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Results

The measured heat contents above 298.16°K.,
expressed in defined cal. per mole of nickel chloride
(129.60 g.), are listed in Table I and plotted in
Fig, 1. Correction for condensation of nickel
chloride vapor was applied as necessary, using the
equation of Kelley.* This correction was negligible
below 1100°K. and it never exceeded 0.29 at
higher temperatures.

The trend in the heat content of the crystals is
regular to 1281.1°K. Premelting became evident
at 1286.6°K., and most of the substance was
melted at 1300.8°K. (results labeled (a) in Table
I). The adopted melting point is 1303°K., the
temperature at which all the substance became
molten. The heat of fusion was obtained as
18,470 cal./mole, yielding an entropy of fusion of
14.18 cal./deg./mole.

Measurements beyond 1336°K. were precluded
by failure of the platinum-rhodium capsules,
caused by the high vapor pressure of nickel chloride.
From Kelley’s® equations, in conjunction with the
present results, it is estimated that the vapor
pressure is about 3.5 atm. at this temperature.

The measured heat content of the crystals is
represented to within an average deviation of 0.5%,
by the equation

(3) K. K. Kelley, U. S. Bureau of Mines Bull. 383, 1935.
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Hr — Hus e = 17.50T 4 1.58 X 10~372 - 1.19 X 108T~1 —~

For the short port1on of the liquid range covered,
the heat capacity is 24.00 cal. ?deg /mole, and the
heat content is reproduced to within 0.2%, by

Hr — Hysas = 24.00T 4 7,020

The previous data of Krestovnikov and Karet-
nikov? are mutually inconsistent to the extent of
more than 109, and they are 6%, higher on the
average than the present results.

Table II contains values of the molal heat
content and entropy increments above 298.16°K.
at even temperatures and at the melting point.
The latter have been calculated to match the
former by use of the method of Kelley.?

TABLE II
MorAL HEAT CONTENT AND ENTROPY INCREMENTS ABOVE
298.16°K.
T, Ht ~ St ~ St ~
°K. Hs, 16 Sas.16 T,°K, HT ~ Hus.1se Ss.18
400 1,800 5.18 1100 15,390 24,65
500 3,650 9.31 1200 17,510 26.50
600 5,545 12.76 1300 19,750 28.29
700 7,465 15.72 1303 19,820° 28.34
800 9,400 18.30 1303 38,290! 42.52
900 11,360 20.61 1350 39,420 43.37
1000 13,350 22.71
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Catalytic Polarographic Waves of Hydrogen Peroxide. II. Kinetic Waves for the
Peroxy Compounds of Molybdenum(VI), Tungsten(VI) and Vanadium(V)*

By I. M. KoLTHOFF AND E. P. PARRY

Kinetic polarographic waves are observed in the systems molybdate or tungstate or vanadate with hydrogen peroxide.
These kinetic waves are characterized by a pronounced maximum atabout +40.15 to 0.3 volt #s. S.C.E. The maximum is not
due to stirring or adsorption effects. The kinetic waves are observed at pH smaller than 6 where the active species are
polymerized. The rate determining step is the reaction between some polymerized form with hydrogen peroxide to give
the peroxy compound which is reduced instantaneously at the electrode. The kinetic currents have been studied as a func-
tion of concentration and kind of mineral acid, of pH and kind of buffer, of concentrations of hydrogen peroxide and of molyb-

date (W(VI) and V(V), respectively), of temperature and of height of mercury in the reservoir.
W and V give measurable kinetic currents even at concentrations as small as 10~% /.

In dilute mineral acids Mo,
In a phosphate buffer of pH about 5

molybdate can be detected (kinetic current) at a concentration of 10~7 M and vanadate of 10~% }M.

In a previous paper? the kinetic current observed
in the ferric iron~hydrogen peroxide system was
discussed. The ferrous iron formed at the electrode
reacts with hydrogen peroxide to regenerate ferric
iron which is again reduced at the electrode.

It has been found that molybdate in acid medium
reacts with hydrogen peroxide with the formation
of a peroxy compound which is reduced at positive
potentials versus the saturated calomel electrode
(S.C.E.). The rate of reaction of molybdate with
hydrogen peroxide under proper conditions is so
great that this ion, even at high dilutions, gives a
measurable kinetic current produced by the reduc-
tion of the peroxy compound which is continuously
reformed at the surface of the electrode

MoO,~ + HQOQ —>» MoO;~ + H:0 (1)

MoO;~ 4+ 2H* + 2e —> MoOs~ + H:0 (2)

(1) From a Ph.D. Thesis submitted by E. P. Parry to the Graduate

School of the University of Minnesota, 1950.
(2) T. M. Kolthoff and E. P. Parry, THis JoURNAL, T3, 3718 (1951).

