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Solutions and samples were then heated to the
boiling point of the solutions for several minutes.
In no instance was a reaction observed on heating
if none had occurred with cold solutions.

All thorium silicides reacted with concentrated
hydriodic acid, concentrated hydrochloric acid,
concentrated hydrofluoric acid and aqua regia.
None of the silicides reacted with 209, sodium
hydroxide, 309, hydrogen peroxide, 0.1 N potas-
sium permanganate or 5%, nitric acid. Only
Th;Si, reacted appreciably with 36 N H,SO; al-
though both Th;Si; and ThSi reacted with 6 N
H.S0, Only ThSi was even slightly attacked by
concentrated nitric acid. All compounds except
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ThsSi; were attacked by 5% hydrochloric acid.

All the thorium silicides were unstable on pro-
longed standing in air. They disintegrated slowly
to form a fine black powder which was amorphous
to X-rays. Samples of ThSi sometimes reacted
with air rather rapidly. Melting points were not
determined, but «-ThSi; and “B8-ThSi,” samples
showed no sign of melting when heated to 1670°
while samples of Th;Si; were melted at 1700°.
Samples of ThSi were never obtained free of
“B8-ThSiy”" or ThsSi, and may be stable over only a
limited temperature range.
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BERKELEY, CALIFORNIA

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY AND CHEMICAL ENGINEERING AND THE RADIATION LABORATORY,
UNIVERSITY OF CALIFORNIA, BERKELEY]

The Formation of Unipositive Nickel by Electrolysis in Concentrated Salt Solutions!?

By RusseLL H. SANBORN AND E. F. ORLEMANN
RECEIVED MAY 4, 1956

The reduction of Ni(Il) at the dropping mercury electrode leads to the formation of Ni(I) where the concentration of
various salts, such as NaClO,, LiCl0,, Ca(Cl0,),, NaCland K(l, is made sufficiently high. In general, the formation of Ni(I)
becomes clearly evident at salt concentrations of about one molar and becomes tlie principal process where the salt coticer-
tration is made two to three molar. Evidence for the formation of Ni(I) lies in a comparison of the observed diffusion cur-
rents with directly measured diffusion coefficients, the existence of an intermediate state of nickel that reacts with bromate,
and the fact that the amount of metallic nickel produced per Faraday of electricity in the concentrated solutions is much less

than that obtained in dilute salt solutions.

Various experiments to characterize the plus one state of nickel are described

and some possible explanatious of the phenoinernon are presented.

In the course of a study of the mechanism of re-
duction of the first transition group metals at the
dropping mercury electrode, it has been found that
nickel shows a marked difference in behavior from
the other members of this group in concentrated
salt solutions. This paper is concerned with a
study of the reduction of Ni(II) in concentrated
salt solutions and the evidence that Ni(I) is ob-
tained as the primary product under certain condi-
tions.

Experimental

A Sargent Model XII Polarograph was used to record
the current-voltage curves. The electrolysis cell was of the
H-type, with a sintered glass disk and an agar plug separat-
ing the two arms. Oxygen was swept out of the solutions
with purified nitrogen. All measurements were made at
25 £ 0.03°.

All reagents were reagent grade chemicals except LiClO,
and Ca(ClOy)s, which were crystallized out of solution pre-
pared by the action of perchloric acid on the corresponding
carbonates.

Results

Current-Voltage Curves of Nickel in Concen-
trated Solutions of Various Salts.—Current-voltage
curves of Ni(II) in NaCl solutions from 0.1 to
3.0 M containing 10~2 14 HCI are shown in Fig. 1.
Curve 1 in Fig. 1 shows a single continuous c.v.
curve corresponding to the reduction of Ni(II) to
the metal. Curve 2 obtained in 1 M NaCl shows
a distinct change in slope which suggests either a
stepwise reduction of Ni(II) or possibly the reduc-

(1) This paper comprises a portion of the Ph.D. Thesis of Russell H.
Sanborn, University of California at Berkeley, December, 1933.
The research was supported in part by AEC Contract W-7405-eng-48
at the Radiation Laboratory, Berkeley, California.

(2) Presented before the Physical and Inorganic Division of the
128th National ACS Meeting, Minneapolis, Minn., September, 1955.

tion of two Ni(II) species, that have different ac-
tivation energies of reduction, which are not main-
tained in equilibrium. Curves 3 and 4 show the
effect of increasing the NaCl concentration to 2
and 3 M, respectively. The change in slope be-
comes more marked as the salt concentration is in-
creased and the height of the first section of the c.v
curve decreases. The limiting current of the first
section will be referred to as ¢;. It is measured ap-
proximately by the intersection of the extra-
polated slopes of the initial and second ‘linear”
sections of the c.v. curves. Values of 7; so ob-
tained are quite uncertain where a curve such as 2
is analyzed and become reasonably precise for
curves such as 3 and 4.

