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high, because the hydroxide is not fully hydrated in 
crystalline lithium hydroxide monohydrate. A 
further problem is that the experimental values for 
the autoprotolysis ratio, ifHSO/-KDIO> refer to dilute 
solutions, whereas the spectroscopic data for the 
hydronium ion in water refers to concentrated 
solutions of acid. Thus the hydronium ion in these 
solutions may not be fully hydrated; if this is so 
then the stretching frequency for HsO+ should be 
lower than 2900 cm. -1 , the value used in our cal
culations. 

The comparatively poor agreement between the 
experimental and calculated values for the isotope 
effects on water autoprotolysis would be much im
proved by the choice of slightly lower values for the 
stretching frequencies of the hydroxide and hydro
nium ions. Such changes will have less effect upon 
the calculations for dissociations of acids other than 
water, because we relate their frequencies to those 
of water and its ions. Therefore the effect of 
anticipated future changes in the frequencies as
signed to water and its ions will be partially self-
cancelling in all of our calculations except for the 
autoprotolysis equilibrium. 

Further improvement in this type of calculation 
will depend on the observation of more hydrogen 
bond stretching frequencies for different solvated 
acids and bases. This pertains particularly to the 

It is well known that the addition of small 
amounts of surface-active organic compounds sup
presses polarographic maxima, while those sub
stances often change the shape of polarograms. 
Similar effects are observed when a film of insoluble 
substances is formed on the dropping mercury. 

Lingane2 reported that the maximum on the 
reduction wave of lead ions in 0.1 M potassium 
chloride is completely suppressed when the solu
tion is made 0.001 M with respect to iodide ions 
but gave no interpretation. We found that even 
at a much smaller concentration of iodide, e.g., 
1O-5 M, complete suppression of maxima is ob
served, not only of lead but also of oxygen, copper-
(II), mercury(II), iron(III) and persulfate, while 
in the same supporting electrolytes pronounced 

(1) This investigation was supported by a research grant from the 
National Science Foundation. 

(2) J. J. Lingane, Ph.D. Thesis, University of Minnesota, 1938: 
I. M. Kolthoff and J. J. Lingane, "Polarography," Vol. I, Interscience 
Publishers, Inc., New York, N. Y., 1952, p. 166. 

extension of the method to acids and bases con 
taining nitrogen and other electronegative atoms. 
However, even for acid-base equilibria in which the 
relevant frequencies are not known, or cannot be 
estimated, it is possible to predict the direction of 
changes in the ratio KHSO/-KD,O with changes in the 
dissociation constants and the effect of changing 
the number of equivalent ionizable, hydrogen 
atoms in the acid. One major limitation which will 
be difficult to surmount is the neglect of the bend
ing frequency changes. This seems to impose 
some absolute limit on the possible refinement of 
the method as the detailed accounting of these 
frequencies for any large number of examples 
would be extremely difficult, although we have 
shown this neglect not to be serious in the calcula
tions relating to the autoprotolysis of water. 
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maxima were observed in the absence of the trace 
of iodide. Iodide is effective in suppressing maxima 
only in the potential range where mercurous iodide 
is formed anodically. From this experimental 
fact as well as from characteristics of electro-
capillary curves and anodic iodide waves at both 
the conventional and the rotating dropping mer
cury electrode, it is concluded that the maximum 
suppression effect of iodide is due to the formation 
of a film of mercurous iodide. Bromide and chlo
ride ions also form a film of their mercurous salts 
and suppress maxima in the potential range where 
these films are formed. Small amounts of a 
phenylmercuric salt are also effective in sup
pressing maxima in the potential range where 
this substance is reduced to form insoluble di-
phenylmercury.3'4 Effects of the films on the 
characteristics of the reduction waves of persulfate, 

(3) R. Benesch and R. E. Benesch, T H I S JOURNAL, 73, 3391 (1951); 
J. Phys. Chem., 56, 648 (1952). 
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Effects on Polarographic Waves of the Formation of Insoluble Films on Dropping 
Mercury1 
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The formation of films of insoluble substances on the surface of dropping mercury may exert two different effects on polaro
grams: suppression of maxima and alteration of the characteristics of polarographic waves. Considerably less than a mono-
molecular film of mercurous iodide completely suppresses maxima of both the first and the second kind. Experimental re
sults presented in this paper show that the mercurous iodide film behaves like an anionic surface-active organic compound 
in regard to its effect on the characteristics of polarographic waves. The film makes the reduction wave of aquo-copper(II) 
ions more reversible, while that of oxygen is made more irreversible. The reduction of persulfate is strongly inhibited in the 
potential range where the mercurous iodide film is formed. 
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Fig. 1.—Anodic iodide waves a t d.m.e. (h = 44 cm.) in 
0.1 AfHClO4. Concentration of iodide: 1,0; 2, 5 X 10~s 

