Van Name and Brown— Cadmium lodide Solutions. 453

Arr. XX XVI.—Jonization and Polymerization in Cadmiwm
Todide Solutions ; by R.G. Vax Name and W. G. Browx.

[Contributions from the Kent Chemical Laboratory of Yale Univ.—cexev.]

It is a well known faet that water solutions of cadmium
iodide show an abnormally low electrical conduectivity and
freezing point lowering as compared with other salts of like
type. This is generally ascribed to the presence in the solu-
tion of complex molecules and ions. In a previous article* we
have described a method, based on the measurement of distri-
bution coefficients of iodine between such a solution and a non-
aqueous phase, by whieh it is possible, by extrapolation, to cal-
culate the percentage of simple molecules and ions in a pure
solution of cadmium iodide. The application of this method
led to the conclusion that in 0-5-molar cadmium iodide at 25°
about 6 per cent was present in the form of simple CdI,
molecules, ionized and non-ionized, in 0-25-molar solution 10-6
per cent, in 0°125-molar solution 168 per cent, and in 0-01-
molar solution 55 per cent.

These results may be compared with those of Walton,t who
showed in 1904 that the rate of decomposition of hydrogen
peroxide in a neutral solution containing an iodide is propor-
tional to the concentration of the iodine ion, and used this
kinetic method to determine the proportion of iodine ion in a
series of rather dilute cadinium iodide solutions. With due
allowance for ionization and for differences in concentration,
our results, as will be shown later, are consistent with those of
‘Walton, at least as to order of magnitude.

McBain} on the other hand, by a mathematical analysis of
the data in the literature concerning conductivity, freezing
points, and transport numbers of cadminm iodide solutions, has
arrived at quite a different result. MeDBain concludes that ina
0-1 molar cadmium iodide solution, the only concentration
quantitatively dealt with, most of the salt is in the form of
simple non-ionized CdI, molecules, and that the complexes
make up only about 8 per cent of the whole.

In the present investigation we have attempted to throw
further light upon this question by a study of solutions of cad-
mium iodide containing dissolved iodine, by means of measure-
ments of electromotive force and of freezing point lowering.

Electromotive Force Measurements.
The reversibility and reproducibility of iodine electrodes
composed of platinum immersed in an iodide solution contain.

* This Journal (4), xliv, 105, 1917.
+ Zeitschr. phys. Chem., xlvii, 185, 1904,
1 Zeitschr. f. Elektrochem., xi, 215, 1905.
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ing free iodine, have been proved by the work of a number of
investigators.* In its relation to the present problem the work
of Lauriet is especially important. Laurie used the electro-
motive force of concentration cells composed of two such
iodine electrodes as a means of caleulating the iodine ion con-
centration in a potassium iodide solution saturated with iodine.
The Nernst equation for the electromotive force of such a cell
at 25° may be written

(1) 7= 002055 { (log ((11/3)">Sol. 1 <log ((T;r>s()1. 2 }

The electromotive force is thus stated in terms of four concen-
trations. Under the conditions of Laurie’s experiments three
of these four concentrations were calculable from known data,
and the fourth, the desired iodine-ion concentration, was calcu-
lated from the observed electromotive force. Concentrated
ammonium nitrate solution was used to eliminate diffusion
potentials.

The method pursued in our own experiments was similar to
that of Laurie. The cells measured were of the type

>t : KI -+ I, (saturated) : NH,NO, : CdI, + I, :

Each cadmium iodide electrode was measured against two
different potassium iodide electrodes of different concentra-
tions, designated hereafter as electrodes A, and B, respectively,
the former containing 0-1 molar KI, the latter 001 molar KI,
both saturated with jodine. These two electrodes were then
measured against each other, thus furnishing a check upon the
results.  All necessary data concerning these iodine- potassmm
iodide solutions have been given by Bray and MacKay.*

As intermediate solution to eliminate diffusion potentials, a
concentrated solution of ammonium nitrate was employed, to
which, following a snggestion due to Luther,§ enough sodinm
nitrate was added to make the imean cation ve]ocity the same
as that of the anion. This solution contained 8:3 mols NH,NO,
and 1 mol Na NO, per liter. For comparison a few measure-
wents were made in which saturated potassium chloride solu-
tion was substituted for the mixed nitrates, but the results
failed to show any difference large enough to be of importance
in the present work. The nitrate solution was used in all the
experiments recorded below.

