
Talanta. 1965. Vol. 12. pp. 1243 to 1258. Poqamcm Pras Ltd. Printed in Northern Ireland 

POLAROGRAPHIC REDUCTION OF HYDROGEN ION 
IN NON-AQUEOUS SOLVENTS 

PHILIP J. ELVING and MICHAEL S. SPRITZER 
University of Michigan, Ann Arbor, Michigan, U.S.A. 

(Received 7 July 1965. Accepted 21 July 1965) 

Sommary-_The polarographic reduction of hydrogen ion, furnished by 
dissociation of a Brransted acid or present in the undissociated Brsnsted 
acid, is reviewed for the situation where a solvent other than water is 
involved. 

INTRODUCTION 

THE electrochemical reduction of hydrogen ion in aqueous solution has long been a 
major problem in electrochemistry, as indicated by the voluminous literature on the 
subject. The difhculty and complexity involved are well indicated by Frumkin’s re- 
views of one aspect of the situation, that of hydrogen overpotential and adsorption 
phenomena.l* The additional problems introduced when non-aqueous media are used, 
are well presented in Kolthotf’s recent revietil of polarography in inert organic sol- 
vents; the debt of the present authors to this study will be apparent to the reader. 
Other useful sources of data on polarography include two monographs by Charlot and 
collaborators.s*10 BockrisE has described the rates of hydrogen evolution in a variety 
of solvents at a number of different electrodes. 

The present review is primarily concerned with the phenomenological aspects of the 
polarographic reduction of hydrogen ion, furnished by the dissociation of a Bronsted 
acid or present in the undissociated Brsnsted acid, when a solvent other than water is 
involved; the available literature on hydrogen ion reduction in non-aqueous media is 
generally not sufBciently systematic and detailed to allow more than general correla- 
tions to be made. 

Because of the limited and fragmentary data available, hydrogen ion reduction in 
fused salt media will not be considered. Reference will be made to non-polarographic 
electrochemical data, where the latter illuminate the polarographic situation. The 
polarographic reduction of hydrogen ion in aqueous solution will be briefly reviewed to 
furnish a basis for comparison. 

Reduction potentials 

A major problem in dealing with electrochemical data in non-aqueous media is that 
of expressing potentials obtained in different solvents on a comparable scale; one 
source of the difficulty is the unknown magnitude of the liquid junction potential 
between test solution and reference electrode system. The interrelationship between 
potential scales in different solvents in terms of the Pleskov4**** and Strehlowao*m 
conventions is discussed by Kolthoff .sl In the subsequent discussion, the relationships 
between potentials of hydrogen ion reduction in different solvents will be expressed on 
several bases in order better to indicate the possible factors involved. 

The potential for the half-reaction in aqueous solution 

H++e+0*5H, 
1243 

(1) 
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under specified unit activity has been used to fix the potential scale for water as a sol- 
vent ; the problems involved are summaris~ by Bates3 The use of this h~f-reaction 
for defining potential scales in non-aqueous media relative to aqueous media is 
complicated by the fact that the solvents used generally have Lewis-base characteristics 
appreciably different from those of water, which result in their forming with hydrogen 
ion more or less stable adducts, (H * solvent)+, as well as in a varying degree of solvation 
of hydrogen ion and/or its adduct. The resulting levelling effect in the case of Bronsted 
acids in aqueous media through the formation of the hydronium ion, HsO+, is well- 
known; analogous effects are seen in other solvents. 

Calculation of the solvation energy for the hydrogen ion in various solvents in 
connection with the reaction of equation (1) would faci~~te potential scale comparison ; 
however, the problem is still a formidable one. Izmailov26*27 has attempted to cal- 
culate the solution energy of hydrogen ion in a variety of solvents, 

Hill9 has discussed the use of the hydrogen electrode as a potentiometric reference 
electrode in non-aqueous solutions. 

Hydrogen ion activity 

The difficulty of expressing hydrogen ion activity and concentration in aqueous 
solution in a usable, operational manner from electrometric pH measurement has been 
considered by Bateau The situation with respect to theinte~re~tion ofelectrometrically 
measured pH numbers for non-aqueous media is far less well defined,& although Bates 
and others are beginning to explicate pH scales for aqueous-organic and organic 
solvents. 