M; 3, 10~4 M; 4, 2 X 10"4 M; 5, 3 X 10~« M. 

oxygen and copper(II) and of the anodic copper 
amalgam wave also are described in this paper. 

Experimental 
Materials.—All chemicals were C. p. grade and used 

without further purification. Polyacrylamide (PAA 75) was 
a product of American Cvanamid Co., New York. Triton 
X-IOO (C8H17(C6H4)(OCH2CH2)^1OOH) was obtained from 
Rohm and Haas Co., Philadelphia, Pa. Deaeration was 
done by passing high purity Linde nitrogen. 

Electrodes.—The conventional dropping mercury elec
trode used had these characteristics in 0.1 Mperchloric acid: 
m = 1.32 m g . / s e c , / = 5.06 sec. (open circuit) at h — 51.5 
cm. The rotating dropping mercury electrode was of the 
type described in a previous paper5 and rotated at 210 r.p.m. 
The m and t values in 0.1 M perchloric acid were 8.47 mg. / 
sec. and 4.43 sec. (open circuit) at h = 41.5 cm., respectively. 
The cell for the preparation of copper amalgam had a capac
ity of 200 ml. and was of a type similar to the one described 
by Delahay6 except that a platinum foil was used as anode 
which was placed in a compartment separated by a sintered 
glass disk. The copper amalgam was prepared by electrolyz-
ing copper perchlorate in 0.1 M perchloric acid. The drop 
time of the amalgam electrode was 5.50 sec. at h = 50 cm. in 
0.1 M perchloric acid at open circuit. 

The reference electrode was a saturated calomel electrode 
in all experiments. 

Measurements.—Polarograms were recorded with a Sar
gent Polarograph Model X X I . Currents for the wave 
analysis were measured by operating the instrument manually. 
Experiments were carried out in a thermostat maintained at 
25 ± 0.1°. 

Experimental Results 
Anodic Iodide Waves.—Some evidence is found 

in the l i terature of halide film formation on a 
mercury surface.7""9 If such films are sufficiently 
strongly adsorbed, a prewave is expected to occur 
before the main anodic halide wave which would 
correspond to the formation of a monomolecular 
layer of the mercurous halide. In order to find 
whether there is indication of the occurrence of such 
an adsorption wave, a detailed s tudy was made of 
the shape of the anodic iodide wave both at the 

(5) Y. Okinaka and I. M. Kolthoff, THIS JOURNAL, 79, 3326 (1057). 
(6) P. Delahay, "New Instrumental Methods in Electrochemistry," 

Interscience Publishers, Inc., New York, N. V.. 1954, p. 353, 
(7) V. Majer, Collection Czcchoslov. Chirm. Communs., 7, 215 

(1935). 
(8) I. M. Kolthoff and C. S. Miller, THIS JOURNAL, 63, 1405 (1941). 
(9) I. M. Kolthoff and J. Jordan, ibid., 77, 3215 (1955). 

Fig. 2.—Anodic iodide waves at r.d.m.e. in 0.1 M HClO4; 
curves 1—5 were taken at h = 41.5 cm., and curve 6 a t h = 
81.5 cm. Concentration of iodide: 1, 0; 2, 2 X 10"6 M; 
3, 5 X 10"5 M; 4, 10-" M; 5 and 6, 1.5 X 10"4 M. 

conventional dropping mercury electrode (d.m.e.) 
and a t the rotating dropping mercury electrode 
(r.d.m.e.). 