In the light of data presented subsequently iu
this paper the curves in Fig. 1 are to be inter-
preted as follows. The reduction of Ni(II) is a
two-step process. In 0.1 1/ NaCl the Ni(I)
initially produced disproportionates rapidly or is
immediately further reduced to metal at the elec-
trode and the total diffusion current corresponds to
complete reduction to the metal. In 1 M NaC],
curve 2, the activation energy for electrode reduc-
tion of Ni(I) has increased so that the stepwise
nature of the reduction becomes observable.
Where the NuCl is made 3 M this kinetic “‘stabili-
zation” of Ni(I) has become almost complete and
the limiting current 7, is due almost entirely to re-
duction to Ni(I) with only a very small contribu-
tion by further reduction to the metal. It should
be noted that the Ni(I), which is about 10—% 2}/,
need only have a half-life greater than a few nul-
liseconds to account for curves 3 and 4.
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Fig. 1.—Effect of NaCl concentration on the diffusion
current of 1073 A Ni(Il) in 1073 M HCl. NaCl concen-
trations: (1), 0.10 M, (2), 1.0 M; (3), 2.0 M; (4), 3.0 M.

The c.v. curves of Ni(II) in NaClQ, solutions
from 0.1 to 3.0 M are shown in Fig. 2. The effect
of salt concentration is seen to be closely parallel to
that observed in NaCl solutions of the same con-
centrations. The only difference is that the
“stabilization”” of Ni(I) is not as pronounced as in
3 M NaCl and 4 in 3 M NaClO, must include a
significant contribution from the reduction of
Ni(I) to the metal.

Current-voltage curves of Ni(II) have also
been obtained over the concentration range 0.1 to
3.0 M in KCl, LiClO4 and Ca(ClO,)s solutions. In
these cases the curves show the same general be-
havior as those presented in Figs. 1 and 2. In
particular, the ratio of i; at a given salt concen-
tration to 4 in 0.1 M salt is almost constant at any
given concentration of each of the salts. The effect
of all of these salts is remarkably similar when com-
pared at the same concentration level. This step-
wise reduction of Ni(II) is also observed in 3 M
NH,Cland 2 M NaAc.

Whatever the explanation may be it appears
that the ‘“‘stabilization” of Ni(I) is not a specific
property of a given salt but is primarily dependent
upon the magnitude of the salt concentration.

Comparison of Calculated and Observed Limiting
Currents in NaClO, Solutions.—The measured
diffusion coefficients of Ni(II) in 0.1 3 NaClO,
and 3.0 M NaClO, are 0.60 X 10~ and 0.56 X
10~ cm. sec.”!, respectively.® From these values
using the equation of Lingane and Loveridge* the
calculated diffusion current is 7.2 £ 0.3 wamp. in
0.1 M NaClQ,, assuming complete reduction to the
metal. The observed value is 6.8 =+ 0.2 pamp.
The calculated value in 3.0 M NaClO, is 6.9 = 0.2
wamp. for reduction to the metal and 3.4 = 0.2
wamp. for reduction to Ni(I). The observed 7,
in 3.0 M NaClQO, is 2.9 £ 0.3 wamp. This is in
agreement with the assumption that Ni(I) is the
principal product in the concentrated salt solution.

The above result does not rule out the possibil-
ity that two species of Ni(II), reducible at different
potentials, are obtained in these concentrated salt
solutions although it does seem very unlikely that
this would occur in such a similar fashion for the
variety of salts studied.

(3) R. H. Sanborn and E. F. Orlemann, THIs JournaL, 77, 3726

(1935).
(4) J.J. Lingane and B. A, Loveridge, ibid., 72, 438 (1930).
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Fig. 2.—Effect of NaClOy concentration on the diffusion
current of 0.8 X 10—3 M Ni(II). NaClO, concentrations:
(1),0.10 M; (2),1.0 M; (3),2.0 M, (4),3.0.

