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Introduction.

In two previous papers!'? one of the writers has given views on the treat-
ment of solubility equilibria, involved when salt solutions are employed
as solvents for salts. To illustrate the scope of these views a few results
were communicated from an extensive series of experimental determinations
on solubility, dealing mainly with solubility of metal ammonia salts in
solutions of other salts. In this and later articles a more complete state-
ment of the data procured and of additional experiments will be given.

The employment of metal ammonia salts is specially fitting for the pur-
pose of studying the laws of solubility. They are in general really strong
electrolytes, and for the most part not liable to hydrolysis of any kind.
On account of the great number of cations and anions belonging to this
group the number of salts it contains is extremely high. The solubility
is usually small, and salts of a solubility between 0.01 and 0.0001 molal,

1 Bronsted, THIS JOURNAL, 42, 761 (1920).
2 Jbid., 42, 1448 (1920).
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the most convenient range of concentration for the theoretical and ex-
perimental treatment, can be prepared easily, abundantly and usually
in a very pure state. Finally, and this point is not to be undervalued,
the determinations of solubility can for all compounds of this type be
carried out uniformly, namely by decomposing with alkali, with or without
addition of reducing substances such as stannous chloride, by simply estimat-
ing the ammonia liberated by adsorption in sulfuric acid, using methyl
red as an mndicator.

A number of the salts employed for our investigations have been de-
scribed before in the publications of the leading authors in this domain,
S. M. Jorgensen and A. Werner. A good many, however, have been pro-
duced for the first time by us. As in all such cases the constituent ions
were well known, we have confined ourselves to an analysis of their ammo-
nix and water contents. In order to secure the high purity which was
essential, the whole sample of each salt was stirred repeatedly with fresh
portions of water till a constant solubility was found. The salt was con-
sidered pure when this constant value agreed with that found when using
only a small quantity of salt for solution.

M The temperatures of the experiments were
0° and 20°. Determinations were made on
a number of salts at both temperatures,

o :D*%J whereby the important figures for the tem-
perature coefficient, to be considered later,

= have been obtained.- The praseo salts are

9 the most unstable within the range of com-
pounds employed and could not be studied

g —D‘é at 20°; but other salts are also transformed
in solution and so give solubility values,
which slowly increase with the time, espe-
cially at 20°. As the velocity of solution for
a metal ammonia salt is generally rather
high such slow transformations were usually
no hindrance in our determinations.

The determinations at 20° were carried
out in an ordinary thermostat, regulating
to within =0.01°. The apparatus em-
ployed for the measurements at 0° is shown
== _ in Fig. 1. When saturation had taken place
I ’| a known volume of the saturated solution

Fig. 1. was sucked out through a small cotton
plug, and the determination of the concentration made as described above.

In judging the accuracy reached by our measurements we must dis-
tinguish between relative and absolute exactness. When a series of ex-
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periments is carried out with the same sample of salt using the same acid
for estimation and working under the best conditions obtainable, the pos-
sible relative error in the determinations will hardly reach some tenths of
a per cent., and the possible absolute error 19,. Especially in that part
of our data which was first obtained and most of which appears in the first
part of the tables following the accuracy is probably considerably lower.

In carrying out these determinations we were valuably assisted by cand.
polyt. Max Mbller, and cand. polyt. E. Smith-Jensen to whom the writers
wish to express their best thanks. We likewise wish to express our in-
debtedness to Carlsbergfonden for subsidizing the work.

I. Solubility of Metal Ammonia Salts in Water.
We shall first give a survey of the metal ammonia ions, and others,
constituting the salts employed in our determination. The names,
formulas and valences of the ions used, are given below.

Ton, Formula and Valence,
futeo cobaltic or hexammine cobaltic............. [Co(NH;)e] t++
Roseo cobaltic or aquo-pentammine cobaltic......... [Co(NH;);H,O]+++
‘I'ri-ethylene-diamine cobaltic..................... [Co(CoH N, H,)s] +++
(Chloro-pentammine cobaltic...................... [Co(NH;)Cl]++
Chloro-pentammine chromic...................... [Cr(NH,)Cl]++
Chloro-pentammine rhodium..................... [Rh(NH;);C1]*++
Chloro-aquo-tetrammine cobaltic.................. [Co(NH;)(H:0) Cl1]++
Bromo-pentammine cobaltic...................... [Co(NH;)Br]++
Kantho cobaltic or nitro-pentammine cobaltic....... [Co(NH;);NO.]++
Thiocyanato-pentammine cobaltic................. [Co(NH;);CNS]++
Praseo cobaltic or dichloro-tetrammine cobaltic..... [Co(NH,),Cl ]t
Croceo cobaltic or dinitro-tetrammine cobaltic (trans) [Co(NHjg){(NOy),]*+
Flavo cobaltic or dinitro-tetrammine cobaltic (cis). .. [Co(NH;)((NOg),]*
Oxalo-tetrammine cobaltic....................... [Co(NH,)(C:04]*
Carbonato-tetrammine cobaltic................... [Co(NH;)COs]t+
Sulfate-pentammine cobaltic...................... [Co(NHy)sSO,] +
"Tetranitro-diammine cobaltiate.................... [Co(NH;)2(NOg)s]~
Tetrathiocyanato-diammine chromiate............. [Cr(NH;)(CNS), ]~
Oxalo-dinitro-diammine cobaltiate................. [Co(NHs)2(C:04) (NOg)2]~
Dioxalo-diamimine cobaltiate...................... [Co(NH3)2(Ci04),]~
Dioxalo-triammine cobaltiate..............o0vut. [Co(NH;)s(C204),]~
Hexathiocyanato chromiate..........covivvinnn. .. [Cr(CNS)e]——~
Hexacyano ferriate...............c.ovvvviin.... [Fe(CN)e]~—~
Hexacyano cobaltiate............................ [Co(CN)e]——~
"I'rioxalo cobaltiate. ... [Co(Cy04)s]~—~

The following table records the solubilities of salts formed by these
and more usual cations and anions, using pure water as solvent.

