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1. Introduction 

It is now clear that the superoxide radical (0; 

generated in a large number of reactions of bioche- 
mical importance, in both enzymatic and non- 
enzymatic oxidations [ 11. A reliable value for the 

OJOiredox potential is needed in order that ther- 
modynamic calculations and restrictions can be 
applied to reactions involving 0,. However, until 
recently all estimates of EO(Oz /O,) which pur- 

ported to have error limits less than about 0.1-0.2 V 
were based on indirect calculations as opposed to 
direct experimental data. Latimer’s [2] calculated 
value was -0.56 V, while a later calculation by 
George [3] (as amended by Sutin [4]) gave -0.59 V. 
These values have been criticised as being too low to 
explain experimental data [.5,6]. For example 
Yamazaki et al. inferred a potential of 0 to -0.3 V 
from their experiments on the autoxidation of ferro- 
peroxidase [7], while in a slightly later paper [S] 
they suggested a value in the region of -0.3 V. 

Recently three more precise values of Eo(Oz /O,) 

based directly on experimental data have been 
published. Chevalet et al. [8] found a value of 
-0.27 V from polarographic work, while Berdnikov 
and Zhuravleva [9] have derived a value of 
-0.33?0.01 V from the equilibrium constant for 

H,O, + Fe3+ =+ HOi + H’ t Fe*‘. 

A very different value was published by Rao and 
Hay on [lo], who deduced a potential of to. 15 V 
(their value at pH 7.0). In the present communica- 
tion a fourth value, in good agreement with the first 
two, is derived from published data. It is also shown 
that the discrepancy between Rao and Hayon’s 

value and the other three is attributable to errors in 
Rao and Hayon’s calculation. 

2. Results 

The convention is adopted that Eo(Oz /O,) 

denotes the standard potential of the reaction 0, + 
e,g -+ 0, relative to a standard hydrogen electrode, 
and similarly for other redox couples. For reactions 
in which protons are involved, and hence the poten- 
tial is dependent on pH, the symbol Eb is-used to 
specify pH 7.0, e.g. Eb (O,/H,02) for 0; + 2H’ + 

eaq + H,O,. 
Pate1 and Willson [ 111 have measured the equili- 

brium constant for the reaction 

0, t duroquinone (DQ) =+ O2 t durosemiquinone 

@Q-l 

as K, = (2.3kO.2) X lo-* at pH 7.0. This can be used 
to derive a value for E,(O,/Oi), once E,(DQ/DQ’) 
is established. Consider the following equilibria, in 

which DQHz , DQH- and DQ* - stand for the duro- 
hydroquinone neutral form, monoanion, and dianion 
respectively: 

DQH2+ DQH- t H’, K, = [DQH-] [H’] / [DQH,] 
= 10-‘1~25 (ref. [12]) 

DQH-+DQ*- +H+,K, = [Da”-] [H+]/[DQH-] 
= 10-13.2 (ref. [13]) 

DQ2-t DQ =+ 2DQ-, K3 = [DQ’] 2/[DQ2-] 

[DQ]) = 1.3 (ref. [ 141). 

These values for the equilibrium constants are as 
given in Bishop and Tong’s list [ 131 for duroquinone 
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and eleven other quinones. By addition: 

DQ + DQHz ==2DQ; t2H+,K=K,K,K,, 

and for the forward reaction at pH 7,AC” = -RTln 
(K,K,K, . 10r4). Furthermore, for 

Eo(Q/Q’). Consider Rao and Hayon’s data for 2,5- 
dimethylquinone (&(Q/QH,) = to.18 V; ref. [15]). 
At [02 ] /[Q] = 26 they found 61% electron transfer, 
or [Q:] /[Oil = 1.56. This implies an equilibrium 
constant K, = 41. For 2,5-dimethylquinone, Bishop 
and Tong’s data [ 131 lead to 

DQ t 2H’ + 2e,g + DQH, , aGo’ = -2EI, (DQ/. 