Evidence for Ni(I) by Reaction with Bromate.—
The current—voltage curves of Ni(II) in 0.1 I/
NaBrO; are the same as in 0.1 M NaClO,;. This
shows that there is no direct catalysis of bromate
reduction by Ni(II) nor any reaction between
bromate and the Ni amalgam formed. However,
in more concentrated NaClO, solutions with
bromate present there is a reaction, as shown by
the curves in Fig. 3. The greatly increased current
observed in the presence of bromate in curve 3 of
Fig. 3 combined with the fact that no such effect
is found when Ni amalgam is produced in the dilute
salt solutions seems to be good evidence that the
reactive intermediate Ni(I) is formed in the more
concentrated salt solution. If the bromate con-
centration is reduced below 0.01 3/ the rate of re-
action with Ni(I) apparently becomes too slow for
this effect to appear.

Current.

2

Potential.

Fig. 3.—Current-voltage curves of Ni(II) il1 the presence
of bromate: (1), 2.425 M NaClO,, 0.075 M NaBrOs; (2),
2.5 M NaClO,, 10—% M Ni(II); (3) 2.425 M NaClO,.
0.075 M NaBrO;, 10—% M Ni(II).

The augmented diffusion current may be an-
alyzed by equations developed by Koutecky® for
diffusion currents produced by a combination of
diffusion and reaction. It is assumed that the ob-
served current is due to nickel only, and none to
intermediate bromate reduction products. This
assumption probably is not correct, but it sets an
upper limit on the rate constant. With the total
sodium ion concentration 2.5 A/, and bromate and
perchlorate as anions, an average bimolecular rate
constant of 43 £ 10 liters mole~' sec.”! was cal-
culated. This theory also predicts that the total
current should be linear with Ni(II) concen-

(3) J. Koutecky, Collection Czechoslov. Chem. Commun., 18, 597
(1953).
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tration at a given bromate concentration, and this
was found to be so. It was also found that there is
1o apparent reaction of Ni(I) with bromate in con-
centrated NaCl solution. This may reflect the in-
fluence of chloride ion on the rate of reaction of
bromate with Ni(I).

Determination of the Amount of Nickel Metal
Produced in Electrolysis.—Appropriate salt solu-
tions containing 0.01 M Ni(II) were electrolyzed
with the dropping mercury electrode for about two
hours. The mercury was collected and analyzed for
nickel content. The nickel was extracted with con-
centrated HCI overnight, with intermittent stirring.
The solution was taken and analyzed for nickel by
the polarographic method with 0.1 M KCI as the
supporting electrolyte. The amount of Ni found
was compared to that calculated from the observed
average current, at potentials corresponding to 4,
and the time of electrolysis. If metallic nickel is
the reduction product 1009, of the calculated
amount of Ni should be recovered. If Ni(I) is the
only product and no metallic nickel is formed by
reaction at the mercury surface before actual col-
lection of the drops, no Ni should be observed.
It is probable that metallic nickel is formed by dis-
proportionation at the surface of the Hg as the
drops fall and are collected and that varying
amounts of Ni will be found even if Ni(I) is the
primary product. The present experimental tech-
niques are subject to several per cent. error due to
uncertainty in the quantity of electricity employed
and in the efficiency of the Ni recovery method.
The results are given in Table I.

TABLE I

PeR CENT. RECOVERY OF NICKEL FROM AMALGAMS, CURRENT
EgurvALENCE Basis

Salt Ni, %
0.1 M NaClO, 96
3.0 M NaClO, 68
2.5 M NaClO; and 0.5 M NaBrO; )
0.1 M NaCl 96
3.0 M NaCl 89
2.9 M NaClaund 0.1 M NaBrO; 28

The data in Table I indicate that Ni(I) is the
principal reduction product in the concentrated
salt solutions studied. The direct measurements
are comnplicated by disproportionation of Ni(I)
during the fall and collection of the mercury drops,
with the result that a large fraction of the Ni(I)
initially produced is converted to the metal. In
the presence of bromate there is rapid removal of
Ni(I) by reaction and consequently more definitive
experimental evidence of Ni(I) as the primary prod-
uct.