In all cases when not otherwise especially indicated, the figures for
solubilities and concentrations mean molal concentrations; for luteo
sulfate, for example, the number of molecules of [Co(NHj)el(SO,); in
one liter of the solution. The abscissas of the figures are in equivalents of
added salt per liter.
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TaBLE I.—SoLuBILITY OF METAL AMMONIA SALTS IN WATER.

I. Salts Containing a Univalent Cation.

0°,

Cesium tetranitro-diammine cobaltiate................ 0.00531
Cesium tetrathiocyanato-diammine chromiate.......... 0.000790
Potassium tetranitro-diammine cobaltiate.............. 0.0240
Silver tetranitro-diammine cobaltiate.................. 0.000772
Silver oxalo-dinitro-diammine cobaltiate............... 0.00278
Thallous tetranitro-diammine cobaltiate............... 0.00251
Thallous oxalo-dinitro-diammine cobaltiate............. 0.00420

Tetramethylammonium-tetranitro-diammine cobaltiate. 0.00749

Carbonato-tetrammine-cobaltic-tetrathiocyanato cobal-
tic sulfate. . .ovvtien i e
Carbonato-tetrammine-cobaltic-tetrathiocyanato cobal-

ticchromiate, B.....covviirnriinrinrnrnenncnones 0.00185
Carbonato-tetrammine-cobaltic-tetranitro-diammine co-
baltiate. .. ...ttt i i i i i e 0.00366
Croceobromide..........covviniiiiiiiiiiiinennens 0.012
chioride...... ..ot iiiin i i e 0.0222
dioxalo-diammine cobaltiate................... 0.000066
dioxalo-triammine cobaltiate................... 0.00059
hexachloro-platinate...............covvevvnnnn 0.00233
410 ¢ 1 4 - AN 0.00546
nitrate, B. ... i i i e 0.00494
perchlorate........covveiiininn i irnennnaes 0.0124
plerate B. .. i i e i
selenate. .. .iii i i i i i e
sUlfate. . i i i e 0.00096
tetrachloro-aurate............c..covvvvvennnen
tetranitro-diammine cobaltiate................. 0.000096
tetrathiocyanato-diammine chromiate......... 0.000057
Flavo tetranitro-diammine cobaltiate........... ...... 0.000949
tetrathiocyanato-diammine chromiate, «........ 0.000322
tetrathiocyanato-diammine chromiate, 8.......
chloride..............c0e0uun.
Ozxalo-tetrammine-cobaltic hexathiocyanato chromiate.. 0.00053
nitrate,........... s 0.0068
perchlorate. ............... 0.0051
tetranitro-diammine cobal-, .
tiate, ...... .0 (.00103
trioxalo cobaltiate......... 0.00083
Praseobromide. ......ooviiiin ittt 0.00632
chlorate. .........oiiiiiiiiiiiiiiiienas 0.0180
chloride. ... uvuiiiii ittt eee e 0.0141
dioxalo-diamminecobaltiate.............couutn 0.000171
hexacyanoferriate..........ooiiiiniiiiien.n 0.000121

T T - 0.00441

20°,

Saoe/Spe.
0.01720 3.24
0.00258 3.26
0.00210 2.72
0.00822 2.98
0.00789 3.14
0.00977 2.34
0.0197 2.63
0.07
0.005565 3.00
0.0124 3.42
0.043 1.95
0.01483 2.71
0.01208 2.62
0.0290 2.34
0.00704
0.0092
0.00411 4.17
0.017
0.000355 3.70
0.000143 3.11
0.0033 3.46
0.00100 3.11
0.00073
0.034
0.018 2.73
0.0140 2.74
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FT1 19 ¢ 7 TGO 0.00383
Plerate. ..ot i e 0.00021
thiocyanate......covvviiunninriioniesennasen (.00289
Sulfato-pentammine cobalticnitrate...................
II. Salts Containing a Bivalent Cation.
ae,
Magnesium dinitro-oxalo-diammine cobaltiate.......... 0.00348
Bromo-pentammine cobaltic bromide................. 0.00275
chloride...... 0.00542
nitrate......... ... i 0.0
Bromo-pentammitte rhodium chloride.................
Chloro-aquo-tetrammine cobaltic chloride. ............. 0.057
Chloro-pentammine chromitim. .. ..ovvervrevnnnerroonns 0.000660
Chloro-pentammine chromium chloride................ 0.0149
nitrate........o0i e
oxalate................. 0.00125
cobaltic bromide,............... 0.00725
chloride.....covvnennnnns 0.00914
fodate.....veviniiannnons 0.00200
hexachloro-platinate.... .. 0.000091
nitrate.............00e
oxalate ................ 0.00036
sulfate................0t
tetranitro-cobaltiate.. .. .. 0.0001731
rhodium chloride................. 0.00945
Thiocyanato-pentammine chromium chloride...........
cobaltic chleride.............
chromate......... 0.00107
iodate............
sulfate............
Xantho chloride. ..ovvvviiin it ions
chromate. .. .oovviiriiiniie it eneeeins 0.000258
+F 1 2 £ SN P 0.0170
OXAlALe. . .t i i e 0.000161
tetranitro-diammine cobaltiate................ 0.00031
tetrathiocyanato-diammine chromate.......... 0.000392