Calculation of the diffusion potential by the Planck or the
Henderson equation was practicable only when the ion concen-

* See, for example, Maitland, Zeitschr. f. Elektrochem., xii, 263, 1906;
also, Jones and Hartmann, Jour. Am. Chem. Soc., xxxvii, 757, 1915.

+Ze1tsoln phys. Chem., Ixvii, 627, 1909.

1 Jour. Am. Chem. Soe., xxxii, 914 1910.
§ See Bjerrnm, Zeitschr. phys Chem liii, 438, 1905.
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trations of both solutions were known, which was true in the
case of the cell made up of the two potassmm iodide electrodes,
but not for a cell with a cadmium iodide electrode. For the
potassium iodide concentration cell the value of the diffusion
potential was calculated with the aid of the following data
taken from the article of Bray and MacKay :

Solution 1 Solution 2 Migration

0°1 molar 0°01 molar velocities
(K*‘) 0°0865 0:00941 : 748
(I') 0:0430 0°00484 : 765
(I's) 00435 0°00457 : 415

Using the Planck formula the value of the potential so
obtained was 0-0070 volt, while the Henderson formula gave
from the same data the value 0:0069 volt. The measured
value, as given by the difference between the electromotive
force as observed with and without the use of the intermediate
nitrate solution, was approximately 0-003 volt.

In the opinion of the writers this difference between tlhe
measured and calculated values of the diffusion potential is too
large to be explained by experimental error, or by uncertainty
in the data employed in the calenlation, and is to be ascribed
to some peculiarity in the behavior of llqmd junctions which
involve the tri-iodide equilibrium. Support for this view
is given by the fact that the diffusion of iodine in an
iodide solution is abnormal in at least one important respect,
for the rate of diffusion of iodine in potassium iodide is
known to increase with increasing concentration of the latter,
while by the rule of Abegg and Bose* we should expect just
the reverse. That the discrepancy is in all probability not due
to the incomplete elimination of the diffusion potential by the
nitrate solution is shown by the fact that the electromotive
force of this concentration cell as measured with the nitrate
solution as intermediate liquid (mean value of many determina-
tions, 000560 volt), was in close agreement with the value cal-
culated from Equation 1 (0-0561 \olt)

Apparatus.—The type of half-cell used is shown in the
fignre. The tube carrying the electrode (of bright platinum
foil) was fitted into the neck of the half-cell by a nlound joint,
co that the iodine solution came in contact with nothing but
platinum and glass. Two such cells were clamped in a frame
with their siphon tubes dipping into opposite arms of a U tube
containing the intermediate solution, and the whole was
immersed up to the necks of the half- cells in a thermostat kept
at 25°.  With stop-cocks closed the cell could be left set up
for many days without danger of contamination of the solu-

* Zeitschr, phys. Chem., xxx, 551, 1899.
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tion, and could quickly be put into commission again by
emptying the siphon arms and renewing the intermediate
liquid.  The stop-cocks in the siphon arms were generally left
open during the actual measurement. In the earlier experi-
ments, contact between dissimilar solutions was brought about
in the U tube in a layer of sea-sand, as recommended by
Bjerrum,* but the use of sand was later abandoned as trouble-
some and unnecessary for the present purpose.

The measurements were made by the Poggendorf compensa-
tion method with the aid of a galvanometer sensitive to

4 X 10-° amperes. Owing, however, to the high resistance of
the cells measured, the accuracy of a single bridge-reading did
not much exceed one millivolt.

Preparation of the Reference Electrodes.—The complete
satnration of the iodide solutions with iodine was accomplished
by sealing the solution with powdered iodine in a large glass
tuabe, which was attached to the stirring axle of the thermostat
and rotated for a period of at least 24 hours. With solutions
so prepared the two reference electrodes, when measured
against one another, usnally gave a constant potential difference
within 12 hours, which retained its value practically unchanged
for many days. Occasional shaking of the half-cells (which
contained a little solid iodine) was found to favor constant
results. The liquid in the siphon arms was emptied periodi-
cally, and the half-cell when necessary could be refilled with a
portion of the original (iodine saturated) solution without alter-
ing the measured electromotive force. All measurements
were at 25° C.