In the present review, hydrogen ion concentrations will generally be given in terms 
of the anal~ical concentration of the hydrogen ion source added to the test system. 
Admittedly, such a purely operational approach constitutes a poor way of expressing 
hydrogen ion activity, but any other method would result in even more confusion with 
respect to interpretation. 

Based on proton availability, solvents may be divided into three main groups, 
consisting of (1) protonic, (2) aprotic and (3) non-protonic compounds. 

Protonic solvents, which contain more or less readily releasable protons and thus 
exhibit somewhat acidic properties in aqueous media, can themselves be subdivided 
into three sub-groups. The hydroxylic solvents, of which water is the most familiar 
member, include alcohols and glycols, which usually exhibit properties similar to those 
of water. The protogenic solvents are considerably stronger acids than water; the 
protophilic solvents are considerably stronger bases than water but may exhibit acidic 
properties, i.e., release protons, under some conditions. 

Aprotic-frequently and incorrectly referred to as inert-solvents are those con- 
sidered to have no acidic or basic properties. However, with the exception of pyridine 
and similar compounds which are actually aprotic, most other so-called inert solvents 
have very weak acidic or basic properties, e.g., dimethylsulphoxide is a much weaker 
acid than water but is comparable in base strength. 

Non-protonic solvents are totally devoid of hydrogen in their structure and con- 
sequently cannot act as acids in the Bronsted sense. They may, however, behave as 
Lewis acids or bases. Unfortunately, the scanty polarographic literature on 
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non-protonic solvents, if fused salt media are excluded, has largely been devoted to 
iiquid sulphur dioxide, in which the reduction of hydrogen ion has not been specifi- 
cally investigated. 

The autodissociation constants of some solvents are tabulated in Table I. 

TABLE I.-AUTODISSOCIATION CoNSTAxws*t AT 25’ OF SOME SOLVENTS 

Solvent p&to pKauto 

Nitric acid 
Sulphuric acid 
Formic acid 
Hydrofluoric acid 
Acetamide 
Ethylene glycol 
Water 
Acetic acid 
Methanol 
Formamide 
Dimethylsulphoxide 
Ethanol 
I-Propanol 
Nitromethane 
2-Propanol 
Ammonia (liquid) 
Hydrogen sulphide 

(first stage) 

1.2 
3.1 

::: (00) 
10.5 

cu. 11 
14.0 
14.5 
16.7 
16.8 

ca. 17 
19.1 
19.4 
19.5 
20.8 
32.5 (-50’) 
32.6 

2.58 
437 
7.7 

11.4 
11.9 

cu. 12 
15.7 
15.9 
18.3 
18.3 

cu. 18 
206 
20.8 
20.9 
22.3 
34.2 

l For solvent, HA Z H+ + A-, KL,,t, = [H+][A-] = Kauto[HA] 
t The values of K&t,, are mostly taken from reference 10. 

EFFECT OF SOLVENT CHARACTERISTICS 

In addition to the effect of the chemical properties of the solvent, e.g., its acid-base 
strength, certain of its physical properties, especially its viscosity and dielectric con- 
stant, also influence the polarographic behaviour of organic and inorganic species. 

Standard and half-wave potentials 

By its influence on the extent and energy of solvation of the ions involved and on 
the degree of ion association, the dielectric constant of the solvent plays a rather im- 
portant role in determining the standard potential of an oxidation-reduction couple 
and, as a result, its polarographic half-wave potential, E,,,. The change of potential 
with solvent is complex, because not only does E,,, of the species under study, e.g., 
hydrogen ion, vary with the dielectric constant of the solvent but the standard potential 
of the reference couple (and hence the potential of the reference electrode) may also 
vary. If a system is transferred from one solvent to another, the change in E,,, 
(corrected for liquid junction potential and referred to a common standard) may be 
,expressed as 

(Er& - (I&), = (Ei”), - (Ei”), + g ln $$ - 2FF ln $$ (2) 
1 

where fi is the activity coefficient of the ion concerned in the solvent indicated and Dr is 
its diffusion coefficient, and the other terms have their customary significance. If the 
ratios of the activity coefficients (referred to a common standard) and of the diffusion 
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coefficients are close to unity, the difference in E,,, will equal that of the standard 
potentials, which is related to the difference between the solvation energies in the two 
solvents 

OS”), - (El”), = 
@W, - (A% 

ziF (3) 

where ZI is the charge on the ion and AGi is its solvation energy. On estimating the 
solvation energy from the Born equation 

- AGi = Nzr2e2(1 - &)/2ri 

where N is Avogadro’s number, e is unit charge on the electron, c is the dielectric 
constant of the solvent and ri is the radius of the ion, and substituting into equation (2), 
one obtains 

(B,/& - (E,/,), = (Bi% - @I”), = - 

Thus, a linear relationship is expected between E,,, and the reciprocal of the dielectric 
constant of the solvent concerned. This relationship must, however, be used with 
caution, because variation of ri with the solvent, which probably occurs, will certainly 
lead to deviations from linearity. 