IITI. S8alts Containing a Trivalent Cation.
[}

Luteo cobalticchloride..........o.uv i i
chloride sulfate. ................c0euun 0.01055
hexacyano chromiate.................. 0.000028
cobaltiate ............cvvuns 0.000007
ferriate ............00vvnn 0.000009
fodate ...ttt i i i 0.001381
131 o1 {1 AR 0.0202
sulfate........coi i 0.0090
tetranitro cobaltiate................... 0.000043
trioxalo cobaltiate..................... 0.000019
Roseo cobaltic hexacyano ferriate,................... 0.000172
sulfate ...l
tetrathiocyanato-diammine chromiate.. 0.00006

2269
0.026
20°%  Spe0/Soe.
0.011 2.0
0.010
0.015
0.1 1.9
0.030 2.0
0.055
0.018 2.0
0.046
0.029
0.000637 3.1
0.020 2.1
0.040
0.039
0.00505
0.0290
0.11
0.000647 2.12
0.038 2.2
0.000432 2.68
0.00098 3.2

0.001284 3.27

20°  Sype/Sge.
0.26
0.000016 2.3
0.000022 2.4
0.00458 2.53
0.052 2.6
0.020 2.2
0.016
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II. Uni-univalent Salts in Uni-univalent Solvents.

With most of the uni-univalent salts specified in the foregoing section,
determinations have been carried out using as solvents salt solutions of
various concentrations. In a previous paper the following equation was
found to indicate the change in solubility with the concentration, based

logf; =a(Ve - V=)

on the assumption of Noyesand Falk® of the equality of the activity
coefficients and the validity of the expression for the lowering of the freez-
ing point.

The experimental results are given in the following tables. The value
of the coefficient a, which may be calculated according to the above equa-
tion for each concentration of the solvent ¢ = ¢, — s is also given in the
tables to show the validity of the underlying assumptions.

The first data are those of certain praseo cobaltic salts. As mentioned
above, the praseo salts are rather unstable in aqueous solutions, owing to
the progress of the reaction

[Co(NHy)CL]* 4+ H:O0 —> [Co(NHy)H:0 Cl]*+ 4 Cl1-,

easily observable through the change in color of the solution from green
to red. ‘This reaction takes place rapidly at 20°, and constant figures
are therefore not to be obtained at this temperature. At 0°, when the
time of stirring varies, no appreciable change in solubility is observed
within 5 to 10 minutes. As the salts dissolve very quickly, reliable re-
sults can be obtained at this temperature. The figures at least will be
mutually comparable even when the absolute values may be somewhat
more uncertain here than in most other cases.

TaBLE II.—PrASEO THIOCYANATE. (Co(NH,),CL;)CNS. s,=0.00289.

Solvent. c. §X10%, s/so. a. Solvent, c. s X 108, s/so. a.
KOOCH 0.01 300 1.038 (0.175) NaCl 0.02 313 1.108 0.309
0.03 321 1.111 0.255 0.05 332 1.173 0.295
0.05 331 1.146 0.252 0.1 353 1.247 0.202
0.1 345 1.194 0.235 0.30
0.2 374 1.294 (0.251)
0.5 409 1.415 (0.231) KC10; 0.02 318 1.124 0.353
1.0 439 1.519 (0.211) 0.05 339 1.198 0.333
0.25 0.1 365 1.288 0.335
KCi 0.02 314 1.110 0.314 0.34
0.05 336 1.187 0.317
0.1 358 1.2656 0.311 NaClO; 0.02 316 1.115 0.329
0.2 38 1.375 0.313 0.06 337 1.191 0.323
0.31 0.1 361 1.274 9_3__2_0

0.32
3 Noyes and Falk, "THIS JOURNAL, 32, 1011 (1910); 33, 1436 (1911); 34, 454, 458
(1912).
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For the calculation of s/s¢ in the last four solvents the value s; =
0.00283 was used as found in this series of experiments. ‘The value of a
for sodium chlorate becomes a little greater than that given in the previous
paper (0.30).

TasLE IIT.—PRrRASEO NTTRATE. (Co(NH;)Cl)NO;. s, = 0.00383.

Solvent. ¢. s X 105, s/s0. a. Solveut. ¢. s X 108, s/s0. a.
KOOCH 0.005 395 1.031 (0.262) NaCl 0.005 395 1.082 (0.262)
0.01 409 1.068 0.335 0.01 405 1,057 0.286
0.05 455 1.188 0.336 0.05 449 1.173 0.310
0.1 487 1.272 0.331 0.1 480 1.253 0.311
0.2 533 1.392 (0.331) 0.30
0.5 635 1.658 (0.343) HCl 0.005 404 1.055 (0.447) .
1.0 760 1.984 (0.352) 0.01 410 1.070 0.348
0.33 0.05 447 1.167 0.301
0.1 474 1.238 0.204
KCl 0.005 399 1.042 0.345 0.31
0.01 408 1.065 0.323
0.03 434 1.133 0.322
0.05 458 1.196 0.349 NaCgHSO; 0.005 394 1.020 (0.241)
0.1 496 1.295 0.356 0.01 404 1.055 0.274
0.32 0.05 445 1.162 0.203
0.1 477 1.245 0.303
0.2 519 1.355 0 305
0.29

Experiments were also made with praseo nitrate in potassium and sodium
chlorate solutions, but the increase in solubility is here much smaller than
in the case of other solvents. Moreover the values were found to decrease
with increasing time of stirring. Some special reaction must here evidently
take place.