Figure 1 shows current-potential curves of iodide 
at the d.m.e. in 0.1 M perchloric acid. At iodide 
concentrations greater than 2 X 1 O - 4 J i " there 
appears a very slight indication of the occurrence 
of two waves, while at iodide concentrations 
smaller than 1O -4 M a well-defined single wave is ob
served. When the iodide concentration is made 
greater than 4 X 10~4 M, current becomes irregu
lar, which was observed also by Kolthoff and Miller8 

who at t r ibuted the irregularity to the formation 
of a precipitate of mercurous iodide on the mercury 
surface. At the r.d.m.e., on the other hand, 
prewaves were much more clearly developed than 
at the d.m.e. as shown in Fig. 2. This prewave 
has the typical characteristics of an adsorption 
wave; namely, the height of the prewave is in
dependent of the concentration of iodide when the 
lat ter is greater than 5 X 10~6 M and is pro
portional to the height of the mercury column.10 

The characteristics of adsorption waves are the 
same a t the d.m.e. and a t the r.d.m.e.11 

Electrocapillary Curves.—The presence of a small 
amount of iodide ions causes a large decrease in 
drop time (Fig. 3). Comparison of curve 2 in Fig. 
3 with curve 3 in Fig. 2, both of which were ob
tained with 10~4 M iodide at the d.m.e., shows tha t 
the potential range where the depression occurs in 
the electrocapillary curve corresponds to tha t in 
which the anodic iodide wave is observed. In 
this potential range there should be no iodide ions 
present at the electrode surface since all iodide ions 
reaching the electrode surface precipitate quanti
tatively in the form of mercurous iodide because of 
its small solubility (the solubility product of Hg2Ia 
is equal to 4.5 X 10 - 2 9) . 1 2 Thus the observed 
depression of electrocapillary curve in the pres
ence of a small amount of iodide must be at t r ibuted 
entirely to adsorbed mercurous iodide rather than 
to the adsorption of free iodide ions. The break 
in electrocapillary curve at about + 0 . 3 v. appears 
to indicate that the film of mercurous iodide breaks 

(10) R. Brdicka. Z. Eleklrochcm., 48, 278 (1942). 
(11) I. M. Kotthoft atid Y. Okinaka, Tins JOURNAL, 82, 3528 

(I960). 
(12) W. M. Latimer, "Oxidation Potentials," 2nd Ed., Prentice-

Hall, Inc. Knglewood Cliffs, N. J., 1952, p. 177. 
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Fig. 3.—Electrocapillary curves (d.m.e. at h = 44 cm.): 
1, 0.1 M HClO4; 2, 0.1 M HClO4 + 10"4 M KI; 3, 0.1 M 
HClO4 + 10~4 M KBr; 4, 0.1 M HClO4 + 0.1% Triton 
X-IOO; 5, composition of 4 + 10"4 M KI. 

down at this potential . Curve 3 in Fig. 3 gives 
indication of the formation of a film of mercurous 
bromide, bu t its effect on the electrocapillary 
curve is considerably smaller than t ha t of iodide. 

Curves 4 and 5 in Fig. 3 show tha t the addition 
of Tri ton X-IOO considerably decreases the drop 
t ime both in the absence and presence of iodide. 
F rom a comparison of curves 1 and 4 in Fig. 3 it is 
clear tha t Tr i ton X-IOO in a concentration of 0 . 1 % 
is strongly surface-active. The surface tension 
is more suppressed in the potential range where the 
iodide film is formed by addition of 10~4 M iodide 
(curve 5, Fig. 3). The results indicate tha t mer
curous iodide and Tri ton are both adsorbed simul
taneously and t ha t no replacement of one film 
by the other takes place. Although Tr i ton X-
100 greatly distorts the anodic copper wave, cur
rent-potent ia l curves of iodide are not affected by 
this surface-active substance. 

Suppression of Maxima by Insoluble Films.— 
Several examples are given in this section to 
demonstrate the strong suppressing effect of ad
sorbed insoluble films on maxima of bo th the first 
and the second kind. First of all, it should be 
mentioned t h a t the current-potent ia l curve of 
1.5 X 10~4 M iodide in 0.1 I f perchloric acid a t 
the r.d.m.e. (h = 41.5 cm.) in the presence of 0 .01% 
polyacrylamide (PAA) was found to be practically 
the same as curve 5 in Fig. 2 which was recorded 
in the absence of PAA. This fact indicates t ha t the 
anodic iodide wave a t the r.d.m.e. does not involve 
maxima of the second kind which are observed a t 
this electrode in the absence of a maximum sup
pressor. 