Laperimental Procedure.—A cell composed of the two
reference electrodes was first set up and its electromotive force

* Zeitschr, f. Elektrochem., xvii, 58 and 389, 1911.
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measured from time to time until the constant value 0-056 volt
was reached. A half-cell was then filled with the iodine-cad-
miunm iodide solution to be investigated, and measured in turn
against each of the reference electrodes. Finally, as a check,
the reference electrodes were again combined and measured.
Obviously the difference between the electromotive forces of
the two cells in which the iodine-cadminm iodide electrode was
used should agree with the electromotive force of the cell made
up of the two reference electrodes (0:056 volt). All measure-
ments in which the difference above mentioned was within
=+ 0:001 volt of 0056 volts were considered trustworthy.

The cadminm iodide solutions used were of four different
concentrations : 0°5, 0:25, 0125 and. 0:01 molar, from each of
which a number of electrodes containing varying amounts of
dissolved iodine were prepared and measured against electrodes
A and B. Since these ¢oncentrations of cadmium iodide were
the same as employed in the determinations of distribution
coefficients .described in onr previous article* the results of
that work were used in caleulating (I,), the concentration of
uncombined iodine, from the concentration of dissolved iodine
as found by direct titration. Ior electrodes A and B (I,) was
obviously equal to 0:00132, the solubility of iodine in pure
water, and the values of (I’) for these two solutions were those
given on p. 455 of this article. It was, therefore, possible to
caleulate (I”) for each cadmium iodide solution from the
observed electromotive force by means of Equation 1.

A summary of the results is given in Table 1. Except
where otherwise stated, concentrations in this and the follow-
ing tables are expressed in millimols per liter. In the third
column are the potential differences given by each iodine-cad-
mium iodide electrode against reference electrode A, while the
potential difference for the same electrode agaiust reference
electrode B is found in the fourth column on the horizontal
line next below. A negative sign prefixed to the recorded
potential indicates that the reference electrode for med, the neg-
ative pole. Usually the reverse was true. The iodine-ion con-
centrations calculated from these potential differences are
recorded in the fifth and sixth columns, the former giving the
two independent values for each solution, derived from the
two potentials measured, and the latter the mean of the two.
Finally, by graphical extrapolation of the values in column six
to zero concentration of iodine, a valne has been obtained for
each cadmium iodide solution which should represent the con-
centration of iodine ion in the given cadmium iodide solution
if it contained no dissolved iodine. These four extrapolated
values are the important ones for our present purpose. Since

* This Journal (4), xliv, 105, 1917.
Ax. JoUR. Sc.—FourtH SERIES, VoL, XLIV, No, 264.—DECEMBER, 1917.
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TaBLE L.
E. M. F.
volt
(Ia) against against
A
1:32 0°0423
—0°0134
0'955 0'0504
—0°0046
0°605 00536
—0°0029
0505 00589
0°0037
0'315  0°0648
0°0090
0175 00725
00178
0140 00751
0+0203
00
1-32 0'0470
—0°0099
099 00490
—0°0063
0538  0°0592
0°0027
0255  0°0689
' 00124
0160  0°0745
0°0193
0090  0-0818
0°026%
00
1:32 0°0423
—00137
0648  0°0531
—0°0021
0250 0°0675
0°0112
0110  0°0770
00213
0'051  0°0870
0-0313
0022 00962
00410
00

* Solution saturated with iodine.
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TaBLE I.—Continued.

E. M. F.
Dissolved volt (I
iodine (Iy) against against  (I') mean
A B
[ *816 1:32 0°0080 - 662 679
— 00468 695
2:540  0°2967 0°0342 869 916
—0-0193 962
1397  0°1569 0°0431 895 923
001 - —0°0114 952
molar 0°646 00713 00535 894 894
cal, :
0°3104 00343 0°0654 993 10°42
00116 1090
01411 0°0168 0°0755 10:36 1077
00216 11-27
00 00 10°50

* Solution saturated with iodine.

all these iodine-ion concentrations are very low we can certainly
afford to disregard here the slight error involved in the assump-
tion that the results of electromotive force measurements repre-
sent concentrations rather than “activities” as defined by
Lewis.*

Discussion.—In the previous investigation, as has already
been stated, values were obtained for the proportion of simple
molecules, ionized and non-ionized, in a pure solation of cad-
minm jodide at various concentrations. This quantity we shall
designate, as in our former article, by the term “active frac-
tion.” The rest of the cadmium iodide must consist of asso-
ciated cadminm iodide molecules, and of the ions, simple or
complex, formed therefrom.