The ideal behaviour expressed by equation (5) should be most closely approached 
by a large ion with a minimum charge, e.g., + 1. The behaviour of the larger alkali 
metal ions, e.g., potassium(I), rubidium(I) and caesium(I), as well as that of such 
species as ferrocene and cobalticene, has been presumed to approximate ideality. 

The standard potentials of many metal-metal ion couples have been determined 
with respect to the hydrogen electrode in a number of solvents (Table II). On the basis 
of the standard potentials of various large ion couples, the standard potential of hydro- 
gen, referred to the aqueous hydrogen electrode, has been calculated for several 
solvents (Table III). Values based on E,” are obviously out of line in some solvents ; 
these values are generally more positive than those based on the standard potentials of 

TABLE II.-STANDARD ~opswrms, E’(V), OF SOME REDOX COUPLES IN SEVERAL SOLVENTS* 

Couple 
Solvent 

Hz0 HCOOH NH,(l) NpHn MeOH EtOH HCONHI CH,CN 

Li+/Li -3.05 -3.48 -2.20 -3.09 -3.04 -3.23 
K+/K -2.93 -3.36 -2.02 -292 -2.87 -3.16 
Rb+/Rb -2.93 -3.45 -2.01 -2.91 -2.85 -3.17 
cs+/cs -2.92 -3.44 -3.16 
Na+/Na -2.71 -3.42 -1.83 -2.73 -266 -2.87 
Zn’+/Zn -0.76 -1.05 -0.41 -0.74 -064 -0.76 -0.74 
Cd’+/Cd -0.46 -0.75 -0.10 -0.26 -0.38 -0.41 -0.47 
Pb’+/Pb -0.13 -0.72 $0.35 -0*20 -0.15 -0.19 -0.12 
H+/Ha * 

+:.E 
O*OO OQO . . 

cu,+/cu -0.14 +8*Z +8*! +X! 
OQO 

+0.28 
&/I- +0*54 -0.03 +1.4 +0.36 $0.31 $0.07 
;$t;! +0*80 -0.17 t-O.76 -to*75 + 0.23 

&Cl- 
+1*07 +0*52 +1.8 +0*84 +@78 +0*47 
+1*36 +0*77 +2*0 +1*12 +1.05 +0*58 

* Referred, as indicated, to the standard potential for hydrogen, Ep”, in each solvent. 



Polarographic reduction of hydrogen ion in non-aqueous solvents 1247 

the higher alkali metals. This positive difference in calculated EHa, which amounts to 
+0*2 V in formic acid and acetonitrile, and about +0*3 V in methanol and hydrazine, 
indicates that the behaviour of Na(I) deviates from ideal&y as expressed above and that 
ExSo is actually more negative in these solvents than in water. 

The standard potential of hydrogen in several nitriles and in acetone has been 
calculated by a spectrophotometric technique (Table IV). 

TABLE III.-STANDARD IWE-* FOR HYDROGEN IN SEVERAL so~vwrs 

Solvent 

HCOOH 
N9H* 
MeOH 
EtOH 
HCONH, 
CH&N 

K” xa 

$0.71 
-0.88 
i-0a 
- 0.05 

f0.45 

Ei (in solvent) us. N.H.E. (aq.) based? on 

% Bi& E8. %~OO.D. EEolWtklene 

-I- 0.43 +0*52 +0+2 
-0.91 -0.92 
-O*Ol -0.02 -O*Ol -0*1 

-0.06 -0.08 -0.15 -0.15 
l-O.23 +0.24 $@24 +0*15 +0*15 

* Calculated from the data in Table II for the alkali metal couples and from the data of Strehlow 
et al.** for the ferroccne and cobalticene couples. 