Inspection of the data in Tables IT and III shows that the solubility of
the two salts concerned increases with increasing concentration of the sol-
vent, in all cases in close analogy to what has been stated in the previous
article. ‘The values of a for any solvent show a marked agreement and
approximation to the value !/;. For the calculation of the mean of the
values of a, the solutions stronger than 0.1 molal, for which the solubility
equation at any rate does not hold good, and the most diluted ones, in
which the experimental error has too great influence, have been excluded.
In these and subsequent tables ¢ = 0°, except when otherwise indicated.

With praseo bromide in addition to salt solutions both acetic acid and
the three-chloro-acetic acids have been used. The incomplete dissociation
of these acids is very markedly proved in the values of s/s; and a. While
for all salt solvents the calculated normal values of a are in the neighbor-
hood of 0.3, using these acids we find that increasing concentration is
accompanied by a rapid decrease in this coefficient. ‘This phenomenon
is extremely pronounced with the weak acetic acid, but also the substituted
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acid and even the trisubstituted acid show similar behavior.

J. N BRONSTED AND AGNES PETERSEN.

This indi-

cates that not even trichloro-acetic acid is a really strong electrolyte.

TABLE IV.—PRASEO IoDATE. (Co(INH3):Cl)IO;. TABLE V.—PRASEO PICRATE.
(Co(NH;)(Clz) CsH.N;0;.
so = 0.00441. so = 0.000212.
Solvent, c. s X 108 s/s0. a. Solvent. c. s X108 s/so. a.
KC1 0.02 487 1.104 0.337 KCi 0.02 25.7 1.215 0.396
0.05 525 1.191 0.349 0.056 27.4 1.292 0.360
0.1 571 1.295 0.363 0.1 29.5 1.392 0.354
0.35 0.2 33.5 1.580 (0.378)
0.5 41.8 1.972 (0.401)
1.0 53.6 2.528 (0.428)
NaCl 0.02 486 1.102 0.330 0.37
0.05 524 1.188 0.345
0.1 568 1.288 0.356
0.34
NaCl 0.02 25.3 1.193 0.360
0.05 26.6 1.235 0.318
KCI0, 0.02 491 1.113 0.364 0.1 28.5 1.347 0.319
0.05 531 1.204 0.372 0.2 30.1 1.420 (0.290)
0.1 579 1.313 0.383 0.5 33.8 1.594 (0.274)
0.37 1.0 41.4 1.953 (0.309)
0.33
NaClO, 0.02 491 1,113 0.364
0.05 528 1.197 0.360
0.1 576 1.306 0.375
0.37
TABLE VI.—PrasEo BrROMIDE. (Co(NH,),Cl)Br. s; = 0.00632.
Solvent, c. §X 108 s/so. a. Solvent. c. s X 108 s/se. a.
KOOCH 0.02 678 1.073 0.267 CCL,COOH 0.02 681 1.078 0.283
0.056 720 1.139 0.283 0.05 703 1.112 0.231
0.1 752 1.190 0.260 0.1 731 1.157 0.218
0.2 805 1.274 (0.258) 0.2 752 1.190 0.186
0.27
KOOCCCl, 0.02 683 1.081 0.204 CHCL,COOH 0.02 677 1.071 0.261
0.05 719 1.138 0.279 0.056 702 1.111 0.228
0.1 755 1.185 0.266 0.1 723 1.144 0.201
0.2 802 1.269 (0.254) 0.2 740 1.171 0.168
0.28
KOOCCHC1, 0.02 689 1.090 0.327 CH,CICOOH 0.02 656 1.038 0.143
0.05 725 1.147 0.297 0.05 673 1.065 0.137
0.1 763 1.207 0.281 0.1 677 1.071 0.108
0.2 811 1.283 (0.266) 0.2 685 1.084 0.086
0.30
KOOCCH.C10.02 687 1.087 0.316 CH,COOH 0.02 638 1.010 0.036
0.056 726 1.149 0.300 0.05 642 1.016 0.034
0.1 764 1.209 0.283 0.1 641 1.014 0.021
0.2 818 1.295 0.275 0.2 636 1.006 0.007

o

.29
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The croceo cobaltic salts are rather stable in solution and give as a rule
easily reproducible values for their solubilities. Some of the figures for
croceo nitrate stated below have been communicated in an earlier paper,*
where the existence of two modifications, an «- (unstable) and a B-modi-
fication (stable), was indicated.

Tapre VII.—p-CrocEO NITRATE. Tasrg VIII.—B-Crocro NITRATE.
%
(Co(NH;}o(NO2)s) NOs.
so = 0.00494, ¢ = 20°. s = 0.01208,
Solvent, ¢, § X 108 s/se. e, Solvent, <. § X 108, s/so. e,
KOOCH 0.02 536 1.086 0.290 KOOCH 0.05 1467 1.130 - 0.320
0.06 575 1.164 0.311 0.1 1570 1.210 0.329
0.1 621 1.258 0.328 0.2 1713 1.320 (0.329)
0.2 693 1.404 0.350 0.5 2035 1.568 (0.343)
0.32 0.32
KSCN 0.02 546 1.107 0.355 CCI,COOH 0.2 1547 1.190 (0.207)
0.05 596 1.208 0.387 0.387 1601 1.234 (0.181)
0.1 663 1.344 0.422
0.38
KOH 0.02 553 1.120
0.05 405 0.820
0.1 311 0.630