For the sake of convenience, MoOs,~ and MoO;~
are written in equations (1) and (2) although the
molybdenum is undoubtedly present in different
degrees of polymerization. Vanadate and tung-
state with hydrogen peroxide give similar kinetic
waves as molybdate.

This paper presents a study of the characteristics
of the kinetic waves observed with these systems.
The kinetic waves observed with mixtures of molyb-
date or vanadate and hydrogen peroxide in a phos-
phate buffer of pH about 5 are especially interesting.
As little as 10™® M molybdate or vanadate gives a
measurable kinetic current, alluding to the use of
this method for the trace detection of these ions.
Analytical applications of kinetic currents will be
described in subsequent papers.

Experimental

Apparatus and Materials.—The apparatus, including the
capillary and most of the chemicals, were described pre-
viously.? As a source of molybdate, both sodium molybdate
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(Baker reagent) and ammonium paramolybdate (B and A
reagent) were used without further purification. With the
same supporting electrolyte and the same concentration of
molybdenum, identical results were obtained. For the ex-
periments with tungstate and vanadate, reagent quality
sodium tungstate (origin unknown), and C.p. ammonium
metavanadate from the City Chemical Corporation, New
York, were used without further purification, The phos-
phate buffer was prepared from B and A reagent potassium
dihydrogen phosphate. A 1 M solution was prepared and
sodium hydroxide was carefully added until the pH, meas-
ured after the desired dilution, was about 5. Sodium per-
chlorate was prepared by carefully neutralizing reagent per-
chioric acid (1 M) with sodium hydroxide. Measurements
of pH were made on a Leeds and Northrup No, 7661-A1 pH
meter.

Measurements were made at 25°. When measurements
were made at potentials more positive than -+0.05 volt vs.
S.C.E., it was not necessary to remove oxygen from the
solution. Its presence had no effect on the kinetic current.

Procedure.—Mixtures of hydrogen peroxide and molyb-
date (or tungstate or vanadate) oxidize mercury. In the
absence of mercury such solutions are stable for at least 36
hours, but when mercury is present a noticeable decomposi-
tion occurs in from 5 to 15 minutes, depending on the acid
and reagent concentrations and the kind of stirring. For this
reason, the polarogram (or current readings) must be taken
within five minutes after insertion of the electrode. The
decomposition could be eliminated for longer periods of time
by collecting the dropping mercury under carbon tetra-
chloride or chloroform.

Results

I. Molybdate. The Reduction of Peroxymolybdate.—
Figure 1 (curve 2) represents a polarogram of an equimolar
mixture of molybdate and hydrogen peroxide in 0.25 M sul-
furic acid. The first wave is attributed to the reduction of
peroxy molybdate to molybdate. The maximum which
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Fig. 1.—DPolarogram showing the reduction of peroxy
molybdate in 0.25 M sulfuric acid; (1) 8 X 10~* M molyb-
date; (2)8 X 10™* M molybdate and 8 X 10~¢ M hydrogen
peroxide.

occurs at about +0.20 volt becomes more accentuated at
higher peroxy molybdate concentrations as demonstrated
in Fig. 2. The height of this maximum is not proportional
to concentration. For example, at 25°, solutions containing
equi-molar amounts of molybdate and hydrogen peroxide
in 0.25 M sulfuric acid gave imsx/¢ values of 4.48 pA./
millimole for an 8 X 10~4 M mixture, 3.88 for 3 1.6 X 10~%
M mixture and 3.58 for a 2.4 X 10~% M mixture.

A solution containing 0.008 M molybdate and 0.004 3
hydrogen perozide in 0.25 M sulfuric acid gave a current of
about 6.4 pa. at the maximum. The diffusion current of
0.004 M hydrogen peroxide in 0.25 M sulfuric acid is about
34 wa. Assuming that the formation of monoperoxy
molybdate is complete,3 4 it appears that the peroxy molyb-
date reduction is incomplete, and a true digusion current
region is not obtained at the potential corresponding to the
maximum value of the current.

(3) P. C. L. Thorne and E. R. Roberts, Ephraim’s '‘Inorganic
Chemistry,” Interscience Publishers, Inc.,, New Vork. N. Y., 1948, p.
524.

