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Concerning the Pressure Dependence of Outer-Sphere Electron-Transfer Reactions: 
the Reduction of Co(NH&OHz+ by Fe(CN)z- in Aqueous Acidic Solution 
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The reduction of Co(NH&OH$+ was studied as a 
function of [Fe(CNg-] for pressures up to 1000 bar 
at 2.5 “C using a high-pressure stopped-flow instru- 
ment. The ion-pair formation and electron-transfer 
rate constants were estimated as a function of pres- 
sure using a double recipnxal plot treatment of the 
rate chta. The corresponding reaction volume and 
volume of activation were found to be -15.5 and 
+26.4 cm3 moT’ respectively. These results are dis- 
cussed in reference to earlier reported data for some 
rypical outer-sphere electron transfer reactions. 

since they all involved electron-transfer reactions 
between positively charged species. 

Very recently, Saito and co-workers [8] reported 
results for the effect of pressure on the outer-sphere 
electron-transfer reaction within the ion-pair between 
[Mo(V)?0.,(edta)12- and [(NH3)sCo(III)~-O;?- 
Co(III)(NH3 js ] 5+. They found an overall volume 
change upon activation of 36 cm3 mol-r, which is 
indeed a very significant pressure effect and differs 
markedly from that reported by Stranks [7] for 
electron-transfer between similarly charged spe- 
cies. 

Introduction 

Recent reports [l-3] have reviewed the pro- 
cesses involved in outersphere electron-transfer 
reactions. The complex nature of such processes 
has encouraged us to apply high pressure techniques 
to the investigation of such systems in an effort to 
gain better insight into the intimate mechanisms 
involved in such processes. Our earlier studies [4-61 
in the area of inner-sphere redox reactions revealed 
some surprising results, which further stimulated 
our interests. 

The reduction of Co(NH3)sOHp by Fe(CN)z- 
at normal pressure was studied in detail by Gaswick 
and Haim [9]. An outer-sphere redox mechanism, 
which included the formation of an ion-pair inter- 
mediate, was suggested to account for the reported 
kinetic results. 

Co(NH3)s OHF t Fe(CN)z- & 

{Co(NH3)sOH:+*Fe(CN$-} 

i 
k (1) 

Co’+ t 5NH3 + Fe(CN)g- t Hz0 
Stranks [7] reported the first information on the 

effect of pressure on some typical outer-sphere elec- 
tron-transfer reactions. From his theoretical treat- 
ment he predicted significantly negative volumes of 
activation for the Fe(III)/Fe(II) and Co(III)/Co(II) 
redox reactions. Major contributions from coulombic 
interaction, solvent rearrangement and hydrogen 
bonding effects were suggested to account for these 
values. The validity of his theoretical predictions 
[7] was underlined by some closelycorresponding, 
experimentally-determined volumes of activation. 
Ion-pairing or encounter complex formation did not 
play a significant role in any of the studied systems, 

The corresponding pseudo-fnst-order rate constant is 
given by 

k 0bs = kK [ Fe(CNg-] /(l + K [Fe(CN)z-] } (2) 

from which k and K can be estimated by measuring 
k Obs as a function of [Fe(CN);f-] , and following the 
double reciprocal plot treatment [9]. 

Experimental 

*Author to whom correspondence should be addressed. 

[Co(NH3)s0H2] (ClO,h was prepared as described 
elsewhere [lo, 1 l] . UV-visible spectra were in good 
agreement with those reported before [lo]. The 
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TABLE I. kobs as a Function of [ Fe(CN$-] and Pressure for the Reduction of Co(NHa) s0H :’ in Aqueous Solution.’ 