An air-saturated solution of 0.02 M potassium 
nitrate exhibits an acute maximum of the first 
kind a t the d.m.e. In Fig. 4 it is shown tha t this 
maximum is completely suppressed by iodide in a 
concentration as small as 1O -6M. On the other 
hand, the oxygen wave in 0.02 M potassium iodide 
exhibits a maximum of the same na ture and height 
as tha t in 0.02 M potassium nitrate, even though 
the iodide ion is strongly capillary-active. At this 
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Fig. 4.—Effect of KI on oxygen maximum in air-satu
rated solutions at d.m.e. (h = 51. 5 cm.): 1, 0.02 M KNO3; 
2 0.02 MKNO3 + 10~5 AfKI; 3, 0.02 M KI. 

Fig. 5.—Effect of KCl, KBr and KI on ferric maximum in 
solution 2 X 10~3 M in Fe(NOs)3 and 0.02 M in HNO3 at 
d.m.e. (h = 51.5 cm.): 1, no halide; 2, 5 X 10"« M KCl; 
3, 10-6 IfKBr; 4, 10~5 M KI. 

large concentration of iodide apparently a soluble 
mercury-iodide complex is formed and no film 
of insoluble mercurous iodide is observed. 

Effects of iodide, bromide and chloride on the 
pronounced maximum on the ferric wave in 0.02 
M nitric acid are illustrated in Fig. 5. Again iodide 
eliminates the maximum entirely, while bromide 
and chloride were found to be effective only in a 
limited potential range, which apparently cor
responds to the region where these ions give anodic 
waves. At the potential where no film is present 
the diffusion current suddenly increases to a large 
maximum of the same magnitude as in the absence 
of chloride or bromide. 
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Fig. 6,—Reduction waves of 1O-4 M C6HjHgCl in 0.1 M 
acetate buffer (p~R 4.6) at the r.d.m.e. (h = 41.5 cm.): 
1, no PAA; 2, 0.01% PAA. 

In addition to the examples illustrated above, 
we found tha t pronounced maxima of the first 
kind, appearing on polarograms of the following 
species, are completely eliminated by the addition 
of 10~B M potassium iodide; mercury(II) and cop-
per(II) in 0.1 M perchloric acid, persulfate in 0.1 
M sodium perchlorate and lead in 0.02 M per
chloric acid. Maxima of thallium in 0.1 M potas
sium chloride and of nickel in 0.1 M sodium per
chlorate were not suppressed by the addition of 
1 0 - 6 M iodide. No film of mercurous iodide is 
formed a t potentials where these ions are reduced. 

Phenylmercuric compounds are known to be 
subjected to a stepwise reduction at the d.m.e., 
the reduction product on the first wave being C6-
H 6Hg which dimerizes to form insoluble diphenyl-
mercury (C6H5)2Hg and mercury.3 '4 In Fig. 6 are 
shown current-potent ial curves obtained a t the 
r.d.m.e. with 10 4 M phenylmercuric chloride in 
0.1 M acetate buffer at pH 4.6. I t is seen t ha t no 
maxima of the second kind occur on the first wave 
even in the absence of PAA, which supports the 
interpretation t ha t insoluble diphenylmercury is 
formed and adsorbed on the mercury surface a t 
potentials on the first wave. The reduction prod
uct formed on the second wave is benzene. I t is 
evident from curves 1 and 2 in Fig. 6 tha t this 
reduction product does not suppress a maximum 
of the second kind. We also found t ha t the 
addition of 1O -5 M phenylmercuric chloride com
pletely suppresses an acute maximum of the first 
kind observed a t the d.m.e. with an air-saturated 
solution containing 0.02 M sodium acetate and 
0.02 I f acetic acid. 

In connection with our s tudy of the effect of 
various surface-active substances on polarographic 
waves, we found tha t the anodic copper wave a t 
a dropping copper amalgam electrode possesses 
very peculiar characteristics in the absence of 
surface-active substances, although it has an 
appearance of a normal polarographic wave. 
The limiting current observed, for example, with 
1.5 X 1 0 - 3 M copper amalgam in 0.1 M perchloric 
acid in the absence of surface-active substances 
was found to be about 2 0 % greater than tha t ob
served in the presence of substances such as PAA, 
Tri ton X-100, sodium dodecyl sulfate or dodecyl-
amine perchlorate. Observation of amalgam drops 

Fig. 7.—Effect of halide on the anodic copper wave in 0.1 
M HCIO4. Concentration of copper amalgam: ca. 1.5 X 
10~3 M: 1, no halide; 2, 10"6 M KI; 3, 10"5 M KBr; 4, 
10-» M KCl. 

