted 

AV = AVIR + AVsR + AVcOuL + AVDH + A V N A  + 
AV/tLs,Hs + A'AP ( 5 )  

to calculate the various contributions and the assumptions made 
along the lines indicated in the literature9J0 is reported e1~ewhere.l~ 

For the outer-sphere electron-transfer process under investi- 
gation, a summary of the different contributions of each term in 
(5) is reported in Table IV. It is important to note that we are 
dealing with an electron-transfer process within the precursor 
complex to produce a successor complex as indicated in (6), which 

{ C O ( N H ~ ) ~ ( N H ~ R ) X ( ~ - " ) + , F ~ ( C N ) ~ ~ - )  - 
{Co( NH3),( NH2R)X(2-")+, Fe( CN)63-) (6) 

is followed by a rapid decomposition to the final reaction products 
as indicated in (1). Such an electron-transfer process is accom- 
panied by significant desolvation due to a decrease in electro- 
striction as a result of the reduction of the Co(II1) and the oxi- 

!i 

dation of the Fe(I1) complexes. In these calculations it was 
accepted that AVIR is close to and a maximum value of 
+ I O  cm3 mol-' was assumed for the contribution of AVLsiHs.33 
The reaction volume, AV, for the process outlined in (6) could 
not be measured experimentally due to the subsequent decom- 
position reactions. It was calculated on the basis of the partial 
molar volumes of the complex ions (determined from density 
m e a s ~ r e r n e n t s l ~ ~ ~ )  quoted in Table V. The ion-pair species 
(precursor and successor) were treated as separated ions on the 
basis of the observed APfor ion-pair formation reported above. 

The sum of the first six terms in ( 5 )  is close to zero and varies 
between -0.4 and -2.0 cm3 mol-'. We therefore calculated a value 
of A *  that would lead to the experimentally observed AV value 
reported in Table 111. It is seen from Table I V  that ( 5 )  satis- 
factorily describes the experimental A P  value when A*  has values 
between 0.37 and 0.59 with an average of 0.48 f 0.07. It must 
be emphasized that the calculations include many assumptions 
and that the quoted volume contributions in Table IV are subjected 
to large error limits. Nevertheless, the average value of A*  is close 
to the qualitative assumption made earlier that the transition state 
is approximately halfway between the reactant and product states 
on a volume basis along the reaction coordinate. The deviations 
in A' may reflect the early or late nature of the transition state 
in terms of the reaction coordinate, in order to align the exper- 
imental and theoretical data. 

The above outlined analysis of the AV data underlines the 
importance of solvational changes that accompany the electron- 
transfer reaction within the precursor ion-pair species. This is 
also reflected by the positive (in some cases even large positive) 
AS* values reported in Table 111. The AV values, ranging be- 
tween +19 and +34 cm3 mol-', seem to be more consistent than 
the AS* values that range between + I 1  and +113 J K-' mol-'. 
Both these parameters do not exhibit a specific trend with the 
nature of the Co(II1) complex, indicating that the observed effects 
are mainly controlled by solvational changes associated with the 
oxidation of Fe(CN)64- to Fe(CN)63-, the common redox partner 
in all investigated reactions. We are presently extending these 
studies to reactions in which the reducing agent does not undergo 
such extreme changes in order to obtain more information on the 
intrinsic volume changes associated with outer-sphere electron- 
transfer processes. 
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