(4) A. Rium and M, Martin Rodriquez, Anales fis. y quim., 40, 1034
(1944); cf. C. A., 44, 10561 (1950).
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Fig. 2.—Polarograms of equimolar amounts of molybdate
and hydrogen peroxide in 0.25 M H,SO,: (1) 8 X 10~4 M,
(2)1.6 X 1073 M, (3)2.4 X 10~3 M.

The Kinetic Wave in Acids.—The polarogram of a mix-
ture 1.09 X 10~® M in molybdate and 0.054 M in hydrogen
peroxide in 0.25 M sulfuric acid is shown in curve 1 of Fig. 3.
Curve 3 is the true kinetic current, obtained by subtracting
from curve 1, the current due to the hydrogen peroxide re-
duction (curve 2). All values of the kinetic current re-
ported in this paper refer to the maximum in the current~
voltage curve. The decrease in kinetic current with increas-
ing negative potential has been found to be typical of the
kinetic currents of the peroxy compounds.

(1)

Microamps.

A 1 J.

0.30 0.20 0.10
E vs. S.C.E.

Fig. 3.—The kinetic wave for peroxymolyhdate in 0.25 M
sulfuric acid: (1) 1.09 X 10~¢ X molybdate and 0.054 A
hydrogen peroxide, (2) 0.054 3A{ hydrogen peroxide omly,
(3) the kinetic wave, curve (1) less curve (2).

Effect of Xind of Acid and Concentrations of Acid, Molyb-
date and Hydrogen Peroxide.—Table I gives some typical

0.40
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values of the kinetic current obtained in various mineral
acids.

TaBLE I .

Kineric CUrRRENT OBTAINED IN VARIOUS Acips OF pH
0.7,107% M 1N MOLYBDATE; 0.054 M 1N H;O., TEMPERATURE

25°
Potential at
Acid maximum ik, pa.,
Nitric 0.35 2.7
Perchloric .38 5.0
Sulfuric .28 3.8
Phosphoric .33 0.6

Sulfuric acid was chosen for a systematic study because
the best defined waves were obtained in this acid.

From Fig. 4, it is evident that the plot of kinetic current
vs. concentration of molybdate is linear for sulfuric acid con-
centrations between 0.25 and 1.0. The potential at which
the maximum in the kinetic wave occurs was found to vary
between 0.30 and 0.15 volt, being more positive at larger
acid concentrations.
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Fig. 4~—~The peroxymolybdate kinetic current in various
concentrations of sulfuric acid as a function of molybdate
concentration, 0.037. M hydrogen peroxide: (a) 0.05 M,
(b) 0.08 M plus 0.12 M sodium sulfate, (c) 0.1 M, (d) 0.25
M, (e) 0.50 M, (1) 0.80 M, (g) 0.975 M.
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The variation of kinetic current with hydrogen peroxide
concentration is given in Fig. 5. At all acid concentrations,
a deviation from linearity occurs at hydrogen peroxide con-
centrations greater than 0.0372 M.
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Fig. 5.—The peroxymolybdate kinetic current in various
concentratjons of sulfuric acid as a function of hydrogen
peroxide concentration, 8.0 X 10~¢ M molybdate: (a) 0.1
M, (b) 0.25 M, (c) 0.5 M, (d) 0.8 M.

Effect of pH.—It is impossible to determine unambigu-
ously the effect of pH over a wide range because the kinetic
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current is very greatly affected by anions of the buffer,
For example, curve 1 of Fig. 6 is the plot of the kinetic cur-
rent versus pH over the pH range from 2 to 6 using biphthal-
ate—perchloric acid and biphthalate-sodium hydroxide mix-
tures. (Small concentrations of perchlorate do not affect
the kinetic current in biphthalate mixtures as demonstrated
by Fig. 8.) Curve 2 was obtained using acetic acid—sodium
acetate mixtures, while various concentrations of sulfuric
acid gave curve 3. For curve 3 sodium sulfate was used to
make the electrolyte concentration 0.2 M in the region of pH
near 2.
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Fig. 6.—The peroxymolybdate kinetic current as a func-
tion of pH in various buffer mixtures: (1)0.05 M biphthalate
buffers, 4.0 X 10~¢ M molybdate, 0.04 M hydrogen peroxide,
(2) 0.2 M acetate buffers 3.2 X 10~¢ M molybdate, 0.037 M
hydrogen peroxide, (3) sulfuric acid (where necessary sodium
sulfate used to make electrolyte concentration 0.2 M)
3.2 X 10~% M molybdate, 0.037 M hydrogen peroxide.