These values of the active fraction are calculated upon the
assumption that the abnormally low power of cadmium iodide
to unite with iodine is due entirely to the presence of com-
plexes, a condition which may be only approximately fulfilled.
The amount of iodine taken up by an iodide should be practi-
cally independent of its degree of ionization, provided that the
tri-iodide is ionized to about the same extent, as is no doubt
generally the case.t DBut although it is contrary to experience

* For a discussion of the relation between activity and concentration for
the iodine ion in potassium iodide solutions, see Bray and MacKay (Jour. Am.
Chem. Soc., xxxii, 925, 1910).

+ This is confirmed by the fact that for all metallic iodides so far investi-
gated, with the exception of those of cadmium and mercury, the value of the
equilibrium constant K; = (XI) (L) / (214) is the same. The list includes the
jodides of di- and trivalent metals, Ba, Sr. Zn, Ni, and La, whose degrees of

ionization are certainly somewhat different from those of the univalent
iodides.
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that two metallic salts of like type and as closely related as are
cadmium iodide and cadmium tri-iodide should show any large
difference in ionization, the possibility of slight differences is
not excluded, which if present would cause small positive or
negative errors in the value of the active fraction, calculated as
above.

According to MeBain* the ohserved transport numbers indi-
cate that the complex ion present in predominating amount is
Cdl,’, formed by ionization of (Cdl,), according to the reaction :

(CdL), == 2Cdl,’ + Cd++.

‘Whether or not this inference is correct it is probable that the
above equilibrium is typical, and that the inactive fraction con-
sists essentially of (&) associated molecules, () complex anions,
and (¢) simple Cd** cations. It follows, therefore, that the
degree of ionization of the simple CdlI, molecules may be cal-
culated, at least approximately, by dividing the concentration
of the iodine ion, taken from Table I, by the equivalent con-
centration of the “active” cadminm iodide as derived from
the data of the previous investigation.

Table II shows the results obtained in this way. The first
three columns contain the concentrations of total cadinium
iodide, of active cadminm iodide, and of the iodine ion, respec-
tively. The fourth column gives the degree of ionization of
the simple CdI, molecules as calculated from colnmns two and
three, and the fifth shows, for comparison, the degrees of
ionization of cadminm nitrate, a normally ionized salt of like
type, at the same concentrations as those of (Cdl,),euye in col-
umn two. The data for cadmium nitrate were obtained by
interpolation from values given by Noyes and Falk.+

TaBLE II,
Y
. m for Cd(NOy),
(CALy)  (CAls)ictive @ 7= 3L )active at 18°
500 30° 304 51 78
250 265 312 ‘59 79
125 21 275 ‘65 *80
10 55 105 ‘95 ‘87

According to these results the degree of ionization of the
CdI, molccules is considerably lower, except in the most dilute
solution, than that of the cadminm nitrate. A difference in
this direction, though smaller in amount, would be expected
on account of the presence in the cadmium ijodide solution of

* Zeitschr. f. Elektrochem., xi, 215, 1905.
t Jour. Am, Chem, Soc., xxxiv, 475, 1912,
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‘an excess of COd*+t ions resulting from the jonization of the
associated molecules, and it would also be expected that the
difference, it due to this cause, would decrease with increasing
dilution, as is in fact the case. It is probable, however, that
the actual difference between the degrees of ionization of these
two salts is considerably smaller than these results would indi-
cate, for the error in determining v by the above method may
easily be rather large.

The work of Walton,* whose kinetic method for determin-
ing iodine ion concentrations has already been referred to, is of
interest here, since his results yield values of (1') which can
be compared with those in Table I.  Unfortunately, Walton’s
experiments with cadmium iodide were confined to solutions
more dilute than 0053 molar. The comparison is shown in
Table 111, the second horizontal line giving the values of (1)
calculated - from Walton’s resultst while the third contains our
values for the same quantity. Figures enclosed in parentheses
were obtained by graphical interpolation.

TasLe III.

(Car.) 49 10 194 318 421
(I') Walton 6°5 (12) 19-3 26°5 312
(I') V.N. & B. 105 (14) (20)

The two sets of results agree in order of magnitude, though
Walton’s values are higher and increase more rapidly with the
concentration. Since Walton’s method has not yet been very
thoroughly studied, particularly as to its sensitiveness toward
secondary catalytic influences, the results of the electromotive
force measurements deserve the greater weight.