$ E& (ia solvent) - Ei (in water) = [Eg (solvent) - Ei (solve&l - W$ (water - Ez 
(water)]. Because Eg (water) = 0 and EG 
(water) = Es (water) - E& (solvent) 

= 0 in Table II, then q (solvent) - Efi 

TABLE IV.-STANDARD POTENTIAL OF HYDROGEN 
INSOME ~SA~A~O~* 

Solvent E;;: us. N.H.E. (aq.)t, V 

Acetonitrile -I-@30 
Propionitrile t-O.26 
~obut~oni~~e +0+25 
Benz&rile +029 
Phenylacetonitrile -k&26 
Acetone +0.24 

* Based on spectrophotometric titration of 
uncharged indicator bases, B, with perchloric 
acid.” 

t (E&r, - F&.tar = W’)orr = @059ApIk+, 
where $KBH+= @KBJX%W - (pKnE%ter 

Acid dissociation constants 

The dielectric constant of the solvent also ini&ences the apparent dissociation 

constants of acids. If an acid is dissolved in two solvents of equal acid-base strength 
but differing dielectric constant, the difference in apparent dissociation constant of the 
acid in the two solvents will depend on the charge types involved and on the difference 
in dielectric constant. 

For an acid-base couple of the type HB+/B, e.g., NH,+/NH,, the electrostatic 
attraction between solvated H+ and B (or H+ and HB+) is negligible and so the di- 
electric constant change has no influence. In couples of the type HA/A-, e.g., HOAc/ 
OAc-, there is attraction between H+ and A-, and the maguitude of pK;, will change, 
z.e., 

A(pKJ = kA(Il4 (6) 
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where k is a constant which depends on the acid-base character of the solvents. For a. 
couple of type HA-/A2-, e.g., HCO,-/C0a2-, where the acid is negatively charged, the 
influence of the dielectric constant change will be even greater, i.e., 

A(pKS = 2kA(l/c) (7) 

The acid dissociation constant data listed in Table V were collected from reference 10, 

Ion pair formation 

Ion pairing becomes appreciable in media of low dielectric constant. Appreciable 
association of the background electrolyte ions results in high solution resistance and in 
the consequent necessity for troublesome iR-drop corrections which, in some cases, 
may not completely compensate for the potential drop. 61 In addition, association of the 
background electrolyte ions with the sample ions may lower the effective concentration 
of the latter and may complicate polarograms by the introduction of ion aggregates 
involving background anions which may be reduced at different potentials.21 In media 
of very low dielectric constant, it may be difficult to find electrolytes with sufficient 
solubility and dissociation to serve as background electrolyte in maintaining low solu- 
tion resistance. 

Current magnitude 

The viscosity, 7, of the solvent influences the characteristics of the polarographic 
wave by altering the magnitude of the diffusion current through a change in diffusion 
coefficient. Because the diffusion current constant, I, is proportional to D1/2, one 
obtains, on introducing the Stokes-Einstein equation into the IlkoviE equation, 

(Ii)&#2(#‘2 = (I~>l(r~>~‘2(~>~‘2 = k’ 

The latter equation predicts a linear relation between Id and q-1/2 for different 
solvents. 

HYDROGEN ION REDUCTION IN AQUEOUS MEDIA 

The mechanism of electrochemical hydrogen ion reduction in aqueous solution is 
still a controversial subject. Reference has been made to Frumkin’s review of the role 
of adsorption; the effect of other processes and factors has been discussed in depth, 
e.g., Korttim and Bockris. 37 There is still lack of general agreement as to the control- 
ling steps even for the reduction of hydrogen ion on mercury, which has been so 
extensively investigated. 

Many polarographic investigators tend to accept-at least implicitly-as the 
mechanism for hydrogen reduction on mercury the sequence of steps postulated by 
Heyrovsky,22 which involves a reversible discharge of hydrogen ion to atomic 
hydrogen 

H++e+H (9 

which then combines with a hydrogen ion 

H+H+-+H,+ (10) 
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Reaction (10) is assumed to involve hydrogen atoms at the mercury surface and hydro- 
gen ions in the solution with the H2+ ions at the surface of the electrode being rapidly 
discharged or reduced to molecular hydrogen 

Hs++e+H, (11) 

Although the current-potential equation derived on this basis fits the experimental 
facts, doubt has been raised concerning the correctness of the proposed mechanism.8s 

Frumkin has suggested a mechanism, in which the slow step is the reduction of 
hydrogen ion to adsorbed atomic hydrogen 

H++e-+Hsds (12) 

This is followed by the rapid reaction 

Hsde + H+ + e -+ H,(g) (13) 

The various mechanisms advanced for the hydrogen electrode reaction have been 
critically reviewed by Horiuti, 24 who has also considered the relative roles of catalytic 
and electrochemical processes at the electrode. Breiters has discussed the kinetics of 
hydrogen evolution and dissolution at activated platinum metals. 