Unipositive Nickel in the Presence of Other
Reactants.—No change was observed in the nickel
wave in 2.0 3/ NaClO; when either permanganate
or ceric ion was added to the solution in small
concentration. These are reduced at the electrode,
of course, and apparently were not present in
large enough concentration about the electrode
to produce a noticeable interaction. The Ni(I)
might be reduced by a strong reducing agent like
chromous ion. Chromous is the reduction product
of chromic at potentials below the nickel reduction,
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and its oxidation by nickel (I) would lead to an in-
crease in the total current observed. However,
the observed total current in Ni(II)-Cr(III) mix-
tures was merely a summation of the chromium
and nickel diffusion currents,

The Disproportionation Mechanism of Nickel
Reduction.—If the normal reduction of nickel in
dilute solutions of supporting electrolytes involves
the disproportionation of unipositive nickel where
the rate is so large that a limiting diffusion current
of twice that from a one-electron reduction is
obtained, then in the intermediate salt concentra-
tions the “‘diffusion current’” should not be linear
with concentration of nickel.® The diffusion cur-
rent of nickel in 1.0 M NaClO, was taken as the
height of the first portion of the total wave, and was
found to be linear with nickel concentration up to
0.01 3 nickel. This result indicates that the rate
of disproportionation must be slow compared to
the rate of diffusion of Ni(I) away from the elec-
trode surface.

Attempts at Electrochemical Identification.—
Nickel(II) in saturated NaCl was electrolyzed with
a small mercury pool at 14°, then some of the
solution just above the pool was quickly pipetted
into a ferrico-phenanthroline solution and the
transmittance was observed withh a colorimeter.
The Ni(I), if present, should reduce the ferric—
o-phenanthroline complex to the highly colored
ferrous—o-phenanthroline complex. The transmit-
tance was the same as the solution gave before
electrolysis. This indicates either that the rate of
reaction of the ferric complex with Ni(I) must be
slow comipared to the lifetime of Ni(I), or that the
lifetime of Ni(I) is shorter than one to two minutes,
which is the period of transfer.

In another experiment, the above solution was
electrolyzed for a short time with a sinall mercury
pool, and an attempt was made to find an oxidiz-
able species just above the surface of the pool with
the dropping mercury electrode. There was nomne
detectable above the potential of the dissolution of
mercury.

A dropping mercury electrode with a drop time
of six seconds was used with a switching device to
change from a potentiometer to the polarograph.
The drop was allowed to form for two seconds, with
an applied potential great enough to reduce nickel;
then the arrangement was switched to the polaro-
graph at a potential just below the nickel wave
With a concentrated NaCl solution, a small oxida-
tion current was observed, but the same result
was found in the dilute solution.

Discussion

The facts that clearly seem to identify Ni(I) are:
(1) the nickel wave is divided into two portions of
approximately the same size in the presence of a
high concentration of supporting electrolyte; the
diffusion current of the first wave being approx-
imately that calculated from measured diffusion
coefficients for the formation of Ni(I); (2) a defi-
nite interaction between bromate ion and a reac-
tive nickel reduction product has been observed,
but only in the presence of a large concentration

(6) E. F. Orlemann and D. M. I, Kern, THis JoURNAL, 76, 3058
(1933).
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of supporting electrolyte; (3) less nickel is re-
covered from nickel amalgams formed out of solu-
tions containing a large excess of supporting elec-
trolyte—when bromate is added much less is ob-
tained.

For Ni(I) to exist in a concentration less than
0.19, that of Ni(II) in the presence of metallic Ni,
the potential for the reaction Ni(I) = Ni(II) 4 e~
must be greater than about 0.46 v. vs. NHE.
From the observed electrode reduction potential of
Ni(IT) the reversible potential for the reaction
Ni(I) = Ni(II) 4+ e~ could be no more than 0.75
v. vs. the NHE. Thus the potential of the couple
Ni(S) = Ni(I) 4+ e~ must be between the limits of
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0.04 and —0.25 v. vs. NHE. In order to observe
Ni(I) it is therefore necessary that it be ‘‘stabilized”’
kinetically with respect to direct electroreduction
and with respect to disproportionation.

We have no satisfactory explanation of the role
of the various salts described in this paper in
stabilizing Ni(I). It would seem that one feature
they have in common is the possibility of altering
the activity of water to the extent that the hydra-
tion structure of Ni(I) is changed. A second pos-
sibility is that the positive ions become so concen-
trated in the double layer that further reduction of
Ni(I) is inhibited.