Lreezing Point Measurements.

Since the purpose of these measurements was to determine
the effect of successive additions of iodine upon the freezing
point of a given cadminm iodide solution, it was necessary to
employ a method of the “ undercooling ” type, the very con-
venient and accurate method of Roloff,} as improved by
Richards,§ being excluded by the fact that it would not per-
mit the coneentration of the cadmium iodide to be kept con-
stant.  After unsuccesstnl attempts to obtain suflicient accuracy
with the aid of a moditied  Beckmann apparatus, using a cry-
ohydric mixture for the cooling bath, and other special precau-

* Zeitschr. phys. Chem., xlvii, 185, 1904,

t These values were obtained by dividing the observed velocity constants
in each case by 145, the average value of the ratio, Velocity constant / (I'), as
found by Walton’s experiments with KI, Nal, and NH,I.

t Zeitschr. phys. Chem., xviii, 572, 1893.

§Jour. Am. Chem. Soc., xxv, 291, 1903,
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tions, an apparatus was finally devised which satisfactorily met
the needs of the case. The construction and manipulation of
this apparatus have been fully described in a former paper,*
so that only the principal points in the procedure need be
given here.

The different cadmium iodide solutions used were kept in
thoroughly stearmed bottles of Jena glass. The freezing point
of the water was first taken. The water was then replaced by
the cadminm iodide solution, which had been prepared by dis-
solving the carefully dried and weighed salt in a portion of the
same- watel, and diluting to an exact volume. At least three
determinations of the freezing point were made, using varying
degrees of undercooling, and no result was accepted unless the
final temperature held constant within 0-001° (the maximum
sensitiveness of the temperature reading) for at least five min-
utes. The volume of solution used in the freezing point
apparatus was either 200 or 250", )

The pure cadmium iodide solution was next replaced by a
portion of the same solution which had been shaken at room
temperature with an excess of iodine in a Jena glass bottle for
some hours. At 0° this solution was supersaturated with
iodine. To insure equilibrium with both ice and solid iodine
the liguid was allowed to partially freeze and was then kept at
its freezing point with continual stirring for several hours.
Equilibrinm was assumed to have been reached when succes-
sive determinations of the freezing point agreed, and also suc-
cessive titrations of the dissolved iodine. In this way the
freezing points were obtained for solutions saturated with
iodine, and for those containing no dissolved iodine. Data for
the intermediate iodine concentrations were obtained by mix-
ing varying amonnts of the saturated solution with the original
pure cadmium iodide solution, determining the freezing point
as before, and, finally, estimating the iodine by titration.

In all these meastrements care was taken to maintain the
room temperature as constant as possible, and in a few cases
where appreciable variation occurred the thermometer readings
were corrected for change in the length of the projecting mer-
cury thread with the aid of the usual formula, using the value
0000156 for the apparent expansion coeflicient for mercury
in glass. This correction was applied only in working with
the more dilute solutions where its importance was obviously
greatest.

The results of these experiments are given in Table IV.
The four concentrations of cadmium iodide studied are the
same as in the measurements of electromotive force at 25°.
Todine concentrations are given in the second column, the
starred values being those for solutions approximately saturated
with iodine, havmg iodine present as a solid phase. In the

* This Journal (4), xliii, 110, 1917.
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third column are the observed freezing point depressions, which
in nearly every case are the mean of two or three separate
determinations. The fourth and fifth columns contain the
observed values, for the pure cadmium iodide solution, of the
van’t Hoff coeflicient ¢, and of the apparent degree of ioniza-
tion v, as calculated in the ordinary way from <.