We find again constant values for a when potassium formate isused as a
solvent, while potagsium thiocyanate gives increasing values. Special
attention should be called to the behavior of potassium hydroxide as sol-
vent. We find here an increase in the solubility only with the most diluted
solution. At higher concentrations it falls very markedly, indicating a
specific effect of the solvent. To explain the phenomenon we imagined
the possibility of a separation of croceo hydroxide in the solid state. On
adding a solution of molal sodium hydroxide to a solution of croceo nitrate
or croceo chloride, we indeed observed the appearance of a crystalline
precipitation of a sparingly soluble compound. This proved, however,
to be croceo carbonate, and does not appear when using pure solutions.
As solubility measurements are carried out with an hydroxide entirely
free from carbon dioxide, the explanation of the phenomenon is not to
be found here. It may be due to a special reaction between the solvent
and the saturating salt, or it may be locked upon as a peculiarity of the
solvent, manifesting itself through an exceedingly great 'salting out”
effect. Of course, merely using this expression does not explain the phenom-
enon. However, it is sufficient to place it in that great field of phenomena
which are of deep significance in connection with the theory of solubility
and with which we will deal more thoroughly in subsequent articles.

4 Meddel. K. Vetenskapsakad. Nobelinst., 5, 25 {1919).
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‘When using potassium and sodium chloride solutions as solvents, other
peculiarities were noted. . The increase in solubility of croceo nitrate
is found to be much less than otherwise, for example with 0.1 N solutions
at 0° for potassium chloride, 1.16; and for sodium chloride, 1.14. This
phenomenon was also studied by using mixed nitrate and chloride solu-
tions as solvent and will be discussed more thoroughly when the question

of such mixed solvents is taken up.

TasLe IX.—CROCEO TETRANITRO-
pIAMMINE COBALTIATE. (Co(INHj)4-
(NO2)2)(Co(WNH;)3(NO5)s).

sy = (.000096.
Solvent. ¢ 8 X 105 s/se. e.
KOOGCH 0.05 11.9 1.24 0.287
0.1 12.8 1.33 0.297
0.2 13.9 1.45 (0.249)
6.5 17.5 1.82 (0.346)
0.29
KCt 0.05 12.4 1.20 0.341
0.1 13.2 1.38 0.332
0.2 14.9 1.55 (0.354)
0.5 20.2 2.10 (0.431)
0.34
TaBLE XI.—CROCEO DIOXALO-TRIAM-
MINE CoBALTIATE. (Co(NH,)i(INOs)a)-
{Co(NH3)5(C:204)1).
so = 0.000593.
Solvent. c. s X 108,  s/so. a.
KOOCH 0.1 89.5 1.509 0.468
1.0 233 3.93 (0.648)
0.47
KC1 0.02 70.3 1.18 0.388
0.056 79.0 1.332 0.435
0.1 91.7 1.546 0.496
1.0 334 5.633 (0.818)
0.44

TaBLE X.—CROCEO PERCHLORATE.
(Co(NH;)4(NO2)») ClO,.

so = 0.01239.
Solvent. c. & X 105  s/so. a.
KOOCH 0.05 1423 1.148 (.356
0.1 1566 1.264 0.398
0.38
NaOOCH 0.05 1362 1.099 0.248
0.1 1420 1.146 0.233
0.24
KOOCCCH, 0.1 1562 1.261 0.393
0.39
CCIL,COOH 0.1 1398 1.128 0.207

TasLe XII.—CrocEo CHLORIDE.

(CO(NH3)4(NO2)2)CI
so = 0.0222.
Solvent. c. § % 105,  s/so. a.
KOOCH 0.02 2310 1.043 0.261
0.05 2400 1.084 0.252
0.1 2520 1.136 0.253
0.26
TaBLE XIIT.-—OXALO-TETRAMMINE
CoBarric N1tRATE.  (Co(NH;)aCi0)NOs.
so = 0.00658.
Solvent, ¢ & X 105, s/so. a.
KC1 0.02 736 1.119 0.429
0.05 803 1.220 0.433
0.1 905 1.375 (_).477
0.43

The figures in Tables IX, X and XI show values of a which are rather

variable when the concentration changes.

This is especially noteworthy



STUDIES ON SOLUBILITY. IIIL 2275

in the instance of the dioxalo-triammine cobaltiate. ‘The rise in solubility
is here much greater than usual.

In Table XII are given the figures obtained with croceo chloride, the
most soluble of the croceo salts employed.

Further measurements were carried out with oxalo-tetrammine cobaltic
salts, ‘These are stable in solution, but it is more difficult to produce them
in a quite pure state than the croceosalts. The data given in Tables XIII,
XIV, XV and XVI will therefore scarcely possess the same degree of accu-

racy.
TaBLE XIV.~~OXALO-TETRAMMINE TABLE XV.—OXALO-TETRAMMINE COBAL-
CoBarLic TETRANITRO-DIAMMINE 11¢  PERCHLORATE. (Ca(NH,)4Ce04)Cl0s.
Comarriars. (Co(NH;)Co04)-
{Co(NH):(NOs)s).
se = .00108.. so = 0.00508.
Bolvent. ¢ s X 108  s/s0. a. Solvent. c. s X 108 s/se. ¢.
KOoCH 0.02 112 1.09 0.214 KOOCH 0.05 616 1.21 0.395
0.05 121 1.18 0.261 0.1 679 1.34 0.417
0.1 132 1.28 0_2_9'_7 0.2 796 1.57 (0.464)
0.26 0.40
NaOQOCH  0.02 111 1.08 0.194 NaOOCH 0.05 596 1.17 0.330
0.05 120 1.17 0.245 0.1 640 1.26 0.332
0.1 128 1.25 Q;g§§ 0.2 718 141 (0.357)
0.2¢4 0.33
e 0.02 115 1.12 0.275 KCi 0.05 634 1.25 0.456
0.06 123 1.20 0.201 0.1 712 1.40 0.484
0.1 137 1.33 0.340 0.47
0.30
NaCl 0.05 614 1.21 0.388
Nall 0.02 114.5 1.12 0.27 0.1 684 1.35 0.426
0.05 123 1.20 0.290 0.41
0.1 137 1.33 0.339
0.30
KOOCCCl, 0.1 677 1.33 0.44
0.2 781 1.54 (0.444)
KNG, 116 1.13 0.297 "0.44

