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1. ~t~duction 

Since the discovery by McCord and Fridovich [ I] 
of the role of the cupreins as superoxide dismutases, 
the chemical and physical properties of its substrate 
have received considerable attention [2-61. It has 
become apparent that the properties of the super- 
oxide ion are dependent on both the solvent and the 
counter-ion [4,5,7,8] particularly the former. Of 
special importance are the differences between its 
properties in aqueous and non-aqueous solutions 
since the ion may be formed in en~ronments related 
to either in biological systems. The effects of hydra- 
tion have already been considered and a difference in 
solvation enthalpy [5] between aprotic and aqueous 
solution has been estimated as 2.5 kJ.mol-’ . The first, 
second and third gas-phase hydration enthalpies have 
been determined [9] as 52.3,40.6 and 29.3 kJ.mol-l, 
respectively. Thus it is likely that the degree of 
hydration will have a significant effect on the properties 
/4,5] of the ion, e.g., its nucleophilicity and redox 
potential. 

The electron parama~etic resonance (EPR) 
spectrum of the ion [4,10-121 is particularly 
responsive to its environment. Thus whilst the g-values 
of the free ion [21] are theoretically gll = 4 andgI = 
0, the effect of any chemical environment will 
dramatically alter these. The g-values for the super- 
oxide ion have been [4,10,13] satisfactorily accounted 
for by inclusion of the effect of the ‘ligand’ field, the 
term ‘ligand’ in this respect being taken to represent 
the effect of solvation, ion-pairing, complex formation. 
In most environments all three g-values are close to 
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the free electron value, any departure being accounted 
for by a change in the chemical environment. Thus 
EPR spectroscopy is a technique well-suited to an 
investigation of the solvation of the superoxide ion. 

2. Experimental 

NjV-Dimethylformamide [DMF] was purified 
with regard to the recommendations [ 141 of the 
Commission of Pure and Applied Chemistry. The 
solvent was dried over activated AWSOO molecular 
sieve and left to stand at 4°C in the dark over anhy- 
drous C&O.+ with occasional stirring for 2 3 days. 
The DMF was distilled in vacua using a packed 
column, the middle 60% cut being collected. The 
purified solvent was stored at -2O’C over activated 
AW 500 molecular sieve under argon in a container 
designed so that the DMF could be expelled by a top 
pressure of argon. The DMF was normally used 
within 36 h though deterioration of the solvent over a 
period of weeks was not normally a problem. 

Solutions containing the superoxide ion were 
generated [ 15,161 by the electrochemical reduction 
of oxygen. Cyclic voltammetry and controlled 
potential electrolyses (CPE) were carried out using a 
PAR 173 potentiostat, the charge passed being 
measured by a PAR 179 digital coulombmeter. The 
three-electrode electrochemical cell was of conven- 
tional design holding 6 ml. of solvent in the working 
compartment. The platinum foil secondary electrode 
was separated from the working compartment by a 
fine glass frit. The reference electrode was Ag-10m3 M 
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AgNOa, 0.1 M tetraethylammonium perchlorate 
(TEAP) in purified acetonitrile. CPE were carried out 
using a clean platinum foil electrode of N 8 cm2 surface 
area at a potential 0.15 V more negative than the 
peak reduction potential for O2 [-1.45 V] as 
determined by cyclic .voltammetry at a platinum disc 
electrode. Solutions were constantly stirred during 

CPE by a stream of dried oxygen gas and for quanti- 
tative work the charge passed during an experiment 
was corrected for the background current in the 
absence of any oxygen. The supporting electrolyte 
was 0.1 M TEAP which had been dried for > 36 h at 
80°C under vacuum. Oxygen was dried by passage 
through columns of activated 4A and 5A sieves. 