TaBLE IV,
1= i—1 _Dep. Molec
(CdI,) Dissolved F. p. van't Hoff y=— c.lue. to dep.. for
iodine dep. coeff, ~ iodine iodine

500 0°0 1-067° 1-147 7:35%

“ 94 1089 0°022°  2:34(?)
¢« 196 1095 0°028 1-43
“ 279 1-112 0045 161
“« *40°4 1125 0058 1-44
250 00 0533° 1°145 725%

« 933 0°546 . 0°0138° 1'40
¢« 19-4 0°558 0°025 1:29

« 24-9 0°567 0°034 137

“ %336 0°579 0°046 1:37
125 00 0°2717° 1:193 9'65%

« 593 0-285 0:008° 135

« 10-29 0293 0°016 1:56
¢« 1675 0:301 0°024 1°43

“« *27+5 0317 0°040 1°46
10 0°0 0°0365° 1:962 48°1%

« 2-344 00394 0'0029° 124
« 4266 0-0424 00059 1-38
¢ *7:58 00453 00088  1°17

Previous determinations of ¢ for cadmium iodide by the
freezing point method have been made by Arrhenius,* by H.
C. Jones,t and by Chambers and Frazer.f Our values at the
two lowest concentrations are in excellent agreement with those
of Jones (whose results only cover concentrations up to 01
molar) and at the two higher coucentrations they are close to
the mean between the results of Arrhenius and those of Cham-
bers and Frazer. No explanation is offered for the fact that ¢
is slightly larger in 05 molar cadminm iodide than in the 0-25
molar solution, but the effect is real as it is even more evident
in the results of the other investigators than in our own.
Chambers and Frazer ascribe the phenomenon to hydration.

The last column of Table V shows the “molecular depres-
sion for iodine ” as obtained by dividing the depression due to
iodine (colamn six) by its total concentration as given in col-

* Zeitschr. phys. Chem., ii, 491, 1888,

t Ibid., xi, 544, 1893.
1 Am. Chem. Jour., xxiii, 512, 1900.
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umn two. This quantity proves to be roughly constant irre-
spective of the concentration and to have a value between 1-3
and 1-4, or about three-fourths of 1-86, the normal molecular
lowering for a non-electrolyte in pure water.

The relatively Jarge amount of this increase proves that the
cadmium tri-iodide formed is derived ultimately from some
source which previously contributed a much smaller- number
of molecules and ions to the solution. Unless, therefore, we
are willing to admnit that the cadmium tri-iodide may have in
the solution a degree of ionization many times greater than that
of the simple cadmium iodide molecules,* these results must
be regarded as clear proof of the existence of complexes in
these solutions. On the other hand, if the effect is largely or
wholly due to complexes, as is probably the case, the relative
constancy of the values in the last column of Table IV is an
indication that the complexes are present in considerable quan-
tity even in the more dilute solutions. On account of the low
solubility of iodine in water at 0° the depression due to the
iodine which remains uncombined is so smallt as not to affect
the validity of this reasoning.

Owing to the presence of complexes it is of course impos-
sible to get any accurate measure of the concentration of the
iodine ion from the value of ¢, but in the present case the error
so involved would not necessarily be very large. Of the
various kinds of complex ions to be expected here the two
simplest and most probable are Cdl, and Cdl,”, formed as
products of the equilibria

2Cdl, ——>(Cdl,), == Cd*+ + Cdl,”
and 30dI, —> (Cdl,), == Cd** + 2Cdl,".

In both of these cases the number of ions produced is the same
as the number of CdI, molecules disappearing, so that the net
result of the complex formation will be to diminish the freez-
ing point depression by a small amount due to that part which
remains in the form of non-ionized polymerized molecules,
(CdL,), or (Cdl,), as the case may be. Ience, if values for the
concentrations of the iodine ion are calculated in the usual way
from the freezing point lowerings the results will in general be
low, but in sutliciently dilute solutions should not be very far
from the truth.

In Table V the iodine ion concentrativns, so calculated, are
tabulated for comparison with those derived from the measure-
ments of electromotive force. For the two lowest concentra-

* A rough calculation shows that to account for the results in the absence
of complexes the ratio of these two degrees of ionization would have to be
over 2 in the 001 molar solution, about 8 in the next, and about 25 in the
strongest.

4 Its maximum value is 0:0012°, which is reached only when the solution
is saturated with iodine.



Polymerization in Cadmium Lodide Solutions. 465

tions the agreement is fairly good, but in the 0'25 molar
solution the difference is not in the expected direction, and in
the strongest solution the discrepancy is surprisingly large, far
exceeding the probable experimental error. For this result
there is no evident explanation, but it is significant that it

TaBLE V.
(I'y at 0° (I') at 25°
(CdI.) From freezing point From E. M. F.
500 74 304
250 36 31-2
125 ' 24 275
10 96 105

coincides with a marked irregularity in the freezing point
lowering. As was noted on page 463, the results of all cryo-
scopic measurements with cadminm iodide show that above
about 0'3 molar the valne of ¢ apparently rises with the con-
centration, although the’attendant decrease in ionization and
increase in polymerization would both tend to lower it.