with a microscope during the electrolysis of a solu
tion containing a suspension of charcoal powder 
revealed tha t streaming occurred in the vicinity 
of the amalgam surface in the absence of surface-
active substances. This streaming or "maximum" 
was observed even at a concentration of perchloric 
acid as small as 0.002 M at a drop t ime as great 
as 6 seconds. I t was found t ha t the limiting cur
rent decreases with increasing electrolyte concen
tration, which is a tendency exactly reverse to tha t 
observed when dealing with so-called maxima of 
the second kind. The peculiar "maximum" is 
completely suppressed by the above surface-
active substances and, as is evident from Fig. 7, 
also by the addition of 10~5 M iodide or bromide, 
while chloride shows only a tendency to suppress 
it at potentials where mercurous chloride is formed 
anodically. 

Variation of the Shape of Polarograms by In
soluble Films.—Effects of adsorbed surface-active 
anions on the mercury surface upon the rate of 
electrode reactions or the shape of polarograms 
have been discussed in recent l i terature by several 
investigators.1 3 - 1 9 When such surface-active an
ions depolarize the d.m.e. anodically and form a 
film of mercury salts, the characteristics of a cur
rent-potential curve may be affected in the poten
tial range where the film is formed. A few such 
examples are given below. 

Current-potent ial curves of copper(II) in 0.1 
M perchloric acid in the absence and presence of 
trace amounts of iodide are shown in Fig. 8. No 
maxima occur at this small concentration of copper. 
The irreversible wave of copper is made more re
versible by the addition of iodide, the effect being 
clearly observed a t iodide concentration as small 
as 10~6 M. This effect cannot be a t t r ibuted to 

(13) I. Bagrozkaya, Zhur. Fiz. KMm,, 26, 659 (1952). 
(14) A. Frumkin, Z. Elektrochem., 59, 807 (1955). 
(15) T. V. Kalish and A. Frumkin, Zhur. Fii. Khim., 28, 473 (1934). 
(16) M. Breiter, M. Kleinerman and P. Delahay, THIS JOURNAL, 

80, 5111 (1958). 
(17) A. Frumkin, N. Nikolajeva-Fedorovicb and R. Ivanova, Can. J. 

Ckem., 37, 253 (19.59). 
(18) I. M. KollhofT and Y. Okinaka, THIS JOURNAL, 81, 2290 

(1959). 
(19) K. H. Mancy and D. A. Okun, Anal. Chem., 32, 108 (1960). 
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Fig. 8.—Effect of KI on the reduction wave of 2 X 10"' 
M copper(II) in 0.1 M HClO1 at d.m.e. {h = 51.5 cm.). 
Concentration of KI: 1, no KI; 2, 10 "• M; 3, 10'« M. 
Not corrected for the residual. 

the simple adsorption of iodide ions, because in the 
potential range where the copper wave appears 
free iodide ions reaching the electrode surface 
combine with mercury to form mercurous iodide 
(compare Fig. 8 with Fig. 1). 

Distortion of the polarograms of persulfate in 
0.1 M perchloric acid containing various amounts 
of iodide is illustrated in Fig. 9. I t is seen in this 

Fig. 9.—Effect of KI on the persulfate wave in solution 
10"» M in K2S2O8 and 0.1 M in NaClO4 at d.m.e. (h = 44 
cm.). Concentration of KI: 1, no KI; 2, 10~5 M; 3, 
10-« M; 4, 2 X 10~4 M; 5, 5 X 10-« M; 6, 10~3 M. 

figure that the depression of the diffusion current 
occurs only in the potential range where mercurous 
iodide is formed. With 1O-4 to 2 X 10~4 M bro
mide we observed a similar decrease of diffusion cur
rent of the persulfate wave at potentials more 
positive than -f- 0.1 v. where mercurous bromide 
forms a film. 