Effect of Anions.—The effect of different concentrations
of various anions on the kinetic current in sulfuric acid (Fig.
7) and in biphthalate and acetate buffers (Fig. 8) was de-
termined. The potential at which the maximum Kinetic
current occurs depends on the kind and concentration of
foreign anions and the supporting electrolyte, and was
found to vary between 0.10 and 0.35 volt. Both sodium
and potassium salts were used in some instances and there
was no difference in the kinetic current obtained. The ef-
fect of other cations was not studied.
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Fig. 7.—Effect of anions on the peroxymolybdate kinetic
current, 0.25 M sulfuric acid, 2 X 1078 M molybdate, 0.054
M hydrogen peroxide: O, nitrate; A, perchlorate; O©,
phosphate; ¢. sulfate.

0.5

Effect of Maximum Suppressors.—From Table II it ap-
pears that gelatin, tylose and gum arabic decrease the kin-
etic current shghtly (5 to 10%). Strongly adsorbed anionic
detergents, like sodium decyl and lauryl sulfonates, do not
affect the value of the maximum current, but they make the
maximum somewhat more accentuated.

Effect of Temperature.—From the data of Table III the
average temperature coefficient can be calculated. Its

value is 5.6% per degree in the temperature interval from
20 to 25°.
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Fig. 8.—The peroxymolybdate kinetic current in buffer
mixtures 4 X 10~¢ M molybdate, 4 X 10~? M hydrogen
peroxide: O, kinetic cturrent vs. biphthalate buffer concen-
tration pH ~4.4; C), effect perchlorate ion in 0.05 M bi-
phthalate pH ~4.5; ©, kinetic current ws. acetate buffer
concentration pH ~4.5; A, effect perchlorate ion in 0.2 A/
acetate buffer; pH ~4.2.

TaABLE I1
ErrecT OF MAXIMUM SUPPRESSORS ON THE KiINETIc CUR-
RENT, 2 X 107% M MOLYBDATE, 4.3 X 10~2 M H;0, 1n
0.25 M H,S0, 0.0059,
Maximum Suppressor Added

Sup-
pressor ik Suppressor ik Suppressor ik
None 3.44 Gum arabic 3.24 Methyl red 3.40
Gelatin 3.33 Peptone 3.46 Thymol blue 3.46
Camphor 3.486 Thymol 3.48 0.01% Na decyl 3.42
Tylose 3.20 sulfonate
TasBLE III

DEPENDENCE OF KiINETIC CURRENT ON TEMPERATURE,
0.25 M SurLrUric Acip

Concen- Concentration
tration hydrogen
molybdate peroxide ik 25°
X 108 X 102 ik at 20° ik at 25° ik 20°
2.0 5.35 3.35 4.40 1.32
3.0 5.35 5.17 6.82 1.32
3.0 5.35 8.12 10.44 1.29
5.0 2. 14 3.45 4.62 1.34
3.0 3.21 5.24 6.92 1.32

Effect of Mercury Height.—A typical kinetic current
should be independent of the height of mercury in the reser-
voir.> In 5 experiments with a solution 10~ M in molyb-
date, 6.4 X 10~2 M in hydrogen peroxide and 0.25 M in
sulfuric acid, the height of the mercury was decreased from
104 to 55 cm. The Kkinetic current measured in all experi-
ments was 2.83 =+ 0.02 microamperes.

The Kinetic Wave in Phosphate Buffer.—Curve (a) of
Fig. 9 illustrates the wave in a phosphate buffer of pH near 5.
The possibility that the wave is not kinetically controlled,
but caused by stirring phenomena was investigated by sus-
pending talcum powder in the solution and closely observing
the drop with a magnifying lens during electrolysis. No
stirring could be observed at the drop surface.

Curve (b) of Fig. 9 is for the reduction of 10~% M molyb-
date in the phosphate buffer. The reduction of molybdate
begins at a potential which is 0.3 volt more negative than
that at the maximum of the kinetic wave; therefore, the
mechanism for the kinetic current (curve (a)) is assumed to
involve the reduction and reformation of a complex peroxy-
phosphomolybdate.

The potential at which the maximum current is obtained
was found to vary slightly with the pH and buffer concen-

() R. Brdicka and K. Wiesner, Colleciion Czech. Chem. Commun., 12,
39 (1947).