[Fe(CN$] X lo3 
M 

3 

4 

6 

10 

20 

30 

k obsb X 102, set’-’ 

P (= bar) = 25 250 500 750 1000 

6.97 f 0.47 5.31 f 0.19 4.45 i 0.16 3.81 f 0.14 3.08 f 0.33 

7.24 + 0.78 5.67 + 0.26 4.81 t 0.09 3.83 i 0.14 2.79 + 0.08 

7.51 f 0.82 6.55 * 0.23 5.27 f 0.19 3.82 f 0.24 3.43 f 0.09 

9.31 f 0.19 8.27 f 0.31 6.26 * 0.22 4.47 f 0.27 3.43 f 0.09 

10.74 f 0.17 9.49 * 0.70 6.69 + 0.27 5.32 i 0.28 3.94 f 0.22 

10.77 f 0.34 9.19 f 0.28 6.49 * 0.19 5.13 + 0.08 4.42 i 0.15 

a[Co(III)] = 5 x lo+ M; [H2EDTA2-] = 1 x lOA M; [CH3COOH] = [CH3COO-] = 2.5 X 10d2 M;pH = 4.7;Temp. = 25 “C; 
ionic strength = 0.5 M; wavelength = 420 nm. bMean value of between 6 and 18 kinetic runs. 

TABLE II. Values of k and K as a Function of Pressure. 

Pressure 
bar 

Estimated froma plots of 
kit!,, versus [Fe(H)]-’ 

kx lo2 
set-’ 

Estimated fromnab plots of 
k;&, versus [Fe(II)] -’ 

k x lo2 
set-r 

25 11.2 * 0.7 483 ?I 112 11.9 f 0.7 393 f 72 

250 10.4 f 0.5 324 f 45 9.4 i: 0.5 446 * 76 

500 7.1 f 0.2 538+ 60 7.1 + 0.3 5195 92 

750 5.2 2 0.3 737 f 246 5.4 f 0.3 611 * 129 

1000 4.2 r 0.3 684 f 256 4.2 * 0.2 731 f 201 

Volume quantities, cm3 mol-’ +26.5 f 2.4’ -15.4 f 7.9d +26.4 r 0.1’ -15.5 * 0.4d 

%ee Discussion; for conditions see Table I. bkcdc was estimated as outlined in the Discussion. cAVz. dAV. 

redox reaction was studied under conditions similar 
to those adopted by Gaswick and Haim [9] in which 
acetic acid/sodium acetate is used to buffer the sys- 
tem and H2edta2- is added to complex the produced 
Co’+. The ionic strength of the test solutions was 
adjusted with NaC104. Doubly-distilled water and 
chemicals of analytical reagent grade were used 
throughout the investigation. 

The redox reaction was studied using a thermo- 
statted (+O.l “C) high-pressure stopped-flow sys- 
tem [12], in which one syringe contained the 
Co(III)/H2edta2-/acetate buffer solution and 
the other syringe the Fe(CN)z-/NaC104 solution. 
k ohs was calculated in the usual way, and the 
corresponding first-order plots were linear for 
at least three half-lives of the reaction. No con- 
centration corrections for the compressibility of the 
solvent were made, since this only amounts to 3% at 
1000 bar. 

Results and Discussion 

k ObS was measured as a function of [Fe(CN)z-] 
at various pressures and the results are summarized 
in Table I. Under some conditions, experimental 
error limits as high as 10% were observed and up to 
18 kinetic runs were performed to obtain repre- 
sentative mean values*. Plots of kobs versus [Fe- 
(CN);f-] are indeed strongly curved as expected, 
and the results were treated according to the double 
reciprocal plot proceudre, i.e. k& versus [Fe- 

*The order of magnitude of the measured rate constants 
is actually too small to justify kinetic measurements on a 
stopped-flow instrument under normal conditions. How- 
ever, this is the only possible way to follow such reac- 
tions at elevated pressures, and can as such partially account 
for the error limits found under such conditions. 
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(CN)z-1-r. The values of k and K, obtained in this 
manner, are summarized in Table II. The values of 
K are subjected to large errors since they are 
estimated from a combination of the intercepts 
and slopes of the inverse plots. An alternative treat- 
ment of the data [ 131, in which In k,, is plotted 
versus pressure at each [Fe(CN)z-] , and values of 
k ,,bs are calculated from the best fit lines and treat- 
ed in the way outlined above, results in more accurate 
values of k and especially K as shown in Table II. 
Plots of Ink and 1nK versus pressure are linear within 
the experimental_ error limits and the values of 
Av’(k) and AV(K) are included in Table II. 
Although very similar results are obtained using the 
two data treatment procedures, it follows that the 
experimental error limits are significantly reduced 
in the second procedure. 