The first reduction wave of oxygen in 0.1 M 
sodium perchlorate, which appears also in the 
potential range where mercurous iodide film is 
formed, was found to be displaced by about 50 
mv. to a more negative potential in the presence 
of 10 - 4 M iodide. Thus the film of mercurous 
iodide makes the oxygen wave more irreversible. 
A more interesting effect is exerted by phenyl-
mercuric chloride. In Fig. 10 is illustrated the 
distorting effect of this substance on the oxygen 
wave in 0.1 M acetate buffer. I t was confirmed 
that 1O - 4M chloride ions do not affect the oxygen 
wave, and hence the observed effect of phenyl-
mercuric chloride must be entirely due to either 
the phenylmercuric ion or its reduction product, 

Fig. 10.—Effect of C6H8HgCl on the oxygen wave in solu
tion 0.1 JIf in NaAc and 0.1 M in HAc saturated with air at 
d.m.e. (h = 44 cm.): 1, no C6H5HgCl; 2, 10"« M C6H6-
HgCl; 3, 10"« M C6H6HgCl after deaeration. Currents 
corrected for the residual and for the current due to the re
duction of C6H6HgCl. 

diphenylmercury. I t is noted in Fig. 10 that at 
potentials more positive than about +0.05 v. the 
current is greater in the presence than in the ab
sence of phenylmercuric chloride. At these posi
tive potentials practically no phenylmercuric chlo
ride is reduced (see Fig. 6), and therefore a film 
of diphenylmercury must be absent at the electrode 
surface (compare curves 2 and 3 in Fig. 10). 
Presumably the increase in current at positive 
potentials arises from the adsorption of positively 
charged phenylmercuric ions, in accordance with 
Frumkin's theory of electrostatic effects on the rate 
of electrode reaction14'16 (see Discussion). The 
decrease in current at more negative potentials 
must be attributed to the insoluble film of di
phenylmercury. 

Discussion 
Kolthoff and Miller8 found that the anodic 

chloride wave is reversible when the concentration 
of chloride is smaller than 1.5 X 10~3 M and follows 
the theoretical equation 

E = const. - 0.059 log (id - *) (1) 

which is derived from the Nernst equation. 
Meites20 states that this equation also holds for 
bromide and iodide ions. Anodic iodide waves 
both at the d.m.e. and at the r.d.m.e. shown in 
Figs. 1 and 2 were analyzed by plotting E vs. 
log {id — i). As shown in Fig. 11, part of the plots 
corresponding to potentials more negative than 
those where the surface of the mercury has been 
covered with a monomolecular layer are straight 
lines, the slopes of which were found equal to 104 
and 98 mv. at the d.m.e. and at the r.d.m.e., respec
tively, as compared to the theoretical value of 59 
mv. in equation 1 for a reversible reaction. These 
results clearly indicate that the main anodic iodide 

(20) L. Meites, "Polarographic Techniques," Interscience Pub-
Ushers, Inc., New York, N. Y., 1955, p. 99. 
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Fig. 11.—Analyses of anodic iodide waves at d.m.e. Qi = 
44 cm.) (curve 1) and at r.d.m.e. (h = 41.5 cm., 210 r.p.m.) 
(curve 2); 2 X 10~4 M KI in 0.1 M NaClO1. 

wave is irreversible, while the adsorption wave is 
still much more drawn out. 

The anodic prewave of iodide is much more 
clearly visible at the r.d.m.e. (Fig. 2) than at the 
d.m.e. (Fig. 1). This must be attributed to the 
fact that the degree of irreversibility of a wave is 
greater at the r.d.m.e. than at the d.m.e.21 The 
main irreversible wave occurs at a more positive 
potential at the r.d.m.e. than at the d.m.e. at an 
identical concentration of iodide, while the ad
sorption wave appears at the same potential at 
both electrodes. I t would seem that the irreversi
bility of the main iodide wave is caused by the 
inhibiting effect on the electron transfer by the 
adsorbed mercurous iodide film. For this reason 
it cannot be stated definitely that the appearance 
of the adsorption wave is brought about by the 
difference in activity between adsorbed and un-
adsorbed mercurous iodide.22 

From the above discussion and the results on 
maximum suppression described in the Experi
mental section, it is obvious that it is the film of 
mercurous iodide which is responsible for the sup
pression of maxima. Conclusive evidence is fur
nished by the fact that the oxygen maximum is 
suppressed with 1O-6 M iodide but reappears at 
0.02 M (Fig. 4). From the above interpretation 
of the iodide waves presented in Fig. 1 it may be 
concluded that at our dropping mercury electrode 
only an adsorption wave is found when the iodide 
concentration in the bulk of the solution is equal 
or Fmaller than about 1O-4 M. This concentration 
is about ten times greater than that needed to 
suppress maxima completely at the d.m.e. In this 
respect the behavior of the film of mercurous iodide 
is similar to that of an organic maximum suppres
sor; the suppression of maxima is complete at a 

(21) Y. Okinaka and I. M. Kolthofl, THIS JOURNAL, 82, 324 (1900). 
(22) R. W. Scbmid and C. N. Reilley, ibid., 80, 2087 (1958). 

much smaller concentration than required to 
form a monomolecular layer. 