0.02
0.05 126 1.22 0.324
0.1 141 1.37 0.373

0.33 CCL;COOH 0. 607 1.11 0.256
0.

1
2 638 1.26 (0.236)
0.26

‘Thallous tetranitro-diammine cobaltiate, with which salt a series of
measurements was also carried out, showed surprisingly small increases
in the solubility, as indicated in Table XVII. The small solubilities in
potassium salt solutions are probably due to the formation of a solid
mixture of thallous and potassium tetranitro-diammine cobaltiate.
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TABLE XVI.—OXALO-TETRAMMINE COBALTIC PERCHLORATE. ¢ = 20° s, = 0.0140.

Solvent, c. s X 108, s/ s0. a.
KOH 0.02 1603 1.143 0.652
0.05 1814 1.287 0.670
0.1 1808 1.290 0.443
TABLE XVII.—THALLOUS TETRANITRO-DIAMMINE COBALTIATE. (Co(NH;):(NOs))T1.
so = 0.00259.
Solvent. c. § X 105 s/se. a. Solvent. c. s X 108, s/se. a.
KOOCH 0.02 273 1.053 0.153 KC10, 0.02 274 1.065 0.159
0.05 285 1.097 0.169 0.05 287 1.108 0.188
0.1 287 1.108 0.135 0.1 298 1.150 0.184
0.15 283 1.093 0.095 0.18
0.2 277 1.067 0.063
KNO, 0.02 278 1.072 0.208
0.05 204 1.134 0.230
0.1 308 1.187 0.224

0.22
In the following table are collected all the a values found with various
solutes and solvents according to the preceding figures given above.

TaBLE XVIII.—THE a VALUES AT 0°,

Solvent, 5 5 . . . 6 § z g
— g ¢ g 38 838 88 g
M Z [ z M M Z M M z =5
Salt. 3“"‘1
Praseo thiocyanate.... 0.25 0.31 0.30 0.34 0.32
nitrate......... 0.33 0.34 0.30 0.29 0.31
iodate......... 0.35 0.34 0.37 0.37
picrate........ 0.37 0.33
bromide....... 0.27 0.28
Croceo nitrate......... 0.32 0.38
tetranitro  co-
baltiate...... 0.29 0.34
perchlorate.... 0.38 0.24 0.39
oxalo-triammine
cobaltiate.... 0.47
chloride........ 0.26
QOxalo-tetrammine co-
baltic nitrate. .. 0.43
tetranitro  co-
baltiate...... 0.26 0.24 0.30 0.30 0.33
perchlorate..... 0.40 0.33 0.47 0.41 0.41

‘I'he mean value of all these figures is a = 0.31, which is in accordance
with the a-value derived from the freezing-point measurements as shown
in the previous paper. Inspection of Table XVIII and the foregoing tables
shows, however, that we cannot count upon constant a values, even if
one salt is considered in connection with different solvents, or what was
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wore probable, when one solvent is considered in connection with diff-
erent salts. There is, however, an important regularity to which atten-
tion must be called. When a solvent proves of greater dissolving power
in one instance, it seems to prove so in all. We see, for example, that potas-
shum salts have a greater dissolving effect than sodium salts, chlorates than
chlorides, and these again than formates, etc. With a single exception,
that of praseo nitrate in potassium formate solution, the sequence of
solvent power for all of the salts for which sufficient data have been pro-
cured, is as follows: potassium chlorate, sodium chlorate, potassium
chloride, sodium chloride, potassium formate, sodium formate.

This sequence is observed not only with uni-univalent salts, with which
we are dealing, but also with salts of other types, and especially when
non-electrolytes are considered. We shall in a later paper deal more
in detail with this fact, which is of high importance for our conception
of electrolytic solution. The sequence also, as far as reliable data are
available, is coincident with that obtained by ranging the salts according
to their freezing-point lowering. Of all salts employed, potassium nitrate
showed the slightest lowering of the freezing point and at the same time
produced the greatest increase in solubility. From both of these facts
we infer that the activity coefficients of univalent ions have smaller values
here than in the other solvents employed. Sodium formate on the other
hand shows large values for the freezing-point lowering and correspond-
ingly less solvent power than the other salts. At any rate these are
phenomena to be duly regarded as derived from a rigid relation between
osmotic and activity properties of solutions.

1t cannot, however, be denied, that really constant g values are not
obtained in most cases, even with very sparingly soluble salts. We
can imagine that the incompleteness of our hypothesis is the reason
for such deviations. It is true that the secondary electric effect spoken
of in the previous paper may influence the activity to a considerable
extent, even with univalent ions. On the other hand the cube root ex-
pression of Noyes and Falk,® underlying our calculation of the a values,
certainly gives no exact representation of the freezing-point curves, as
illustrated in a recent publication of G. N. Lewis and G. A. Linhart,’ and
many discrepancies may be due to this fact.