DQH,) . F, 
Eo(Q/Q’) =&(QIQH,) -0.24 V. 

and EA(DQ/DQH,) = to.05 V (ref. [ 151). Combining 
these equations, it follows that for 

Applying these corrections one finds E,(O, /Oi) = 
-0.33 V (at PO2 = 1 atm), in agreement with the 
other values. 

DQ t eaq + DQ;, 
3. Discussion 

E,(DQ/DQ;) = -0.25 V, and alsoEL(DQ;/DQH2) = 
to.35 V. (Yamazaki et al. [S] give similar data for 

ascorbate and hydroquinone, the latter in good agree- 
ment with values calculated from Bishop and Tong 
[13]). Since the pK of durosemiquinone is 5.1 (ref. 
[ 161) inclusion of the equilibrium DQ; t H’ + DQH . 
makes little difference. This value for E,(DQ/DQ;) 
when combined with Pate1 and Willson’s equilibrium 

constant and converted to the thermodynamic 
standard state of oxygen yields 

The four values for E,(O,/Oi) are listed together 
in table 1. Although it is difficult to explain the dis- 

agreement between Chevalet et al. and the others, the 

excellent agreement of the last three values suggests 
that E,(0,/0;1) = -0.33+0.01 V can now be gene- 
rally accepted. 

Table 1 

E,(O,/Oi) = -0.33 V, at po2 = 1 atm, [O;] = 

1 M, 

given AC’(O, ) = t3.95 kcal mol-’ (ref. [3]). 
Rao and Hi;on [lo] obtained their value for 

Eo(02 /Oi) by studying equilibria of the type 

Values of Eo(02/O;) based on experimental measurements 

Eo, V Reference 

-0.270 Chevalet et al. [S] 

_0.33?0.01 Berdnikov and Zhuravleva [ 91 

-0.33 Calculated from Pate1 and Willson [ 1 l] 

and Bishop and Tong [ 131 

-0.33 Rao and Hayon [lo], corrected 

for various quinones, at - 100 psec after pulse radio- 

lysis of the solution. The ratio [Q’] /[Oil varied in a 
The superoxide ion can also act as an oxidising 

agent: 
regular way with the two-electron potential EA(Q/QH2) 
and was unity at Ei(Q/QH,) = to.1 5 V. They O;t2H+te,+H 0 2 27 

equated this with E,(O, /Oi). In the first place, their 
result refers to [O,] = 1 M, and correction topo2 = for which 
1 atm changes the potential by -0.17V. Secondly, 
Rao and Hayon worked at [O, ] /[Q] = 26, and cor- E;(O,;IH, 0,) = =;(O, /H, 0,) -&JO, lo;). 
rection for this is equivalent to a change of -0.08 V. 
Their figures then become in good agreement with Lewis and Randall [ 171 calculated EL(O, /H, 0,) = 
those of Pate1 and Willson [ 111, who made similar to.27 V, and a later calculation [ 181 increased this 
measurements. The more serious error in Rao and to to.295 V. It is however preferable to use the value 
Hayon’s reasoning lay in equating EA(Q/QH,) with from experimental measurements. The average of 

23 



Volume 44, number 1 FEBS LETTERS August 1974 

four such measurements [ 19-221, three at alkaline 
pH and one at pH 0, leads to EA(O, /Hz 0,) = 
+0.305*0.005 V, after including a pK at 11.65 
(ref. [23]) for the reaction HzOz f HO; t H’ in the 
conversion of alkaline data to pH 7. With E,(O, /O;) 
taken as -0.33+0.01 V, it then follows that 

E;(Oi/H,O,) = +0.94+0.02 V. 