At the r.d.m.e. a complete monomolecular layer 
is formed at a smaller iodide concentration than 
at the d.m.e. because of the increased rate of 
transport of iodide ions to the electrode surface 
under the influence of convection. It is seen 
from Fig. 2 that formation of a monomolecular 
layer is complete at an iodide concentration of the 
order of 4 X 10 - 6 M at the r.d.m.e. under our ex
perimental conditions. However, even at much 
smaller concentrations when the surface is covered 
with only a fraction of a monomolecular layer, 
complete suppression of a maximum of the second 
kind is found at the r.d.m.e. 

As far as the effect of a mercurous iodide film 
on the characteristics of polarographic waves is 
concerned, it appears that the iodide film behaves 
like a negatively charged surface-active substance. 
The adsorption of a charged species changes the 
structure of the double layer, which affects the 
concentration of electroactive species near the elec
trode surface and the effective potential difference 
between the electrode and the point in the solu
tion where the electrode reaction actually takes 
place.14'16 Frumkin's theory accounts for the 
variation of current resulting from the above two 
factors and predicts that the adsorption of a 
negatively charged substance accelerates the re
duction of cations but decelerates the reduction of 
anions and uncharged species. The accelerating 
effect of dodecyl sulfate upon the reduction of 
aquo copper(II) ions at the d.m.e. has been ac
counted for18 on the basis of Frumkin's theory. 
Although it is not possible to present an exact 
picture of the structure of the double (or triple) 
layer in the presence of adsorbed mercurous iodide, 
it is fair to state that the iodide is oriented toward 
the aqueous layer and in this respect behaves like an 
anion of an organic surface-active substance. In 
agreement with Heyrovsky and Matyas23 we ob
served that the copper wave is made more reversible 
also in the presence of small amounts of chloride ions. 
This effect must be attributed to the adsorption 
of copper(I) chloride formed during the reduction 
of Cu(II); a mercurous chloride film cannot be 
formed in the potential range where the copper 
wave appears. 

Recently we reported that the copper(II) wave 
in perchloric acid solutions is split into two waves 
by the addition of Triton X-IOO.18 When the 
concentration of Triton X-100 is sufficiently large 
(> 0.05%), the first wave becomes very small 
as compared to the second wave and controlled 
by the rate of penetration of aquo-copper ions 
through the adsorbed layer of Triton X-100. 
It was found that the height of the first wave is 
greatly increased when a small amount of iodide is 
added; and that this effect is extremely sensitive 
to trace amounts of iodide; for example, a concen
tration of iodide as small as 10 -7 M could be clearly 
detected. We made a great number of experiments 
on the effect of a mixture of halide ions and var
ious organic surface-active substances on the reduc
tion of copper(II) and the oxidation of copper 

(23) J. Heyrovsky and M. Matyas, Collection Czechoslov. Chem. 
Commiins., 16, 455 (1951). 
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amalgam. As was anticipated, the results of these 
experiments are difficult to interpret, and details 
will be reported in a subsequent paper. 

The effect of the adsorption of halide ions on the 
reduction wave of persulfate was studied by Kalish 
and Frumkin16'17 using much greater concentra
tions of halide (0.01 to 1 M) than used in our 
experiments. They found, for example, that the 
half-wave potential of the persulfate wave is about 
0.6 v. more negative in 1 M potassium bromide 
than in 1 TV sodium sulfate but made no mention 
of the effect of halide films such as we observed 
in the presence of small concentrations of iodide. 
From the results in Fig. 9 it is clear that 1O - 6 M 
iodide (curve 2) suppresses the extremely pro
nounced maximum (curve 1) observed in our 
supporting electrolyte. However, just at the po
tential (— 0.4 v.) where the adsorption film disap
pears, a slight maximum still did occur. The waves 
observed in the presence of larger concentrations of 
iodide have a very abnormal appearance. Starting 
at the most positive potentials the current starts 
to rise and reaches a maximum which is consider
ably below the diffusion current. It appears that 
in this range the iodide does not affect the electrode 
process. The reason is clear from curve 2 in 
Fig. 3 which indicates that the film of mercurous 
iodide breaks down at potentials more positive than 

