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D}-P6,22 and Di-P6,22. Of these space groups the
first two and the latter two result in enantiomor-
phic pairs of identical structures. Enantiomorphic
structures are indistinguishable by the powder
methods used. Choosing a space group with the
higher symmetry, all calculations were performed on
Di-P6,22. Satisfactory agreement with experi-
ment was obtained.

Relative intensities were calculated from the re-
lation
I = 1 4 cos?28
® "~ sin% cos 9

o | Faal?K

where @ is the Bragg angle, p is the multiplicity,
Fuu is the structure factor and K is a proportionality
constant.

Crystallographic data for NbGe; are shown in Ta-
ble II. Atoms are in the following positions, 3 Nb
in (d): Y 0, 0,2 Ve Yo ‘Z, 5/¢ and 6 Ge in
(J) X, 2x: 1/2; 2%, &, 1/2; %, I, 5/0; z, 2:5: 1/2; 2x: x,
1/6; %, x, %/s. The value !/s was chosen for x. No
attempt was made to refine the parameter.

Each niobium atom in NbGe; has four germanium
atoms at 2.68 A., six germanium atoms at 2.87 A.
and four niobium atoms at 3.36 Each germa-
nium atom is surrounded by two germanium and
two niobium atoms at 2.68 A., three germanium and
three niobium atoms at 2.87 A. and four germanium
atoms at 3.36 A.

A diffraction pattern of Nb;Ge corresponds very
closely in both spacings and intensities to the pat-
terns of Mo;Ge® and Mo;Si'® which have the cubic
“B-tungsten” structure. For NbzGe the lattice

(9) A. W, Searcy. R. J. Peavler and H, J. Yearian, THIS JOURNAL,

74, 566 (1952).
(10) D. H. Templeton and C. H. Dauben, Acta Cryst., 8, 261 (1950).
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constant is @ = 5.168 = 0.002 A. Water displace-
ment yielded a density of 8.17 g./ml. The theoreti-
cal density is 8.47 g./ml. assuming two molecules of
Nb;Ge per unit cell.

Calculated intensities agree well with the ob-
served intensities and consequently fix the space
group for NbyGe as O}~Pm3n with atomsin the posi-
tions 2 Ge in (a): 0, 0, 0; /s, /2 /2 and 6 Nb
in (C): 1/4’ 0’ 1/2; 1/2’ 1/4’ 0; 3/4, 0, 1/2; 0’ 1/2’ 1/4;
/s, 8/4, 0; 0, 1/, 3/,. Each germanium atom in
NbsGe is surrounded by 12 niobium atoms at a dis-
tance of 2.89 A. Each niobium atom has two nio-
bium atoms at 2.58 A., four germanium atoms at
2.89 A. and eight niobium atoms at 3.17 A.

Chemical Properties

The niobium germanides were tested for reactivity with a
variety of common chemicals. Solutions were placed in
contact with the germanides overnight and then were heated.
All the compounds reacted readily with fused sodium car-
bonate and fused sodium hydroxide. All reacted with hy-
drofluoric acid (48%), hydrogen peroxide solution (30%)
and sodium hydroxide solutions in the cold. Only Nb-
Geg.s4 failed to react with concentrated hydrochloric acid.
Concentrated sulfuric acid reacted with NbGe; and Nb;Ge
when hot after failing to react cold. All the niobium ger-
manides were unreactive toward concentrated hydriodic
acid, nitrie acid (concentrated or dilute), 6 NV sulfuric acid,
dilute hydrochloric acid and aqua regia. The niobium ger-
manides react with more of these reagents than do molyb-
denum germanides® and tantalum germanides,!! although
the niobium germanides are thermodynamically more
stable.”

Acknowledgment.—We are greatly indebted to
Professor Hans Nowotny for discussions of the
phase composition data.