Kinetic waves 

The situation with respect to the kinetically-controlled currents observed in the 
reduction of weak acids, due to the dissociation equilibria of such acids and the gener- 
ally considerably easier reduction of the undissociated acid, HA, than that of the 
corresponding anion, A-, is well known and has recently been ably reviewed by 
BrdiEka, Hanug and Kouteckq.’ 

Catalytic hydrogen waves 

Catalytic hydrogen waves at the dropping mercury electrode have been discussed at 
length in the polarographic literature. In general, such waves have been assumed to be 
caused by the presence of an alternate path for the reduction of hydrogen ion, which 
has a lower activation energy than the normal process on mercury and therefore shows 
a lower hydrogen overpotential. The reaction path is usually assumed to be of the 
following type : 

H+ + Cat + (HCat)+ (14) 

(H - Cat)+ + e + (H) + Cat (15) 

where the Cat species is constantly being regenerated and consequently may cause the 
reduction of hydrogen ion in amounts several times that of its own concentration. A 
typical “catalyst” of this type in aqueous solution would be pyridine with the inter- 
mediate species, which is reduced, being the pyridinium ion.&os6 

The effect of metal ions and other organic species in producing such catalytic 
hydrogen waves is reviewed by Kolthoff and Lingane.% 

It will be seen subsequently that in at least one organic solvent, pyridine, formation 
of a Lewis-type acid-base adduct between hydrogen ion and the solvent results in an 
overall reduction of the adduct rather than only of the hydrogen ion. 
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HYDROGEN ION REDUCTION IN PROTONIC SOLVENTS 

Hydboxylic solvents 

Of the hydroxylic solvents, water is the only one in which the polarographic reduc- 
tion of hydrogen ion has been extensively studied. 

Dissociation constants of a number of acids in several alcoholic solvents are tabu- 
lated in Table V. Overall dissociation constants for perchloric, picric and benzoic 
acids, and 2,4_dinitrophenol have been reported in t-butyl alcohol.” 

Migal and Grinbere determined the composition and stability of aquo complexes 
of hydrogen ion in an alcoholic medium by a polarographic method (presumably 
similar to the technique commonly used to determine the stability constants of complex 
species in aqueous media); the dissociation constants for the complex [H(HzO),]+ are 
reported to be O&5,0+68, l-67 and 10.51 for n = 1,2,3 and 4, respectively, in ethanol, 
and 0*37,0*33 and 3.41 for n = I, 2 and 3, respectively, in meth~ol, 

E,,, for solutions of “strong” acids (perchloric, hydrochloric) in ethanol-water 
solution containing tetramethylammonium chloride or lithium chloride background 
becomes more positive with increasing ethanol concentration; from the normal poten- 
tial of the hydrogen electrode and the change in E IfZ, the overpotenti~for hydrogen ion 
reduction in ethanol (presumably at mercury) was estima&P as +@l V. 

In a study of the kinetics of hydrogen evolution on liquid and solid mercury in 
methanol solution, Bockris and coworker@ found that the overpotential at a current 
density of 10”’ A. cm-s decreases by about 15 mV at the freezing point of mercury. 
The heat of activation at the reversible potential was found to be about 1 kg. cal. mole-l 
lower on solid than on liquid mercury. 

Protogenic solvents 

Because protogenic solvents are generally much weaker bases than water, hydrogen 
ion would consequently be expected to be much more easily reduced in such solvents 
than in water. Indeed, the standard potential for hydrogen is about 0.5 V more 
positive in acetic acid than in water (Table III). The differentiation of acids, which 
exhibit “strong” behaviour in water, by acid solvents (c$ Table V) has long been 
utilised in the titration of mixtures of such acids, e.g., the ti~ation of perchloric, 
hydrochloric and sulphuric acid mixtures in glacial acetic acid. 