The equation found by Lewis and Linhart, claimed by them to be of
universal validity, is

o
log (n)\ — ;) = alog¢+log B, (1)

where # is the number of ions formed by one mol of salt on complete dis-
sociation, N the theoretical molecular freezing-point lowering (1.858°), 6
5 Lewis and Linhart, Tuis JOURNAL, 41, 1951 (1919).
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the lowering found, ¢ the concentration and « and § constants. ‘The
cquation may also be written,

A= A, — Bc%, 2)

where A and A, indicate the molal lowering observed and calculated,
respectively.

In the first two columns of Table XIX are given the values of a and 8
for a number of salts calculated by Lewis.

TasLg XIX.
a., 8. a. 8.

KCl1 0.536 1.223 K504 0.374 3.187
NaCl 0.535 1.223 BaCl, 0.364 2.660
KIO, 0.442 1.196 CoCls 0.362 2.456

NalO, 0.442 1.196 Mean 0.37 2.7
Mean  0.49 1.21 MgSO; 0.293 3.404
Cds0. 0.325 4,421

Mean 0.31 3.9

In the last two columns we have added the mean values of a and 8.
According to these figures it seems that the a-values decrease, and the
B-values increase, by increasing valences of the ions.

The term v = g, called by Lewis the thermodynamic or corrected

degree of dissociation, is the same as the activity coefficient f used through-
out the previously mentioned papers. Equation 17 in Lewis’ paper
expressing the relationship between activity coefficient and concentra-

tion is easily reached by introducing the osmotic coefficient,
A
@ = 'A—o; (3)
and the relation between this and the activity coefficient,

dinf Q'_P_ _
¢ -(;— ¢ 3 Q1 @). (4)

Substituting here from Equation 2

Bc
e=1- "=
and hence,
de
i -Zo- ac*1
We then find,
nf=- B—-——-u;a"‘) : (5)

which is identical with Equation 17 of Lewis and Linhart.
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In the case of saturation of a binary salt in a binary hetero-jonic solvent
we have, when s indicates the solubility,

sf = Const.
or

Bl 4+ &) ¢*
logs = 2303 2o o <+ const. (6)

Introducing for the solubility in pure water,

_ B0 + a) &~
log sp = 2.303 Ao o -+ const,,
and putting
Bl +-a)
2303 Ap L @
we obtain
log 2 =L 8

So

Inserting in (7) and (8) the values of « and 8 for potassium chloride
we find,

log _;_ = 0.41 ¢ 05, (8a)
[

and for potassium iodate,
log si = 0.456 ¢ 042, (8b)
0
and for magnesium sulfate,
N
log — =1.76.¢ %293 (8¢)
So

Using the formula given by Noyes and Falk for the freezing-point
lowering we have found as shown in the foregoing paper

log 2o c? 9)
So
where a and b are constants, an expression of the same form as that reached
by means of the equation of Lewis. There is however a considerable
difference between the constants in the two formulas. While in the case
of uni-univalent salts L and « both have values in the neighborhood of
0.4-0.5, @ and b are both equal to !/;. For magnesium sulfate the dif-
ference lies in the same direction. It is remarkable however that the
solubility curve of xantho chromate in magnesium sulfate calculated in
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the foregoing paper according to Formula 9, gives a rather close agree-
ment with (8¢) since we have here,

L

o

1.76

III.

0.203

a
b

1.80
0.333.

Uni-univalent Salts in Solvents of Other Types.

A small number of experiments has been made to find the influence of

the type of the solvent upon the solubility of uni-univalent salts.

The

results of these experiments are given in the following tables.

TABLE XX.—PRASEO
THIOCYANATE TNMAG-

TABLE XXI.—OXALO-
TETRAMMINE COBALTIC

TaBLE XXII.—CROCEO
NITRATE IN SoproMm Oxa-

NESIUM SULFATE AT £=0. PERCHLORATE IN Macg- LATE, $=0.
NESIUM SULFATE, t=0,

c. s X 108, s/s0, c. s X 108, s/s0. c. s, X 108, s/s0.
0 289 0 510 0 494
0.02 340 1.11 0.05 739 1.45 0.02 572 1.154
0.05 3568 1.19 0.1 823 1.61 0.05 621 1.256
0.1 379 1.27 0.1 678 1.370
0.2 400 1.38

TaBLE XXIII,—CEstuMm TETRATHIO-
CYANATO-DIAMMINE CHROMIATE.

TABLE XXIV.~CrSIoM ‘TETRANITRO-DI-
AMMINE COBALTIATE.

(Cr(NH;)2(SCN)4)Cs. {Co(NH;):(NO,)4)Cs.

s X 108, s/s0. s X 108, s/s0.

Solvent. c. Solvent, c.

NaOOCH 1 83.1 1.05 NaOOCH 1 785 1.47
NaNOs 1 136.5 1.73 NaNO, 1 1268 2.38
Mg(NO;). 0.5 135.6 1.72 Mg(NOs): 0.5 1113 2.09
MgSOs 0.5 97.6 1.22 MgSO, 0.5 815 1.54
H:0 78.9 H,0 532

Comparing the data from these tables with those found for the same salts
in uni-univalent solvents, we find that as a rule the solubility is mainly
governed by the equivalent concentrations of the solvent, independent
of its type. A solution of magnesium sulfate or of sodium oxalate dissolves
just as much as a solution of a uni-univalent salt of the same equivalent
concentration. The agreement between the figures is at any rate probably
sufficient for establishing this rule as general, the deviations being of the
same order of magnitude as found when uni-univalent solvents are mu-
tually compared.

The values from Tables XXIII and XXIV show great diversity owing
to the high concentration of the solvent employed, whereby the secondary
effects are greatly increased. However, no systematic distinction between
solvents of different types can be observed in these cases, either.