(11) J. M. Criscione, Ph,D. Thesis, Purdue University.
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(OH

In the presence of strong alkali, silver and argentocyanide ions react according to Ag* +4- 20H ™ 4- Ag(CN)," = 2Ag(CN; K
At 25° the formation constant K, = [Ag(OH) —}’/[Agﬂ [OH"])?[Ag(CN);"] = 3.4 == 0.8 X 10%. The instability con-

(CN)

stant of the hydroxyargentocyanide ion Kny, = [Ag*][OH ] [CN“]/[AgE(C)g; —] = 6 X 1014, The solubility product

of silver cyanide is calculated as 2.3 &= 1 X 10718,

In an examination of the mechanism of the am-
perometric argentometric titration of cyanide in
sodium hydroxide medium,! we observed that ar-
gentocyanide greatly increases the solubility of sil-
ver hydroxide and of silver cyanide. In the pres-
ent paper it is shown that this effect is due to the
reaction

Ag+ - -—> (OH) -
g+t 4 20H - 4- Ag(CN): <—-—2Ag(CN)

We have determined the equilibrium constant K4
of this reaction and have also obtained a value for
the solubility product of silver cyanide.

(1) H. A. Laitinen, W, P. Jennings and T. D. Parks, Ind. Eng. Chem.,
Anal. Ed., 18, 574 (1946),

(&)

Experimental

C.p. reagents and conductivity water were used in the
preparation of all solutions. Apart from the data shown in
Table IV and in Figs. 2 and 3, which were obtained with air-
containing solutions at room temperature (approximate
range 22 to 25°), all observations refer to solutions at 25.0
=+ 0.1° which were deoxygenated by means of a stream of
nitrogen.

The approximately 0.2 M potassium cyanide stock solu-
tion was standardized daily.? Portions of the stock solu-
tion were diluted as required with sodium hydroxide solu-
tion. Potassium argentocyanide solutions were prepared
as needed by mixing the calculated volumes of potassium

(2) I. M. Kolthoff and E. B. Sandell, “*Textbook of Quantitative
Inorganic Analysis,’* The Macmillan Co., New York, N. V., 1943, p.
574,
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cyanide and silver nitrate solutions. The apparatus for the
measurement of current-voltage (c.v.) curves was the same
as in previous work.? All potentials were measured with
reference to thie saturated calomel electrode (S.C.E.%.
The sensitivity of the platinum wire micro-electrode, which
was rotated at 600 r.p.m., was 136 ua. per millimole of silver
per liter in 0.01 M potassium nitrate at 25.0°. The elec-
trode was stored in 10 M nitric acid and, before use, was
short-circuited in 0.1 M perchloric acid against the S.C.E.
until the current became very small,* rinsed and heavily
silver-plated.’

The manual voltammetric apparatus was similar to that
of Kolthoff and Lingane,® except that a microammeter (30
ua. range; Weston Electrical Corp.), read with an accuracy
of 0.05 ua., was used when the maximum current excecded
about 5 pa.

Results and Discussion

Argentometric Titration of Alkaline Argento-
cyanide Solutions to Turbidity Point.—On adding
silver nitrate to sodium hydroxide solution con-
taining argentocyanide, the cathodic current at a
silver-plated rotating micro-electrode maintained
at a suitable potential (—0.15 volt vs. S.C.E. was
used throughout the present work) at first increases
linearly with the concentration of added silver.
Continued addition of silver causes a reduction in
the slope of the reagent line, as shown in Fig. 1, and
the appearance of a turbidity. The concentration of
added silver (hereinafter referred to as the "'turbid-
ity concentration”) at the point of intersection of
the two portions of the amperometric titration line
corresponds quite closely with and is a little smaller

Current.

|

0 1 2
Added AgNO; X 104, M.
1.—Amperometric turbidity titration of alkaliue
I, 2 X 1078 M argentocyanirle

2

Iig.
argentocyanide solutions:
in 0.1 M sodium hydroxide. First permanent turbidity
at arrow; IT, as I, but in 0.05 3/ sodinm hydroxide.

(3) 1. M. Kolthoff and J. T. Stock, The Awmalyst, in print.

(4} 1. M Kolthoff and N. Tanaka, Anal. Chem.. 26, 632 (1954},

(3) 1. M. Kolthoff and J. | Lingarne, THIS Jorryar, 853, 1324
(1936).