Haim et al. [9] reported values for k and K of 
(1.9 + 0.1)X 10-r set-r and 1000 f 100 K’, respec- 
tively, at 25 “C, [Hzedta2-] = 1 X lo-’ M, ionic 
strength = 0.1 M and ambient pressure. These values 
are in fair agreement with the values reported at 
25 bar in Table II, especially if the difference in 
ionic strength (0.5 compared to 0.1 M)_is taken into 
consideration*. The negative value of AV(K) strongly 
differs from the positive value, viz. 23.7 + 3.0 cm3 
mol-’ , reported by Saito et al. [8] for the forma- 
tion of the ion-pair between [Mo(V),04(edta)12- 
and [(NH~)~CO(III)-@-O;)-CO(III)(NH~)~~~~. In 
the latter case the large volume increase was ascribed 
to changes in the solvation sphere accompanied by 
the formation of an ion-pair with a +3 charge from 
two separated ions with charges of -2 and +5. This 
is presumably not the case in the present system, 
since charge-neutralization would result in a positive 
value for AV(K) [8, 161. Presumably the charges of 
the two components of the ion-pair are significantly 
separated to prevent such charge neutralization. 
However, we cannot offer a reasonable explanation 
for the surprisingly negative value of AV(K) at 
this stage, and hope that further studies will resolve 
the apparent discrepancy. 

The large positive volume of activation for the 
electron-transfer step, i.e. Av#(k), illustrates that 
significant bond breakage and/or charge neutraliza- 
tion occur during this reaction. Saito et al. [8] 
found a value of t12.1 + 1.9 cm3 mol-’ for the 
corresponding reaction in their system, and sug- 
gested that the sign of AT+ was due to the change 
in dipole moment of the precursor complex on going 
to the transition state. Both these values differ signi- 
ficantly from the value of -13.6 + 0.8 cm3 mol-r, 
which we recently reported [5] for the inner-sphere 
electron-transfer reaction between cis-Co(en),Cl; 

*It is generally known that ion-pair formation constants 

decrease with increasing ionic strength [ 14,151. 

and Fe(I1) in DMSO. Furthermore, the nature of the 
outer-sphere electron-transfer mechanism is such 
that it is highly unlikely that atom transfer will 
contribute to the value of AT*(k). The decomposi- 
tion of the Co(H) product in reaction (1) is gener- 
ally assumed to occur rapidly following the electron- 
transfer step, and as such should not influence the 
value of AT*(k). We therefore conclude that the 
neutralization of charges during the electron-transfer 
reaction, ie. from a 3+/4- to a 2+/3- species, must 
largely account for the value of t26.4 cm3 mol-’ 
obtained for Av#(k). A similar effect can account 
for the value of t12.1 cm3 mol-r reported by Saito 
et al. [8]. In the latter case the effect may be signiti- 
cantly smaller since the main charge component, 
viz. +5, is delocalized over a large binuclear bridged 
Co(II1) species. 

Finally, a comparison of the present findings with 
those reported by Stranks [7] reveals an interesting 
difference: his electron-transfer reactions between 
positively charged reactants gave negative volumes of 
activation of between -13 and -20 cm3 mol-‘. 
Such processes do not involve any net change in 
charge, and the earlier mentioned components (see 
Introduction) must account for these negative values. 
Furthermore, these values seem_ to correspond very 
closely with that found for AV(K), i.e. the forma- 
tion of the precursor ion-pair species, in this study. 
On the other hand, the positive volumes of activation 
for electron-transfer between oppositely charged 
species (ref. 8 and this work), can only be ascribed 
to charge neutralization effects. 
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