EPR spectra were recorded on a Varian El09 
spectrometer with 100 kHz field modulation operating 
in the first derivative mode. Spectra at 77 K were 

measured using a Varian liquid nitrogen dewar insert 
and other variable temperature spectra were obtained 
by passing cold nitrogen gas through a Varian low 
temperature insert. The concentration of the super- 
oxide ion in the solutions was measured by its reaction 
with tetranitromethane (TNM) [ 1 ,171 by monitoring 
the Asso increase due to formation of the nitroform 
anion [esse = 14.8 X lo3 M-’ .cm-‘). As solutions of 
TNM tend to deteriorate on standing best results were 
obtained when an aliquot of a solution containing the 
superoxide ion in DMF was added directly to 3 ml of 
TNM solution in a cuvette. The cuvette was rapidly 
shaken and the absorbance increase immediately 
noted. Freshly prepared TNM solution (- 2 X 10e2 M) 
was in distilled ethanol. Superoxide solutions for EPR 
were typically - 5 mM and almost colourless. Optical 
measurements were made using a Cary 17 spectrom- 
eter. 

Reagent grade DMF, acetonitrile, Analar CuS04 
TNM and Linde 4 A molecular sieve were from BDH 
Chemicals Ltd., Poole, Dorset. Coloured impurities 
were removed from the TNM shortly before use by 
washing with water; TEAP was obtained from Eastman 
Kodak Co. and Union Carbide AW500 molecular 

sieve was from Fluka AC. Water was purified by a 
reverse osmosis technique (Millipore Corp., Bedford, 
MA) and had a specific conductivity of 18 M!Zcm-’ . 

3. Results 

Figure 1 shows the result of titrating a solution of 
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Fig.1. Addition of a solution of electrochemically generated 
tetraethylammonium superoxide in DMF to 2.4 ml of tetra- 
nitromethane (1.5 X 1 0m4 M) in ethanol in a cuvette of 1 cm 
pathlength. The A_&, , due to the formation of the nitroform 
anion, has been corrected for volume changes. 

TNM (1.5 X 10e4 M) with a solution containing the 
superoxide ion at a concentration determined colo- 
metrically as 9.3 X 1 0m4 M. The end-point of the 
titration using this spectrophotometric method gives 
a value of 8.9 X 10e4 M. Thus contrary to [ 181, it 
is possible to prepare solutions containing the super- 
oxide ion in DMF as long as the solvent is carefully 
purified. The EPR spectrum of such a solution at 
77 K is shown in fig.2a. It is similar to that in [ 161 

and consists of two overlapping sets of resonances. 
One (I) is characterised by three g-values, gz = 2.038, 
gY = 2.008 andg, = 2.002. The other (II) is broader 

and appears to have two gll (qz) components at g = 
2.23 and 2.20. Addition of water converts the I into 
II. Only resonance II is obtained if undried supporting 
electrolyte, solvent or oxygen is used or if the sample 
is melted and exposed to air. Failure to take stringent 
precautions to exclude water will result in only 
resonance II being observed. 

As shown in fig.2 the g-values of resonance II 
depend on the amount of water added. Other dif- 
ferences between resonances I and II are apparent. 
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Fig.2. EPR spectra of solutions of the superoxide ion in DMF 
at 77 K frozen as glasses. (a) 5 mM tetraethylammonium 
superoxide; (b) + 18 mM H,O; (c) + 55 mM H,O; (d) + 
220 mM H,O. Field 3290 G, power 12.5 mW; modulation 
1 G; frequency 9.268 GHz; scan rate lG.s-’ ; time constant 
0.250 s. Gain; (a) 3.2 X 10” ;(b) 5 X 10’ ; (e,d) 6.3 X 102. 

They have different dependencies on temperature 
(fig.3). The signal at 77 K is identical to that in fig.2b 
but with increasing temperature the intensity of 
resonance II decreases more rapidly than that of 
resonance I, the effect being fully reversible. The 
spectra shown in fig.2 and fig.3a,b are those of glassy 
solutions. The spectrum of an amorphous sample is 
quite different (fig3c); melting and re-freezing this 
sample to re-form the glass yields the original 
spectrum. Figure 4 shows a plot of signal height 
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Fig.3. Variable temperature EPR spectra of tetraethyl- 
ammonium superoxide (5 mM 0; + 18 mM H,O) in frozen 
matrices of dimethylformamide. (a) 106 K (glass matrix); 
@) 143 K (giassmatrix); (c) 106 K (amorphous matrix). Field 
3300 G; power 12.5 mW; modu~tion 1 G; frequency 
9.370 GHa; scan rate 2G.s-’ ; time constant O-1 28 s, Gain: 
{a) 6.3 X $0’ ; @,c) 2 x f03. 