() 1. M. Rolthoff anst J. J. Lingane, ¢4/, 61, 825 (1930
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than the concentration required to produce the first
perceptible permanent turbidity (see arrows in Fig.
1). The reproducibility of the amperometric end-
point is about =1 X 1073 47.

The ‘‘turbidity concentration’’ increases with
increasing sodium hydroxide concentration (see
Fig. 1). In a 0.004 M argentocyanide solution be-
tween the approximate limits 0.1 and 0.5 M of so-
dium hydroxide, the relationship was found to be
linear. Johnston, Cuta and Garrett” found that
over a sommewhat wider range of alkali concentra-
tions the solubility of silver oxide in sodium hydrox-
ide solution likewise follows a linear relationship,
the dissolved silver existing mainly in the form of
the argentate ion, AgO~. We have determined the
“turbidity concentration’’ in argentocyanide-free
sodium hydroxide solutions and our results agree
closely with the solubility data of Johnston, et al.
Evidently argentocyanide greatly increases the
solubility of silver in the presence of strong alkali.
Further, whereas the turbid argentocyanide-free
solutions gave black deposits on standing in the
dark, most of the deposits from argentocyanide-
containing solutions were white in color.

At a given sodium hydroxide concentration the
“turbidity concentration’’ first increases markedly
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with increasing argentocyanide concentration, pass-
ing through a sharp peak, the height and position of
which depend on the concentration of sodium hy-
droxide. The steep initial portions of the curves
shown in Fig. 2 are not linear; the slopes diminish
with increasing argentocyanide concentration.
With further increase of argentocyanide concentra-
tion the turbidity concentration drops markedly
and soon attains a constant value which increases
linearly with sodium hydroxide concentration.

A probable explanation of these results is that, in
alkaline solution, argentocyanide is partially and
reversibly converted into hydroxyargentocyanide

(OH) -

Ag(CN),™ + OH™ 2 Agiay) + ON~ (B)

Cyanide thereby released is available for sequester-
ing added silver

Ag* + OH- + CN- > Agggg))— ©)

The over-all reaction for the take-up of added sil-
ver ions is thus (A).
The expression for the equilibrium constant of
reaction (A), iz,
OH)-7?
[Asfen ! _
[AgFI[OH1?[Ag(CN),~|
is simplified when silver cyanide (AgCN) is precipi-
tating. At the turbidity point [Ag*] [CN~] =
Sagen, the solubility product of silver cyanide.
Equation 1 then becomes

Ka (1)

Kinx? _
Steon[OH™[2 Ba 2
where x = [Aggggg—] and K, the instabil-

ity constant of the argentocyanide ion, viz., [Ag*]-
[CN—]2/[Ag(CN);~]. The “turbidity concentra-
tion”’ should thus be proportional to the hydroxyl
ion concentration (assumed to be equal to the con-
centration of sodium hydroxide), as was found.
This conclusion is not altered if the precipitating
solid is regarded as silver argentocyanide, Ag{Ag-
(CN);]. In the calculation of K4 activity coef-
ficients have not been introduced since both the
numerator and denominator in equations 2 and 3
contain the square of the activity coefficient of a
univalent ion. The reported values of K4 there-
fore correspond to an ionic strength of zero.

Unlike the stronger solutions, very dilute argen-
tocyanide solutions (in which the “turbidity con-
centration” increases rapidly with increasing ar-
gentocyanide concentration) give a black deposit
on standing. This suggests that, in such cases,
silver (hydr)oxide is the separating solid. Under
these conditions equation 1 becomes

%2

Sagor[OH "] [Ag(CN):7]
where Sagom is the solubility product of silver hy-
droxide. According to equation 3 the “‘turbidity
concentration” should increase with an increase in
concentration of either hydroxyl or of argéntocya-
nide; that this occurs is shown by the curves in
Fig. 2.