Acetic acid (99.5%) has been used as a solvent for the polarography of several 
cations;l at potentials more negative than -1.7 V vs. aqueous S.C.E., hydrogen is 
evolved from the solvent. 

Dissociation constants of some acids in anhydrous formic acid have been calculated 
from potentiometric titration curves. Inorganic acids (presumably “strong” in water) 
remain strong in this solvent and are not differentiated as in acetic acid, while acetic, 
chloracetic, dichloracetic, salicylic and picric acids are so weak that they cannot be 
titratedmm The q~nhydrone electrode, which has been reported to be quite stable and 
reversible in anhydrous formic acid, has been used as a polarographic anode in this 
solvent.*’ In general, the quinhydrone electrode functions as a hydrogen electrode in 
proton-active solvents, but not in solvents of low proton activity. 

KolthofP has noted the general stabilisation of anions by hydrogen bonding, 
pa~cularly in acid solvents, 

A- + HS + (AHS)- (16) 
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The stability of the resulting complex is greater than in water or hydroxylic solvents. 
The effect of such interaction on hydrogen reduction is apparent. Thus, H+ or a 
Bronsted acid, HA, in an inert solvent may be stabilised by such conjugation, e.g., 
whereas hydrochloric acid is readily volatilised from acetonitrile solution by a purging 
gas stream, addition of an excess of tetra-alkylammonium halide to form a conjugate 
ion, XHA-, stabilises the solution. 

In acid solvents, the reduction of hydrogen ion may proceed uia protonated species 
produced on solute-solvent interaction, e.g., 

HA+HS‘,H2A++S- (17) 

where HA represents a weak acid added to the solvent HS. Basic solutes, e.g., amines, 
may also form protonated species, e.g., 

B+HS+HB++S- (18) 

which may lead to hydrogen evolution. 

Protophilic solvents 

The solvation energy of hydrogen ion in strongly basic solvents is much greater 
than in water. In such solvents, hydrogen ion would be present in the form of the 
Lewis acid-base adduct, e.g., as NH 4+ in liquid ammonia. This would result in a more 
negative standard potential for hydrogen -and, correspondingly, more negative half- 
wave potential-in such solvents than in water. The standard potential in hydrazine is 
about O-9 V more negative than in water and in formamide about O-1 V more negative 
(Table III). 

Liquid ammonia has been carefully investigated as a solvent for polarography and 
voltammetry by Laitinen and collaborators.3s+r E,,, for the reduction of ammonium 
ion at -36” is -1.37 V vs. Pb-O.lNPb(NOJ, reference electrode;41 the reduction 
product was thought to be free ammonium stabilised by amalgam formation. 

Hammer and Lagowski21 reported a half-wave potential of + 1.0 V vs. the “electron 
electrode” for the reduction of ammonium salts in liquid ammonia at a rotated plati- 
num electrode at -77”. Solutions of several ammonium salts gave different slopes for 
the id vs. C plot in 0-M solutions of the sodium salt of the corresponding anion, but 
the same slopes in O*lM sodium perchlorate solution. This behaviour was ascribed to 
the formation of ion aggregates, e.g., ammonium perchlorate, which are reduced 
simultaneously with NH, +. Re-use of the platinum electrodes without cleaning resulted 
in the appearance of a dark deposit on the electrode surface accompanied by a shift of 
E,,, to more negative potential and a split in the wave; the deposit was ascribed to the 
formation of finely divided platinum. 

so Schaap and coworkers have thoroughly investigated anhydrous ethylenediamine 
as a solvent for electrochemical studies. Comparison of limiting conductances, A,, in 
this solvent with those for the same salts in water reveals some significant differences. 
For several alkali metal salts, the ratio, (Ao)en/(Ao)n,o, has a mean value of 0.51; for 
silver (I) and thallium (I) salts, which solvate more strongly with the amine solvent, the 
mean ratio is O-44. The ratio for hydrochloric and nitric acids is about 0.2, which 
indicates that hydrogen ion is more strongly solvated in the amine solvent than in water. 
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From the preliminary results of Schaap, so the standard potential for hydrogen in 
ethylenediamine can be estimated to be -05 V with respect to that in water. 

Schober and Gutmanns2 reportedan E,,, of -2.OSV vs. N.C.E. (aq.) for ammonium 
chloride in anhydrous ethylenediamine containing tetraethylammonium nitrate 
as background electrolyte. 