Fig. 9.—The peroxymolybdate kinetic wave in 0.1 M
phosphate buffer: (a) 1.6 X 10~% M molybdate, 0.012 M
hydrogen peroxide; pH 4.90; (b) 1 X 10~3 M molybdate
only, pH 5.10.

tration, but was independent of molybdate and hydrogen
peroxide concentrations.

Effect of Molybdate and Hydrogen Peroxide Concentra-
tions and of Foreign Anions.—The kinetic current is a linear
function of molybdate concentration in the range from 2 X
10~7 to 1.6 X 10~% M, but is not linear with hydrogen per-
oxide concentration (Fig. 10).
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Fig. 10.—The peroxymolybdate kinetic current in 0.1 3/
phosphate buffer as a function of hydrogen peroxide con-
centration; pH 5.40, 8.0 X 10~7 M molybdate.

The potassium dihydrogen phosphate used in making the
buffer was found to contain a trace of vanadium which was
not removed by recrystallization (v.s.). The presence of
this ion gave a small ‘‘blank’’ wave (i.e., a wave was found
for solutions containing buffer and hydrogen peroxide only).
A correction has been applied in the above experiments to
account for this ‘‘blank.”’

Foreign anions have qualitatively the same decreasing
effect on the kinetic current as when dilute sulfuric acid is
the medium.

II. Tungstate.—Tungstate reacts with mineral acids to
form insoluble tungstic acid (except concentrated halogen
acids). The reaction is rather slow in dilute (0.25 M) acids,
a turbidity resulting after about 45 minutes in a 10~3 M
tungstate solution. When hydrogen peroxide and tung-
state are present together, no turbidity results even after
an hour indicating that the peroxy tungstate which is formed
is soluble at this concentration in mineral acids.

In the determination of the kinetic current, experiments
were made with nitric, perchloric and sulfuric acids as sup-
porting electrolytes. The largest kinetic curreat is ob-
tained in sulfuric acid. For example, for a solution cou-
taining 3.6 X 10~% M tungstate and 0.02 M hydrogen per-
oxide, currents of 4.6, 3.7 and 2.6 ua. were obtained in 0.25
M H:S04, 0.2 M HNO; and 0.2 M HCIO,, respectively.

The reduction of peroxy tungstate (Fig. 11 curve 1) and
the kinetic current obtained with the tungstate-hydrogen
peroxide system (Fig. 11 curve 3) are very similar to those
observed with the molybdate system. The kinetic current
is not a linear function of tungstate concentration in 0.2 M
nitric acid, 0.2 M perchloric acid, nor in sulfuric acid at con-
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centrations varying from 0.8 to 0.1 M. Likewise the kinetic
current is not a linear function of hydrogen peroxide concen-

tration in 0.25 M sulfuric acid.
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II. Vanadate. The Kinetic Wave in Acids. Effect of
Vanadate, Hydrogen Peroxide and Sulfuric Acid Concen-
trations.—The kinetic wave for this ion is shown in Fig. 12.

Since the polarographic wave for acid solutions of vana-
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dium (+5) begins at the dissolution potential of mercury,$
it is not certain whether the kinetic current involves (1) a
reduction of peroxy vanadate to vanadate at the electrode
with subsequent reformation by reaction with hydrogen
peroxide (as in molybdate and tungstate), (2) reduction of
V(+5) to V(+4) at the electrode with subsequent reoxida-
tion by hydrogen peroxide, or (8) a combination of both
processes. The latter mechanism would seem to be most
probable.

It is observed that the current falls off with increasing
negative potential after reaching a maximum value (at
about +0.33 volt). The potential at which this maximum
occurs was found to be independent of acid, vanadate and
hydrogen peroxide concentrations.

In the investigated concentration range between 0.025
and 0.4 M the kinetic current is a linear function of vana-
date concentration in sulfuric acid (see Fig. 13). Likewise
a linearity was observed with hydrogen peroxide concentra-
tions up to 4 X 10-2 M peroxide in both 0.1 and 0.25 M
sulfuric acid. Qualitatively similar results were obtained
with perchloric in place of sulfuric acid.

The Kinetic Wave in Phosphate Buffer. Effect of Vana-
date Concentration.—The kinetic wave obtained with
vanadate is similar to that of molybdate (see Fig. 9).
The height of the wave was found to be a linear function of
vanadate concentration in the range from 2 X 1078 to
1.8 X 10~7 M. This great sensitivity for vanadate sug-
gests the use of this wave for the detection and determina-
tion of traces of the ion.