éystems Containing Bromide.—Further in-
formation was obtained by repeating the experi-

= Ki 3)
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ments in the presence of a known concentration of
potassium bromide. Under our conditions silver
bromide separates at the turbidity point and the
reproducibility of the amperometric end-point im-
proved to about =5 X 10~% /. Instead of equa-
tion 1 we write
x2[Br]

Saenr[OH 7[2[Ag(CN): 7]
where Sagnr is the solubility product of silver bro-
mide. When silver bromide separates at the tur-
bidity point the “turbidity concentration’’ should
vary with the square roots of the concentrations of
bromide and argentocyanide and with the first
power of the concentration of hydroxyl. These
relationships were found to hold.

Since well-established data for Sags: are availa-
ble, we have used equation 4 for the evaluation of
Ka. In all the experiments the value of x is equal
to twice the turbidity concentration ! (see equation
1) minus a correction ¢ for the formation of argen-
tate: x = 2f — ¢. For alkaline solutions saturated
at 25° with silver oxide the data of Johnston, et al.,
give as the concentration ¢ of dissolved silver

¢ =195 X 1074 [OH"] 4 2.5 X 107 (3)

the numerical term being attributed to dissolved
but undissociated silver hydroxide. When the
solubility of silver (hydr)oxide is not exceeded, ¢
will be smaller than in equation 5 and is given by
the expression

=Ky (4)

[Ag*][OH]*
Saon Y (6)

where y is a quantity less than 2.5 X 10—%, When
the turbidity is due to the separation of silver bro-
mide, equation 6 becomes

¢ = 1.95 X 104

_ = —4 Sage[OH 7|2
¢ =195X10 Sacon[Br] +y )
In solutions containing bromide, the highest so-
dium hydroxide concentration employed was 0.3 M,
the smallest bromide concentration being 0.001 M.
Introducing these figures into equation 7 and tak-
ing Sage® = 5.0 X 1071 and Sazox = 1.5 X 108
(present work), the maximum argentate correction
is seen to be about 5 X 10~7 A/, at this low concen-
tration of argentate, v is negligible.
It is easily seen from equation 1 that at the tur-
bidity point
[Ag(CN)>7] = [Ag(CN)sTinie — Vo (8

where [Ag(CN)~J]inie is the initial argentocyanide
concentration corrected for the slight dilution effect.

Three sets of titrations with formation of silver
bromide at the turbidity point were performed, the
initial concentrations of argentocyanide, bromide
and hydroxide in turn being made the variable to
be studied. The results are summarized in Tables
I, IT and III. The over-all average value of the
equilibrium constant K4 of reaction (A) at 25° is
found to be 3.4 4+ 0.8 X 108,

The requélibri)uqll constant, Kg, of reaction (B),

. OH)— Ry _ _ .
m'z., LAg(CN) J[CN 1/[Ag(CN).~][OH~] s
given by

Ks = KKy ©)
(8) B, B. Owen and S. R. Brinkley, TH1S JOURNAL, 60, 2233 (1938).
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Taking K = 1.4 X 1072, the value calculated
by Ricei,® Kp is thus 2 X 10~7, Similarly the in-
stability constant, Kny, of the hydroxyargentocy-

anide ion, wiz., [Ag+][OH“][CN]/[Aggggg—], is
given by

Kuy = K{}/K (10)

and has the value 6 X 10714,

Calculation of the Solubility Product of Silver
Cyanide.—Insertion of the experimental value of
K, into equation 2 permits a calculation of the
solubility product of silver cyanide. This is of
interest, since the value of this solubility product is
uncertain.? In the experiments with bromide-
free 0.004 M argentocyanide in sodium hydroxide
solutions of varying concentration, the maximum
argentate correction, calculated analogously to
that for bromide-containing. systems, was about
2 X 108 M. The average value of Sagcy in Table
IV is calculated to be 2.3 = 1 X 107 at 22 to
24°, This value compares reasonably with the
value 1.2 X 107, calculated by Ricci® from
selected data in the literature.
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Fig. 3.—“Turbidity concentration’’ relationships in
systems of low argentocyanide concentration: I (upper
concentration scale), argentocyanide in 0.2 M sodium
hydroxide; II (lower scale); [Ag(CN~)] =6 X 1078 i/
at turbidity point at varying [NaOH].