Several amides have been used as polarographic solvents. Formamide and aceta- 
mide, because of their highly associated nature, are relatively poor hydrogen-bonding 
agents.61 If one or both of the amide hydrogens is replaced by an alkyl group, the 
resulting compounds should function much more readily as hydrogen-bonding agents ; 
this view has lead to the investigation of N-methylacetamide and dimethylformamide 
(DMF) as solvents for polarography. 

E,,, for the reduction of strong acids in N-methylacetamide is - 1.53 V vs. S.C.E. 
(aq.) ; the depolarisation potentials of acetic acid and ammonium ion are reported to be 
-1.70 and - 1.85 V, respectively.28 

E,,, for solutions of benzoic acid in DMF containing 0*2M tetrabutylammonium 
iodide is -1.58 V vs. the mercury pool. 6o Given and Peoverls report two waves for 
benzoic acid (cJ Table VI) in DMF; the diffusion current constant for the first wave 
was about ten times that of the second wave, which was assumed to be from reduction 
of the undissociated acid. No wave was found for phenol. 

HYDROGEN ION REDUCTION IN APROTIC SOLVENTS 

The class of non-aqueous solvents most used for polarographic studies, especially 
for the reduction of hydrogen ion, has been that of the aprotic solvents. While many of 
these solvents can be considered to be “inert” for reactions involving many organic and 
inorganic species, there is probably no solvent which is truly inert towards hydrogen 
ion. The polarographic behaviour of a “strong” acid can furnish qualitative informa- 
tion regarding the basic properties of a solvent; thus, the levelling effect is more pro- 
nounced the more basic the solvent is compared to water, e.g., the situation in pyridine 
subsequently discussed. 

Such a levelling effect is not observed in solvents which are much weaker bases than 
water, e.g., nitriles and ketones, with the result that the proton of a “strong” acid is 
much more readily reduced in such solvents than in water. In a very weakly basic 
solvent, the polarographic waves of “strong” acids, which overlap in water, are sepa- 
rated. 

Acetonitrile, in which a large number of acids have been investigated, is a strongly 
differentiating solvent with respect to the strength of acids dissolved in it. Acids, which 
are “strong” and exhibit identical polarograms in water, e.g., perchloric, sulphuric, 
hydrochloric and nitric, give separate waves in acetonitrile (Table VI); the diffusion 
currents are proportional to the acid concentration.31 E,,, varies from -0.70 V VL 
S.C.E. (aq.) for perchloric acid to -2-3 V for acetic acid.12*14sS2 Some polyprotic acids 
behave as monobasic acids at the D.M.E. in exhibiting a single polarographic wave, 
e.g., in order of increasing (negative) E,,,: sulphuric, oxalic and phosphoric acid; 
diffusion-current constants seem to decrease as E,,, becomes more negative.12 Con- 
trolled potential electrolysis of perchloric or acetic acid on the crest of the wave results 
in hydrogen evolution; per&orates of aromatic amines give reduction waves with 
hydrogen evolution. l2 Addition of an excess of free base apparently has no effect. 
E,,, for dichloranilinium ion is 0.06 V less negative than E,,, for hydrochloric acid and 
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O-4 V less negative than E,,, for diethylanilinium ion, which is a much weaker acid.12 
E,,, for ammonium ion is 0.8 V more negative than that for dichloranilinium ion.14*ss 
No waves are observed for bisulphate and bioxalate ions.12 

The voltammetry of the hydrogen-perchloric acid system in acetonitrile has also 
been studied at platinised platinum electrodes.67 

The reduction of perchloric acid in acetonitrile has been made the basis of an 
analytical method for the amperometric titration of bases, e.g., amines, dissolved in 
acetonitrile by means of a standard solution of perchloric acid in acetic acid.31 

Addition of water, which is a much stronger base than acetonitrile, to acetonitrile 
solutions of a “strong” acid shifts the polarographic waveofthelatterto amorenegative 
potential.31*s8 The effect is much larger than expected from the difference in base 
strength and is probably caused by the hydrogen over-potential on mercury increasing 
with water concentration.31 

Kolthoff and Thomas36 report the hydrogen electrode to be suitable for the meas- 
urement of hydrogen ion activity in mixtures of sulphuric acid and tetraethylammo- 
nium bisulphate in acetonitrile. 