—

" | A 1 i 1 i L "
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phosphate buffer containing no added vanadium showed
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Fig. 11.—Polarogram showing reduction of peroxy tungstate
and the kinetic wave of the tungstate~hydrogen peroxide sys-
tem in 0.25 M sulfuric acid: (1) 3.2 X 10™% M tungstate and
3.2 X 10~% M hydrogen peroxide; (2) 3.2 X 10~% M tungstate
only; (3)3.6 X 10™% M tungstate, 0.0203 M hydrogen peroxide.

Tungstate in a phosphate buffer of pH near 5 gives a very
small wave compared to molybdate and vanadate. For
example, a 0.1 M buffer of pH 4.9 being 0.007 M in hydro-
gen peroxide gave a kinetic current of 1.2 ua. for 8 X 10~¢ M
tungstate, 6.5 ua. for 1.6 X 10~¢ M molybdate and 18.6
wa. for 8 X 10~7 M vanadate. A further study of the tung-
state wave in phosphate buffer was not undertaken.
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Fig. 12.—The peroxyvanadate kinetic current in 0.1 M
sulfuric acid; 4 X 10~% M vanadate,0.041 M hydrogen
peroxide.

a kinetic wave of 1.3 microamperes. Spectroscopically,
a trace of vanadium was found in the potassium dihydro-
gen phosphate. The height of the wave corresponded to
the presence of 0.6 p.p.m. V in the salt. Successive re-
crystallization failed to remove the impurity.

Effect of pH of Buffer, Maximum Suppressors and
Foreign Anions.—From Fig. 14 it is evident that the
kinetic current has a maximum value in a rather narrow
region of pH near 5. In making analytical use of such
a kinetic current it is apparent that careful control of
pH is necessary.

Maximum suppressors and foreign anions have qualita-
tively the same effect as on the kinetic current of molybdate
in sulfuric acid.
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Fig. 13.—The peroxyvanadate kinetic current as a func-
tion of vanadate concentration: 0.04 M hydrogen peroxide:
0, 0.1 M sulfuric acid; A, 0.2 M Na,SO, and 0.05 M H,SOy;
0, 0.025 M H.SO, and 0.23 M Na,SO:; O, 0.25 M Hy804;
©, 0.4 M H,S0,; @, 0.56 M H,SO,.

Discussion
Assuming that the mechanism for the molyb-
date kinetic wave is described by equations (1)
and (2), the kinetic current according to Brdicka’
is given by
(6) J. J. Lingane, THIS JOURNAL, 6T, 182 (1945).
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#x = 2Fugkl0*[H,0;}[molybdate]
where F is the faraday, u the thickness of the layer
in which reaction (1) is presumed to occur, ¢
the average area of the surface of the mercury
drop, % the velocity constant for reaction (1),
[H20,] and [molybdate] concentrations in moles/
liter, and % the kinetic current in microamperes.
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Many of the contradictory statements in the
literature undoubtedly may be attributed to the
great effect that molybdate concentration, ratio of
acid to molybdate concentration, indifferent elec-
trolytes, temperature, and other such factors have
on the degree of polymerization. Nothing is
known about the kinds of molybdate and peroxy
molybdate species present in
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the very dilute solutions used
in the present work, and a
quantitative interpretation
of the kinetic current must
await a better understanding
of the chemistry of molyb-
denum(VI) and the peroxy
compounds formed by it.
From the fact that no ki-
o netic current is obtained at
PH values higher than 6 (see
Fig. 6), it can be concluded
that either the monomeric
MoO4~ species does not pro-
duce a kinetic current by
reactions (1) and (2) (t.e, a

no
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Fig. 14.—The peroxyvanadate kinetic current in 0.05 M phosphate buffer as a func-
tion of pH; 8 X 10~% M vanadate, 0.0075 M hydrogen peroxide.

This equation indicates that the kinetic current
should be a linear function of molybdate concen-
tration. This relation was found to hold at sulfuric
acid concentrations between 0.25 to 1.0 M (see
Fig. 4), and in a phosphate buffer of pH 5 (Fig. 10).
The deviations from linearity observed at acid
concentrations between 0.25 and 0.05 M are attri-
buted to changes in the degree of association of the
polymolybdates in this region.