Nature and Concentration of the Complexes.—Thus far the
question of the nature of the complex ions and molecules has
been left open. Of the various complex ions which may be
present in the solutions, CdI/, as MecBain* has shown, is
apparently the most probable one. The high transport num-
ber of the anion, which approaches 1-25 in the most concen-
trated solutions, cannot be explained by assuming the pre-
dominance of CdI,” without assigning to that ion an improbably
high velocity. This objection, however, would not apply to such
ions as Cd,I,” or Cd,L,”, though there would be less reason to
expect their presence than that of the less complex ones just
mentioned.

MeBain has calculated the approximate composition of a 0-1
molar solution of cadmium jodide upon the assumption that
CdlI,” is the only complex ion present in appreciable amount.
This calculation, which is based entirely upon freezing point,
transference, and conductivity data, gives the values (Cdl,) =
0-0084 and (I') = 0-0126. This would make (Cd**) = 0-0105,
thus accounting for about 19 per cent of the total iodide.
MecBain concludes that the remaining four-fifths is present in
the form of simple, non-ionized CdI, molecules, and that the
proportion of complex molecules is negligible.

There are several serious objections to these figures: (a) If
so large a part of the salt is in the form of simple CdI, mole-
cules the power of the salt to combine with iodine should be
but slightly lower than normal, while in reality the “active

* Loc. cit.
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fraction” at this concentration is only about 20 per cent.*  (b)
The molecular conduetivity of the solution as calculated for
18° from the above composition is 22-5,1 or less than half the
value actually measured, which is 46:7. (¢) The value of (L)
calculated by MeBain is much lower than that given by the
electromotive force method.

In a similar manner it is possible to calenlate the approxi-
mate composition of cadmium iodide solutions from the experi-
mental data furnished by our measurements of electromotive
force, and by our previous study of the iodine-cadmium iodide
equilibrium. These caleulations will be confined to the 9-01
and 0°125 molar solutions, for which the data are presumably
most acenrate. It will be assumed that CdI, is the only com-
plex ion present in significant amount, and that the degree of
ionization of (CdI,), is of about the same order of magnitude
as that of the average uni-bivalent electrolyte.

Allowing for the effect of the excess of Cd** ions, which is
much larger in the 0°01 molar than in the 0-125 molar solution, we
may assumne that the degree of ionization is 80 per cent in the
former and 75 per cent in the latter. An error of a few per
cent in the degree of ionization assumed will not greatly
change the results. Using these degrees of ionization, the
“active fractions” given on page 453 and the values of (I)
from Table 1, we obtain the results recorded in Table VI.
That these values differ greatly from those of MeBain is evi-

TasLe VI,
(Cdly") (Catt) I (Cdl,) (Cdl.)s
001 molar...._. 24 645 105 025 0°3
0°125 molar..__. 52° 397 275 72 86

dent. Interpolation of these results for 0'1 molar concentra-
tion gives, approximately, (Cdl,”) = 0045 and (I") = 0-021,
figures which are respectively 5 and 1-7 times those of McBain.

Since the values in Table VI depend upon neither freezing
point nor condnctivity measurements, their correctness may
properly be tested by calculating the van’t Lloff coefficient ¢
and the molecular conduetivity for each solution. For 7 we
obtain 00199 / 0-01 = 1-90, and 0:135 / 0-125 = 1-08 respec-
tively, while the measured values (see Table V) are 1°96 and
1-19.

* This low power to unite with iodine cannot be explained by the low ion-
ization of the Cdl, molecules unless it is assumed that the degree of ioniza-
tion of the cadmium tri-iodide is about nine times larger. This is obviously
very improbable.

t For the method of calculation see p. 467. The ionic conductivities here
used were those employed by McBain, namely, 3$Cd = 51, Cdls' = 41, and
I’ =664, If the values given on p. 467 be employed the result is 21'1instead
of 22°5.
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To calculate the molecular conductivity we must obtain a
value for the conductivity of CdI,;. If we assume with
MeBain that the value 1:25, the limit which the observed
(anion) transport number of a cadmium iodide solution tends
to approach with increasing concentration, is that of the
anion CdI/, then the relative velocity of this jon must be

}%{ = 042, that is, is that of Cd**. For the equivalent con-
ductivity of the Cd++ ion we may use the value 47 for 18°,
which corresponds to 56 at 25°. This gives, for CdI,, 34 at
18° and 405 at 25°. For iodine ion the values are 666 and
765 respectively. The molecnlar conductivity of the 001
molar solution at 25° should therefore be

§(0°00645)(112) +(0:0024) (40°5) + (0°0105)(76'5)} +0-01 = 162-2,

and for the 0125 molar solution, calculated in the same way,
69-2.