In acetone containing O*lM tetraethylammonium perchlorate, E,,, is 0.48 V more 
positive for perchloric acid than for sulphuric acid and the diffusion current constant is 
about 30% greater for perchloric acid than for sulphuric acid (Table VI).r6 E,,, for 
perchloric acid shifts to a more negative potential on the addition of water. 

Dimethylsulphoxide, as had been mentioned, is a much weaker acid than is water, 
but is comparable to water in base strength. 35 Consequently, as might be expected, 
perchloric, sulphuric and hydrochloric acids are “strong” in dimethylsulphoxide and 
furnish identical polarograms at the D.M.E. as well as at the rotating platinum elec- 
trode (R.P.E.) (Table VI); E,,, for these acids is about O-4 V more positive at platinum 
than at mercury.34 E,,, for hydrogen sulphide at the D.M.E. is about O-6 V more 
negative than for the “strong” acids;ls acetic acidM and ammonium ion20 behave as 
weak acids in this solvent (Table VI); no wave is observed for bisulphate ion.24 

The chronopotentiometry of several acids was investigated in acetic anhydride 
solutions, which were O*lM in sodium perchlorate and 0*05-0.2M in acetic acid.44 
Reduction (presumably chronopotentiometric quarter-wave) potentials at a platinum 
electrode increased, i.e., became more negative, in the following order: perchloric, 
tetrafluoboric, sulphuric, hydrochloric and acetic acids (Table VI). Chronopotentiom- 
etry of the solvent, which, as indicated, contained acetic acid, produced hydrogen gas 
and acetate ions at the cathode, and hydrogen gas and acetylium ions at the anode;U 
the production of hydrogen gas at both electrodes was explained on the basis of pro- 
posed reaction intermediates. 

In unbuffered 80% dioxan-water solution, E,,, of mineral acids varies with the 
dissociation constant of the acid. 48 For solutions more concentrated than 1*5mM in 
weak acid (not specified), the polarogram exhibited three steps, which were attributed 
to successive reduction of the dioxan-oxonium ion, hydronium ion and the undissoci- 
ated weak acid.46 

E,,, for a solution of perchloric acid in tetrahydrofuran containing 0*3M lithium 
perchlorate is reported to be O-8 V more negative at a mercury electrode than at 
platinum (Table VI).2 

Pyridine, because of its strong Lewis-base character, exhibits an apparently even 
more pronounced levelling effect than water. An essentially identical polarographic 
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wave is obtained54 for pyridine solutions of acids, whose pKa values in aqueous solu- 
tion vary from 7.9 to “very strong”; a small prewave is attributed to an impurity in the 
solvent, which reacts similarly to the solvent. Dibasic acids, such as sulphuric and 
phthalic, give a single wave, whose diffusion current constant is somewhat less than 
twice that found for all of the monobasic acids. Phenol (aqueous pK, = 9.9) does not 
give a wave; salicylic acid (aqueous pK, = 3-O and 13-O) behaves like a monobasic 
acid. The polarographic wave was attributed to the reduction of pyridinium ion, 
formed in the reaction of acid with the solvent, by a one-electron attack on the pyridine 
ring, which results in the formation of a free radical, pyrH”, which dimerises to a tetra- 
hydrobipyridyl. 

The latter mechanism is apparently not affected by the addition of water, up to about 
10 % by volume ; at water concentrations above 50 %, the reduction seems to proceed 
by the catalytic hydrogen evolution process observed in aqueous acid solutions con- 
taining traces of pyridine.l’ 

Acknowledgement-The authors thank the U.S. Atomic Energy Commission and the Petroleum 
Research Fund of the Amencan Chemical Society, which helped support their research on non- 
aqueous media. 

Zusammenfassm-Die polarographische Reduktion von Wasser- 
stoffionen, gebildet durch Dissoziation einer Bnmstedsiiure oder 
gegenwgrtig in der nicht dissoziierten Brransted&ure wird erartert f%r 
Systeme, in welchen ein organisches Liisungsmittel anstelle von Wasser 
vorliegt. 

R&&--On passe en revue la rkduction polarographique de l’ion 
hydrogkne, foumi par la dissociation d’un aclde de Brtinsted ou p&sent 
dans l’acide de Bronsted non dissocib, lorsqu’on met en jeu un solvant 
autre que l&u. 
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