Fig.4. A plot of s” 
(Power) Yz (mW) B 

nal height/gain (arbitrary units) against 
for solutions of tetraethylammonium 

superoxide in DMF at 77 K in varying chemical environments. 
(A) resonance I (unhydrated superoxide); (e) resonance EI 
(hydrated superoxide) in a glass matrix; <o) superoxide in an 
amorphous matrix. 
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Table 1 
The g-values and peak to peak widths AC: of tetraethyl ammonium superoxide frozen in DMF 

matrices at variable temperatures and in a number of chemical environments 

II 

gll 

I 

gr l=glll g1 
II I 
AC! AC! 
(gauss) (gauss) 

5 mM O,- 71 K 2.22 (4) 2.038 gx = 2.002 - 34 - 10 
2.20 (0) 

+ 18mMH,O II K 2.20 (9) 2.038 
gy = 2.008 

2.007 - 33 - 13 
2.16 (2) 

+ 55 mMH,O II K 2.20 (3) - 2.001 -20 - 
2.15 (6) 

+ 220 mM H,O II K 2.14 (8) - 2.004 -15 - 

5mMO,-+18mMH,O 106K 2.20 (7) 2.039 2.009 - I2 
2.15 (3) 

+ 18 mM H,O 143 K 2.14 (8) 2.039 2.010 - 15 
+18mMH,O 143K 2.12 (9)a 2.009a AG,P=-23a 

a Amorphous matrix (see text) 

Resonances in columns headed by I are attributed to the ‘unhydrated’ superoxide ion and those in 
columns headed by II are attributed to hydrated superoxide species. The superoxide solutions are 
frozen as glasses unless otherwise indicated 

against the square-root of the microwave power. 
Resonance II and those of the amorphous samples 
show a linear dependence but that of resonance I is 

much more easily saturated. 

4. Discussion 

The experiments described above show that it is 
possible to prepare solutions of DMF containing the 
superoxide ion. They also show that the EPR spectrum 
of the superoxide ion is very sensitive to its environ- 
ment . The most straightforward interpretation of the 
data is that resonance I arises from the unhydrated 
02-, presumably as the ion pair Et,N’O,- solvated 
by DMF. The broad signals associated with resonance 
II presumably arise from the hydrated forms 
Et4N+Oz-(H20X, and it is possible that the com- 
ponent g]] = 2.23 is due to Et&O; (H, 0). The low 
value of gz (table 1) derived from resonance I suggests 
[8,10,1 l] that there is a considerable assymmetry in 
the environment of 02- in the unhydrated form 
associated perhaps with the ion-pair. This interaction 
would be reduced in a water-separated ion-pair and 
it is possible that the structure (A) suggested [ 193 
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for the monohydrate Oz-(HzO) in the gas phase may 

be relevant here 

(A) 

Two aspects of this work are relevant to the study 
of the superoxide ion in biological systems: 

(1) 

(2) 

It can exist in a number of different solvated 
forms and that the EPR spectra of these may 
differ significantly and could easily be mis- 
assigned. They are even sensitive to the method 
of sample preparation. 
The superoxide ion will exist in water as the 
hydrate 02-(H20h and it is very likely that this, 
and not 02-, is the substrate for superoxide 
dismutase. 

The attendant solvent molecules could therefore 
provide a convenient source of protons [2,4,20] for 
the disproportionation, that is: 
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Cu(II)SOD t 02- (H,O), -+ Cu(I)SOD t O2 t 

n Hz0 

Cu(I)SOD + Oz- (HzO), + 

Cu(II)SOD t HzOz + 2 0 H- + (n-2) Hz0 
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