By application of equation 3 to the limited data
obtained in solutions of very low argentocyanide
concentration, the solubility product of silver hy-

9 J. E. Ricei, J. Phys. Colloid Chem., 81, 1375 (1947).
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TABLE I
VARIATION OF HHYDROXYARGENTOCYANIDE CONCENTRATION
(%) WITH ARGENTOCYANIDE CONCENTRATION
0.001 M bromide in 0.1 M sodium hydroxide
[Ag(CN)2=] X 103, M
Initial i

i Final x X 108, M Ka X 10-¢
0.3 0.26 7 3.9
0.6 0.55 10 3.9
0.8 0.74 12 3.8
1.0 0.93 14 4.0
1.4 1.32 15 3.6
2.0 1.91 17 3.1
2.6 2.50 19 3.0
3.0 2.89 22 3.2
3.5 3.39 23 3.1
4.0 3.87 26 3.4
5.0 4.85 30 3.8
6.5 6.33 34 3.7

10.0 9.77 45 4.1

Av. 3.6 X 108

TABLE II
VARIATION OF HYDROXYARGENTOCYANIDE CONCENTRATION
(x) witH BROMIDE CONCENTRATION
0.002 M argentocyanide in 0.1 M sodium hydroxide

[Ag(CN)2~]

[Br-1 X 103, M X 103, M x X 105, M Ka X 10
1.0 1.91 18 3.3
1.5 1.93 14 3.1
2.0 1.94 12 2.8
3.0 1.96 9 2.3
4.0 1.96 7 2.1
5.0 1.97 7 2.3
6.0 1.97 7 2.6
7.0 1.97 6 2.2
8.0 1.97 5 2.2
8.5 1.98 5 1.9
10.0 1.98 5 2.1

Av. 2.5 X 108
TaBLE III

VARIATION OF HYDROXYARGENTOCYANIDE CONCENTRATION
(x) witH HYDROXIDE CONCENTRATION
0.002 M bromide and 0.004 M argentocyanide

(Ag(CN)z~] .

[OH"}, M X 10? x X 105, M Ka X 107¢
0.06 3.93 13 4.8
.08 3.92 17 4.5
10 3.89 22 4.9
12 3.88 24 4.2
14 3.87 27 3.8
.16 3.84 32 4.0
18 3.83 35 3.9
.21 3.80 40 3.8
.25 3.78 45 3.4
.30 3.74 52 3.2
.50 3.59 81 3.0

Av. 4.0 X 108

droxide may be calculated. At the turbidity point,
these solutions are saturated with silver hydroxide,
so that the argentate correction ¢, given directly by
equation 5, is definitely significant. However, since
the concentration of hydroxyargentocyanide at the
turbidity point may be as much as eight times the
concentration of argentocyanide, the value of the
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TABLE IV
VARIATION OF HYDROXYARGENTOCYANIDE CONCENTRATION
(x) witH HYpROXIDE CONCENTRATION
Initial argentocyanide concentration, 0.004 A, bromide

absent.
[NaOH]}, M x X 108, M Sagon X 101
0.1 23 3.0
.15 30 2.6
.2 36 2.3
3 51 2.2
4 67 2.1
.5 81 2.1
.6 108 2.3
7 118 2.1
8 145 2.3
9 167 2.4

Av. 2.3 X 10"

latter is known with considerably less accuracy
than in the experiments in Tables I, II and III.
Nevertheless, with less than 0.001 M of initial
argentocyanide in 0.2 3/ sodium hydroxide, a plot of
x against the square root of the argentocyanide
concentration (at turbidity point) gives points
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which lie about the straight line shown as curve I in
Fig. 3. Used in conjunction with equation 3, the
slope of this line yields 1.4 £ 1 X 10~% as the value
of Sagon. Experiments in more dilute sodium
hydroxide solution were used to obtain x at an ar-
gentocyanide concentration at turbidity point of
6 X 1075 M. A plot of x against the square root of
the sodium hydroxide concentration likewise ap-
pears to be linear, as shown by curve II, Fig. 3.
The values of Sagon calculated from the slope of this
curve is 1.6 &= 1 X 108 These values, obtained
at 22 to 25°, are approximate only. They are of the
same order as the generally-accepted value, viz., 2
X 10—% and therefore could provide additional
quantitative support for the scheme of reaction.