BERKELEY, CALIFORNIA

[CoNTRIBUTION FROM McPHERSON CHEMICAL LABORATORY, THE OuIO STATE UNIVERSITY]
The Acidity of Triphosphoric Acid!
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Triphosphoric acid HsP;Oyo, and tetramethylammonijum triphosphate ((CH;)N);P;Op0, were prepared by passing solu-
tions of the sodium salt through cation-exchange resin columns charged with hydrogen ions and tetramethylammonium
ions, respectively. The column was kept near 0° and the acid or salt was titrated with tetramethylammonium hvdroxide or
hydrochloric acid using a glass electrode immediately after warming the solution to 25°. One hydrogen ion was found
to be largely dissociated in 0.01 M acid. The values obtained for the successive dissociation constants of the four remaining

hydrogen jons at an jonic strength of 1.0 were K; = 10719 K, = 10~2.1! §, = 10-5.8 and K; = 1078.81,
strength of 0.1 the values of the last three constants were K; = 1072.3, K, = 1076.0 and K =

At an iodic

107¢.73,  Extrapolated

to infinite dilution the values became K3z = 1072.%, K, = 1078.28 gnd K; = 10738.%,

Introduction

Although sodium triphosphate is available in
commercial quantities there have been few pub-
lished studies on the strength of the acid. This
is in part due to the tendency of the triphosphate
ion to form complexes with all metal ions including
the alkali group and also to its rather rapid rate
of hydrolysis, forming pyrophosphoric and ortho-
phosphoric acids.

According to Monk? the first formation constant
for the sodium complex is 1028, Van Wazer and
Campanella® obtained a somewhat smaller com-
plexity constant for sodium with several con-
densed polyphosphate glasses. They also inves-
tigated the complexes of other metal ions. Friess*
found that triphosphoric acid hydrolyzes about
six times faster than pyrophosphoric acid. The
reaction is catalyzed by hydrogen ion. Rudy and
Schloesser® published titration curves for triphos-
phoric acid in the presence of sodium ion but did
not attempt to calculate the acidity constants
since they were aware of the complex formation.
Incidental to an anion-exchange study of condensed
phosphates Buekenkamp, Rieman and Linden-
baum® calculated the thermodynamic acidity con-

(1) Based in part on a thesis by E. Dan Loughran submitted in par-
tial fulfillment of the requirements for the Ph.D. degree, The Ohio
State University, 1955, Presented before the Division of Physical
and Inorganic Chemistry, 120th Meeting of the American Chemical
Society, Dallas, Texas, 1956.

(2) C. B, Monk, J. Chem. Soc., 427 (1949).

(8) J. R, Van Wazer and D. Campanella, THIS JoURNAL, 72, 655
(1950).

(4) S. L. Friess, ¢bid., T4, 4027 (1952).

(5) H.Rudy and H. Schloesser, Ber., 78, 484 (1940).

(6) J. Buekenkamp, Wm, Rieman and S. Lindenbaum, A#nal. Chem.,
26, 505 (1954).

stants by the application of the Debye-Hiickel
equation to data obtained in the titration of the
acid with potassium hydroxide. They mention
several limitations on the accuracy of their con-
stants which were satisfactory for their purpose.
Their values were pK; = 2.79, pK, = 06.47 and
PKE = 0.24.

Experimental

The sodium tripolyphosphate was prepared from an-
hydrous sodium tripolyphosphate, Monsanto technical
grade, by recrystallizing four times to yield a 99.5% pure
product according to a procedure developed by P. G. Arvon’
in the Monsanto Laboratory. Eight hundred and forty g.
of the salt was dissolved in 8.8 1. of water. The solution
was filtered and treated with 1.4 1. of methanol with vigorous
stirring. The crystalline NasP;010-6H.O was collected on a
filter, air-dried by suction and then allowed to air dry over-
night. The precipitate was dissolved to produce a 139,
solution by weight, and again crystallized by the addition of
methanol in the same ratio. The crystals were filtered and
dried as before. Four hundred and forty g. of crystalline
product was leached by being thoroughly stirred with 200 ml.
of water, filtered, and the filtrate discarded. Another crys-
tallization, a leaching and a final crystallization were made
using the same procedure and the same proportions as in the
last steps. According to Quimby® the commercial 85 to
949, anhydrous salt can be made 999, pure by 3 to 5 re-
crystallizations from water with ethanol added to the ex-
tent of 25% by volume. Redistilled, carbonate-free water
was used for all of the dilutions.

The tetramethylammonium chloride, used for the adjust-
ment of ionic strength and for charging the column, was pre-
pared from the Matheson Coleman and Bell 99+ % product
which was further purified by recrystallization from a solu-
tion containing methanol and acetone.?

(7) R. A. Ruerwein, private communication, Monsanto Chemical
Co., Dayton, Ohio.

(8) O. Quimby, J. Phys. Chem., §8, 603 (1954).

(9) P. L. Pickard and W. E. Neptune, Anal. Chem., 27, 1338
(1955).