The chemistry of Mo(VI) is very complex, and
the literature contains many contradictory state-
ments regarding the type of poly ions which exist
at various pH wvalues. For example, Jander’
and Rosenheim® state that the ion MoOs~ exists
uniquely at pH 7 and above, while with increasing
acidity, the ions Mo0;0y ™% Mo0sO2 ™% MopOn~,
and MogOr~*? are formed. At pH beyond 1, the
molybdenum exists mainly as a cation. Travers
and Malaprade® and Doucet!® believe that the
MoO,= ion exists uniquely at a pH above 7, but
Mo:Oy3~2 and Mo7Oy~% are formed at decreasing
pH. Bye!! agrees with the latter authors, but also
claims that the ion MogOgz—* is formed at relatively
high acidities. Similar statements are made con-
cerning the types of peroxy molybdate in solution.!?

(7) G.Jander, K. Jahr and W. Heukeshoven, Z. anorg. allgem. Chem.,
194, 383 (1930); G. Jander and K. Jahr, Kolloid Beihefie, 41, 1 (1935).

(8) A. Rosenheim, Z. anorg, allgem. chem., T9, 292 (1913); 101, 235
(1917).

(9) A. Travers and Malaprade, Compf. rend., 188, 2092 (1926);
Bull. soc. chim., 39, 1543 (1926).

(10) Y. Doucet, Chem. Zenir., 114, 11, 1263 (1943);
M. Murgier, Compt. rend., 208, 750 (1939).

(11) J. Bye, Bull. soc, chim., 6, 174 (1939);
chim., 20, 463 (1945).

(12) Thorne and Robertsin Ephraim, “Inorganic Chemistry,” Inter-
science Publishers, Inc,, New York, N. Y., 1948, p. 524; M. E. R.
Nordman, Compt. rend., 208, 908 (1939): 213, 485 (1943); K. Jahr,
Chem, Zentr., 112, 1, 184 (1941); K. Jahr, Fsat. Rev. Germ. Science,

Doucet and

9, 360 (1942); Ann,

L more polymerized species is
necessary), or reaction (1) is
acid catalyzed. However,
this catalyzed reaction alone
cannot account for the ob-
served phenomena and it
must be assumed that polymeric forms of molyb-
date (and of V and W) play a part.

In those instances in which no strict propor-
tionality of the kinetic current with the molybdate
concentration was observed (0.05 to 0.25 M sulfuric
acid) it must be assumed that the ratio of molyb-
dates of different degree of polymerization varies
with the analytical concentration of molybdate
and that the various species react with a different
rate with hydrogen peroxide.

From the temperature coefficient of the kinetic
current in 0.25 M sulfuric acid, the energy of activa-
tion of the reaction between molybdate and hy-
drogen peroxide is calculated to be about 10,000
cal./mole. Values obtained by this method are
only approximate, as has been shown previously.2

The kinetic waves observed with molybdate,
tungstate and vanadate are all characterized by a
pronounced maximum which is not due to stirring.
Capillary active substances, and especially anionic
detergents (lauryl sulfonate), which may be ex-
pected to be strongly adsorbed on the mercury-
solution interface, hardly affect the kinetic current.
Therefore, the maximum and the pronounced de-
crease of the kinetic current with increasing nega-
tive potentials cannot be attributed to adsorption
or desorption effects. It seems that the rate of
the reaction which determines the kinetic current
is greatly affected by the potential of the electrode.

Our knowledge of the various forms of tungstates!?
111, p, 180, 1939~1946, Inorg. Chem.; K. Jahr, Angew. Chem., 54, 94

1941).

( g(13; H. Brintzinger and W. Brintzinger, Z. anorg. allgem. Chem,, 196,
55 (1931); E. Buckholz, ibid., 244, 149 (1940); K. Jahr and H. Witz-
mann, $bid., 208, 145 (1932); G. Jander, Z. physik. Chem., A187,

149 (1940); G. Jandeg and W. Heukeshoven, Z. anorg. allgem. Chem..
187, 60 (1930); P. Souchay, Ann, chim., 1, 232 (1946).
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and vanadates!* and the respective peroxy com-
pounds®® is also inadequate, and no quantitative

(14) G. Jander and K. Jahr, Z. anorg. allgem. Chem,, 211, 49 (1933);
212, 1 (1933); G. Jander, K, Jahr and H. Witzmann, §bid., 817, 65
(1934); J. Meyer and A. Pawletta, Z, engew. Chem., 89, 1284 (1926);
P, Souchay and G. Carpeni, Bull. soc. chim., 160 (19486).