These calculated conduectivities are much too high, the meas-
ured values being 120 and 57 respectively, a result which
seems to be due to some fault in the assnmptions made rather
than to experimental errors. It is not clear, however, how
this discrepancy can be eliminated without mtloducma some
other one. Tle evidence at hand is in some respects conflict-
ing and is obviously insufficient for an exact solution of the
problem. In short, though some of the values in Table V1
are probably neax]y couect the figures as a whole can repre-
sent, at best, no more than a rongh approximation to the truth.

The lodine-Cadmium Iodide E quilibrium at 0°.—Each of
the starred values in Table V represents the solubility of iodine
in the given solution at its freezing point, which, as an approx-
imation, may be assumed to be the same as the solubility at 0°
in the same medium. By subtracting the solubility of iodine
in pure water at 0° (0-000638 molgs/liter®) we obtain (21,), the
equivalent concentration of the tri-iodide formed, and can
therefore calculate the approximate value of the eqm]lbnum
constant A, = (ZI)(1,)/(Z1,).

The results so obtained are given in Table V1I, which com-
pares the values of X, for cadmium iodide at 0° and 25° with
those for potassium iodide at the same temperatures and con-
centrations. All of these figures refer to solutions saturated
with iodine. The values for cadmium ijodide at 25° were
taken from our previous article; those for potassium iodide
at 0° were calculated in the way just described from data given
by Jones and Hartmann;t those for potassinm iodide at 25°
were taken fromn the article of Bray and MackKay.

* Jones and Hartmann, Jour. Am. Chem. Soc., xxxvii, 256, 1915.
t Loe. cit., p. 250.
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TasLE VIIL
Potassium lodide

Concentra- Cadmium Iodide K, at 0° K, at 25°

tion. K, at 0° K, at 25° Jones and Bray and
equiv./liter (approximate) Hartmaun. MacKay

10 0-0154 00234 N 0:00046

0°5 00090 00137 ..., 0:00083

025 0°0053 0-0082 e e e e

010 e e 0000696 000131

0:02 0°0011 0:00247% 0000716 000137

These figures show that the value of &, for cadmium iodide
at 0°is abnormal in the same way as at 25°, being larger
throughout than for a normal iodide like potassium iodide, and
inereasing rapidly with the concentration. The effect upon A
of a change in temperature, however, is practically the same
for the cadmium as for the potassium salt.

Summary.

1. Measurements have heen made: («) Ly the electromotive
force method, of the iodine ion concentration in cadinium
iodide solutions of 0-5, 0-25, 0125, and 0°01 molar strength,
containing various amounts of dissolved iodine; also () of the
freezing point lowering of each of these cadmium iodide solu-
tions, and of the further lowering produced by the addition of
known amounts of iodine.

2. Values of (I’) calculated in the ordinary way from the
cryoscopic measurements should be slightly lower, if complexes
are present, than those electrically measured. This was found
to be the case in the 001 and 0-125 molar solutions, but not in
the two stronger solutions.

3. The freezing point of a cadmium iodide solution was
depressed by the addition of iodine in a nearly constant ratio,
which in the stronger solutions was about 1-4° per mol, and
only slightly smaller in the weakest solution. This indicates
the presence of complexes in considerable quantity even in the
0-01 molar solution. Neither this result nor the abnormally
low power of cadmium iodide to unite with iodine can be
accounted for, in the absence of complexes, by the assumption
that the degree of ionization of the cadminm iodide is very
small, unless this low ionization is accompanied by high ioni-
zation of the cadmium tri-iodide, a state of affairs which is
decidedly improbable.

4. A tentative calculation of the composition of the two
more dilute cadminm iodide solutions, based upon the assump-
tion that the ion CdI,” and its parent molecule (CdlL,), are the
only complexes present, failed to give results in quantitative
agreement with other experimental data.