Chevalet et al. [8] give a complete potential - pH 
diagram for the oxidation states 0: - Oil - O;“, 
from pH -1 to pH t 18. At high pH values the system 
0: - 0;’ has a potential equalling that calculated, 
E,(O,/O,), independent of pH. As the pH is lowered 
the potential starts to rise when the pK for H’ t 
0; + HO; is approached (pK = 4.45, ref. [24] ), and 

continues to rise at lower pH; there is a second pK 
at pH -1.2. 

Acknowledgements 

I am grateful to Dr D. S. Bendall and Dr R. L. 

Willson for helpful discussions, and indebted to Peter- 
house, Cambridge, for a research fellowship. 

References 
[I] Fridovich, I. (1972) Act. Chem. Res. 5,321-326. 

[2] Latimer, W. M. (1952) The Oxidation States of the 

Elements and their Potentials in Aqueous Solution, 

Prentice-Hall, Englewood Cliffs, NJ. 
[ 3] George, P. (1965) in: Oxidases and Related Redox 

Systems (King, T., Mason, H. S. and Morrison, M., 

eds.), pp. 3-33, Wiley, New York. 
[4] Sutin, N. (1965) in: Oxidases and Related Redox 

Systems (King, T., Mason, H. S. and Morrison, M., 

eds.), p. 34, Wiley, New York. 

[S] Yamazaki, I., Yokota, K. and Nakajima, R. (1965) in: 

Oxidases and Related Redox Systems (King, T., 

Mason, H. S. and Morrison, M., eds.) pp. 485-504, 

Wiley, New York. 

[6] Mason, H. S. (1965) Ann. Rev. Biochem. 34,595-634. 

[7] Yamazaki, I. and Piette, L. H. (1963) Biochim. Biophys. 

Acta 77,47-64. 

[8] Chevalet, J., Rouelle, I:., Gierts, L. and Lambert, J. P. 

(1972) J. Electroanal. Chem. 39,201-216. 

[9] Berdnikov, V. M. and Zhuravleva, 0. S. (1972) Zh. Fiz. 

Khim. 46,2658-2661. 

[IO] Rao, P. S. and Hayon, E. (1973) Biochem. Biophys. 

Res. Commun. S 1,468 -473. 

[Ill Patel, K. B. and Willson, R. L. (1973) J. Chem. Sot. 

Faraday Trans. 1, 814-825. 

1121 Baxendale, J. H. and Hardy, H. R. (1953) Trans. 

Faraday Sot. 49,1140-l 144. 

[13] Bishop, C. A. and Tong, L. K. J. (1965) J. Am. Chem. 

Sot. 87,SOl-SOS. 

[ 141 Baxendale, J. H. and Hardy, H. R. (1953) Trans. 

Faraday Sot. 49,1433-1437. 
[IS] Clark, W. M. (1960) Oxidation-Reduction Potentials 

of Organic Systems, Baillfre, Tindall and Cox, London. 
[16] Willson, R. L. (1971)Chem. Commun. 1249-1250. 

[ 171 Lewis, G. N. and Randall, M. (1923) Thermodynamics 

and the Free Energy of Chemical Substances, McGraw- 
Hill, New York. 

[18] Krebs, H. A. and Kornberg, H. L. (1957) Erg. Phys. 49, 
275-298. 

[ 191 Berl, W. G. (1943) Trans. Electrochem. Sot. 83, 

253-271. 

[20] Yablokova, 1. E. and Bagotskii, V. S. (1952) Dokl. 

Akad. Nauk SSSR 85,599-602. 

[21] Yeager, E., Krouse, P. and Rao, K. V. (1964) Electro- 

chim. Acta 9, 1057-1070. 

(221 Rotinyan, A. L., Anurova, A. I. and Dobrozrakova, 

N. B. (1969) Electrokhimiya 5, 1352-1354. 

(231 Evans, M. G. and Uri, N. (1949) Trans. Farady Sot. 

45,224-230. 

[24] Czapski, G. and Dorfman, L. M. (1964) J. Phys. Chem. 

68,1169-1177. 

24 