(15) K. Jahr, Fiat Rev. Germ. Science, 111, p. 180, 1939~19486,
Ing. chim,; Angew Chem,, 54, 94 (1941); M. E, R. Nordmann, Compt.
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interpretation of the effect of the various factors
presented in this paper can be given.

rend., 318, 485 (1946); K. Jahr, Ber. Ges. Freund Tech. Hochschule,
Berlin, 1941, No. 1, 85: Z. Elektrochem., 47, 810 (1941); J. Meyer and
A. Pawletta, Z. physsk. Chem., 135, 49 (1927); M. E. Rumpf, Ans,
chim., 11E, 485 (1937),
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The Determination of Consecutive Formation Constants of Complex Ions from
Polarographic Data

By DonaLp D. DeEForp! aND Davip N. HuME?

A method for the mathematical analysis of the change in half-wave potential of a metal ion with changes in the concen-
tration of the complexing agent is derived. The identification of the successive complex ions formed and the determination

of their formation constants are thus made possible.

The polarograph has been extensively used in the
study of complex ions which are reversibly electro-
reduced at the dropping mercury electrode. If a
metal ion forms only one complex over a consider-
able range of ligand concentration, it is possible to
determine from a plot of half-wave potential
against the logarithm of ligand concentration, the
number of ligands bound in the complex, and by the
shift in half-wave potential from that of the simple
ion, the dissociation constant.® Hitherto, data
derived from systems involving mixtures of consec-
utively formed complex ions have not been inter-
pretable. During the last ten years a great deal of
interest has been developed in the study of consec-
utively formed complex ions largely through the
pioneering work of Bjerrum.4 Leden®has described
an ingenious and useful method of taking and inter-
preting potentiometric data for the evaluation of
consecutive formation constants. In this paper is
described a method of mathematical analysis of the
shift of half-wave potential with ligand concentra-
tion which makes possible the identification of the
successive complex ions formed and the evaluation
of their formation (or dissociation) constants. The
sign conventions are those of reference 3.

For complex ions of a metal which is soluble in
mercury, the reduction to the metallic state (amal-
gam) at the dropping mercury electrode may be rep-
resented by

MX; =i + ge > M(amalgam) + X~ (1)

where X~ is the complex-forming substance. For
convenience, this reaction may be regarded as the
sum of the partial reactions

MX;+n=it) > M+s 4 57X b (2)
and
M+ + me <2 M(amalgam) (3)

(1) Department of Chemistry, Northwestern University, Evanston,
Illinois.

(2) Department of Chemistry, Massachusetts Institute of Tech-
nology, Cambridge, Massachusetts.

(3) I. M, Kolthoff and J. J. Lingane, “*Polarography,” Interscience
Publishers, Inc., New York, N, Y., 1941,

(4) J. Bjerrum, *‘Metal Amine Formation in Aqueous Solution,””
P. Maase and Son, Copenhagen, 1941,

(5) 1. Leden, Z. physik, Chem., 188A, 160 (1941).

where M *+” symbolizes the simple (hydrated) metal

ions. If the electrode reactions are reversible, the
potential of the dropping electrode is given by
RT . Cif
Eae, = E} — —% In——
* nF " Cufu “

where C{ is the concentration of the amalgam at the
electrode surface, Cy; is the concentration of simple
metal ions at the electrode surface, and the f’s are
the corresponding activity coefficients. Since the
amalgams formed at the electrode surface are very
dilute, fa may be considered to be unity and will be
neglected hereafter,

If the formation of the complex ions is rapid and
reversible, then for each individual complex

Cux;ifuxi = K;jCufu(Cx)(fx) (5)

where Kj is the formation constant of the complex
MX;+n=ib) Cyx; is the concentration of the
complex in the body of the solution, Cy is the con-
centration of the simple metal ion in the body of the
solution, Cx is the concentration of the complex-
forming substance, and the f’s are the correspond-
ing activity coefficients. Also

Cuxifuxy = KiCufu(Cx)(fx) (6)

where the zero superscripts refer to concentrations
at the electrode surface. It is assumed that the
complex-forming substance is present in relatively
large excess so that the concentration of this sub-
stance at the electrode surface is virtually equal to
the concentration in the body of the solution.
Addition of the equations for the individual
complexes as represented by equation (6) and re-
arrangement of the resulting equation shows that

2 Chxy

0 - 3
Gl = SR ™
3 Sux;
Combination of equations (4) and (7) gives
Ed.a. = Eg — —R—z-‘1n E_zj:__.fML_ (8)
nF E Cgﬂx]

3
When an excess of supporting electrolyte is pres-