In a future paper we intend to discuss the signifi-
cance of the present results in an interpretation of
the argentometric amperometric titration of cyanide.

Acknowledgments,.—We thank the Graduate
School of the University of Minnesota for a grant
to carry out this work. J. T. Stock thanks the
Education Officer, London County Council, for
the award of a Robert Blair Fellowship.

MINNEAPOLIS, MINNESOTA

[CONTRIBUTION FROM THE SCHOOL OF CHEMISTRY OF THE UNIVERSITY OF MINNESOTA]
The Rotated Dropping Mercury Electrode as a New Electrode in Polarography

By W, Stricks AND I. M. KOLTHOFF
RECEIVED DECEMBER 5, 1955

The design, operation and characterisitics of a rotated dropping mercury electrode are described. The characteristics
of current-voltage curves obtained at the new electrode differ from those observed at the conventional dropping mercury
electrode. The effects of surface active substances, ionic strength and other factors on the limiting current are described
and compared with those observed at the conventional dropping electrode. In a given supporting electrolyte limiting cur-
rents of various metal ions in the absence of surface active substances are proportional to the square root of their diffusion
coefficients. The change of the limiting current with applied voltage is quite different from that observed at the conven-
tional electrode. This is attributed to stirring effects. In the presence of suitable capillary active substances (gelatin),
the c.v. curve has an appearance similar to that at the conventional dropping electrode. The limiting current of metal ions
is proportional to concentration in the range 5 X 1078 to 8 X 1074 M. The half-wave potentials of metal ions both in the
presence and absence of gelatin areindependent of the concentration and slightly more negative than those observed at the
conventional electrode. The analysis of the thallium wave is the same at the rotated as at the conventional electrode. The
high sensitivity and the simple operation make the new electrode extremely useful for the analysis of electroactive substances
at very low concentrations. For analytical purposes it is recommended to suppress stirring by addition of a suitable surface
active substance. Even though the limiting current in the presence of such a substance is only about one half of that found
in its absence, the new electrode is under these conditions of the order of ten times more sensitive than the conventional

electrode.

Introduction

We developed a rotated dropping mercury elec-
trode in which the mercury is dislodged in an upward
direction into the solution from the tip of a rotated
U-tube, the droptime being controlled by the di-
mensions of the electrode and by the speed of rota-
tion. The new electrode which is denoted as
R.D.M.E. combines the advantages of the con-
ventional dropping mercury electrode D.M.E.
with those of the rotated platinum electrode. The
hydrogen overvoltage and precision of the new elec-
trode are the same as those of the D.M.E., but the
sensitivity of the R.D.M.E. can be made at least 10
times greater than that of the D.M.E. This in-
creased sensitivity makes the R.D.M.E. more suit-
able for trace analysis. Electroactive species in
solutions as dilute as 5 X 10~% 3 can be detected
and determined. In amperometric titrations it
can be used at dilutions of the same order of mag-

nitude as the rotated platinum electrode. The con-
struction and manipulations of the new electrode
are simple and it can therefore be used for routine
work. In contrast to the conventional electrode
the R.D.M.E. can be used without any modifica-
tion for the analysis of systems with flowing liquids.
For theoretical studies of electrode reactions the
R.D.M.E. should be equally useful as the D.M.E.
Moreover, the former provides valuable informa-
tion on streaming effects at the interface mercury-
solution and adsorption and desorption of capillary
active substances,

The characteristics of the new electrode differ in
many respects from those of the D.M.E. Thus the
shape of the current—voltage curves is greatly af-
fected by the concentration of supporting electro-
lyte and by the presence of capillary active sub-
stances. At low ionic strength and in the absence
of surface active substances the limiting currents of