Introduction 
The reaction of cyanide ions with an alkyl halide 

offers a particularly simple example of a carbon-
carbon bond forming process. The kinetics of 
several such substitutions have been studied,1-3 

and their mechanisms are known to be S N 2 m 
character. The cyanizations of the methyl halides 
in particular seem to be sufficiently devoid of 
complexity to permit a reasonably straightfor
ward comparison of experimental and theoretical 
carbon isotope effects.4 In this paper we report 
the results of experiments on the fractionation of 
C13 contained in cyanide ions during the cyanization 
of methyl iodide. Since methyl iodide is hy-
drolyzed very slowly under the conditions of the 

(1) M. F. Hawthorne, G. S. Hammond and B. M. Graybill, T H I S 
JOURNAL, 77, 486 (1955). 

(2) B. W. Marshall and E. A. Moelwyn-Hughes, J. Chem. Soc. 2640 
(1959). 

(3) K. R. Lynn and P. E. Yankwich, / . Phys. Chem.,64,1719 (1960). 
(4) A Pope, Essay on Man, I, 95. 

+ 0.3 volt. Considering the persulfate wave in 
1O-4 M iodide (curve 3, Fig. 9), the monomolecu-
lar layer of mercurous iodide is being formed after 
the current attains a maximum value at about 
+ 0.4 v. This film interferes with the reduction of 
persulfate and the current decreases to a minimum 
value at —0.1 v. When the potential is being 
made more negative, the film is being dissolved 
and the current increases and attains the value of 
the diffusion current at —0.4 v. From the results 
at higher iodide concentrations (curves 5 and 6 in 
Fig. 9) it appears that multimolecular layers of 
mercurous iodide can entirely prevent the reduction 
of persulfate until potentials are attained where 
the film becomes less than monomolecular. 

The first oxygen wave is made more irreversible 
by a film of mercurous iodide. Bagozkaya13'14 

found that the adsorption of halide ions increases 
the overvoltage in the reduction of oxygen. Mancy 
and Okum19 also found that anionic organic surface-
active substances make the oxygen wave more ir
reversible. Thus the effect of the adsorbed mer
curous iodide film on the reduction of oxygen ap
pears to be of the same nature as that of adsorbed 
anions. 
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reaction,5 data on the C13 fractionation in the 
hydrolysis and its temperature dependence were 
obtained also. (The C14 isotope effect in the 
methyl iodide hydrolysis in 50% aqueous dioxane, 
at 25° only, has been measured by Bender and 
Hoeg.6) The effect of this hydrolysis can be 
ignored in an ordinary kinetics study2; prelimi
nary experiments on the methyl iodide cyaniza
tion in water solution7 indicated that the isotope 
fractionation in the cyanide carbon was small 
with respect to that occurring in the methyl 
carbon during hydrolysis, but correction for the 
latter effect need not be entertained though the 
the results in the former case depend upon ac
curate knowledge of the isotopic constitution of 

(5) E. A. Moelwyn-Hughes, Proc. Roy. Soc. (.London), 164A, 295 
(1938); 196A, 540 (1949); 220A, 3S6 (1953). 

(6) M. L. Bender and D. F. Hceg, T H I S JOURNAL, 79, 5649 
(1957). 

(7) K. R. Lynn and P. E. Yankwich, Chem. andlnd. {London). 117 
(1960). 
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The C18 isotope effects for isotopy at the cyanide carbon in the cyanization of methyl iodide and that in the hydrolysis 
of methyl iodide have been investigated for water solvent over the temperature range 11.4 to 58°. The results for hydrolysis 
are somewhat smaller than expected from the single value reported by Bender and Hoeg for the C14 effect, being at the 3.5% 
level; the cyanide carbon isotope effect in the cyanization is only about 1.0%. The results are examined in terms of a 
Bigeleisen-Wolfsberg-Slater three-particle model for the reacting system, special attention being paid to the choice between 
"atomic" and "molecular fragment" masses in the calculation of the temperature-independent factor in the isotopic rate 
constant ratios. The data do not permit a clear choice to be made between these bases for the computations. 