Because of the character of the systems no a values can be calculated
here.
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IV. Bi-bivalent Salts in Bi-bivalent Solvents.
Six systems of this type have been examined. ‘The results are given in

the tables below.

TaBLy XXV.—IsOTHIOCYANATO-PENT-
AMMINE CoBarric CHROMATE.

TaBLE XXVI—CHLORO-PENTAMMINE Co-
BALTIC HEXACHLOROPLATINATE.

{(Co(NH;):NCS)CrOs. 5o = 0.001074. (Co(NH):Cl)PtCle. 5o = 0.000001.
Selvent, . § X 105  s/so. a. Solvent. c. 5 ¥ 108, s/sa. a.
MgSO, 0.02 224 2.086 1.79 MgSO; 0.05 28.2 3.10 1.51
0.06 329 3.07 1.78 0.1 48.3 5.31 1.73
0.1 455 4.23 1.70 1.62
0.2 673 6.26 (1.63)
0.5 1150 10.72 (1.48)
1.0 1770 16.48 (1.33)
1.76

TaBLE XXVIIL.—XANTHO CHROMATE.

TasLg XXVIIIL.—XANTHO OXALATH.

(CO(NHn)sNOz)CrO4. 5o = (.000258. (CO(NH;)sNOz)CzOM- so = 0.0001614.
Solvent, . sX 105,  5/s0. a. Solvent, c. s X 105  s/se. a.
MgSO, 0.02 62 2.40 1.81 MgSO, 0.02 131 8.11 4.08
0.06 90.8 3.562 1.79 0.05 183 11.3 3.31
0.1 123.7 4.80 1.69 0.1 310 19.1 3.09
0.2 180.4 6.99 (1.61) 0.2 445 27.6 (2.69)
1.0 512.0 19.84 (1.38) 1.0 1026 63.6 (1.90)
1.76 3.5

TaBLE XXIX.—CHLORO-PENTAMMINE

TABLE XXX.—CHLORO-PENTAMMINE CHRO-

Coparric OxaraTE. (Co(NH3)Cl)CoOs  Mic OxaratrE. (Cr(NH,)sCl)C:Os.
so = 0.000359. so = 0.001250.

Solvent, ¢ 8§ X 105, s/se. a. Solvent. ¢. 8 % 108, s/sv. a.

MgS0, 0.02 238 6.63 3.90 MgSO, 0.02 596 4,77 3.60
0.05 354 9.87 3.25 0.05 1014 8.11 3.20
0.1 608 16.9 3.05 0.1 1706 13.65 2.98
0.2 1150 32.0 (2.87) 0.2 2640 21.10 (2.64)
0.5 2040 56.8 (2.39) 0.5 4580 36.6 (2.20)
1.0 2030 81.6 (2.04) 1.0 7070 56.6 (1.92)

3.4 3.3

The a values are calculated according to the same equation as used in

uni-univalent salts,

s
log—=a

So

('\8/58 b '\3/30 ) .

For all the ¢ and s calculations molal concentrations are used. The
average @ values of the first three systems, 1.71, is somewhat more than
four times the g values for uni-univalent systems, corresponding to curves
that rise much more precipitously than in the case of uni-univalent systems.

Using equivalent concentrations instead of molal concentrations in the
equation we find ¢ = 1.38 = 4 X 0.34, instead of ¢ = 1.71.
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The three oxalates afford a very much higher increase in solubility
than the other bi-bivalent salts, and correspondingly higher a values,
about 3. 4.

V. Bi-bivalent Salts in Solvents of Other Types.

Bi-bivalent salts have also been determined by employing uni-uni-
and uni-bivalent solvents. Theresultsare given in Tables XXXI-XXXVI.

TABLE XXXI.—CHLORO-PENTAMMINE TapLE XXXII.—CHLORO-PENTAMMINE Co-

CoBALTIC HEXACHLOROPLATINATE. BALTIC OXALATE. (Co(NHjs);C1)CeO4,
(Co(NH;);COPtCl,. s, = 0.000092. so = 0.000359.
Solvent, . s X 108, s/s0. Solvent, ¢. s X 108, s/%0.
KCL 0.02 13.7 1.49 KCi 0.02 35.9 1.47
0.1 2.8 291 0.05 52.8  1.99
0.15 32.7 3.55 0.1 71.5 2.61
0.15 93.5 3.04
KOOCH 0.1 84.9 2.37
0.2 111.3 3.10
0.5 171.5 4.78
1.0 242 .4 8.76
TaBLE XXXIII.—XANTHO OXALATE. TaBLE XXXIV.~CHIORO-PENTAMMINE
(CO(NH3)5N02)0204. so = 0.0001614. CuroMIc OXALATE. (Cr(NHs)zsCI)CzOg.
so = 0.00111.
Solvent, c. s X 108, s/s0. Solvent, c. s X 108, s/se
KOOCH 0.02 27.2 1.68 KOOCH 0.02 150 1.34
0.05 35.6 2.20 0.05 194 1.75
0.1 45.5 2.82 0.1 254 2.29
0.2 61.2 3.79 0.2 331 2.98
0.5 96.7 5.99 0.5 475 4.27
1.0 127.7 7.91 1.0 555 5.00
KCl 882 ggg é;g TABLE XXXV.—ISOTHIOCYANATO-PENT-
0.1 48.7 3.01 AMMINE COBALTIC CHROMATE.
0.2 70.5 4.37 (Co NH,);SCN)CrOs.  so = 0.00107.
0.5 121.2 7.50 Solvent, ¢, s X 108, 5/50,
1.0 201.1 12.4 KOOCH 0.02 140.2 1.31

0.05 162.8 1.52
0.1 189.9 1.77

NaOOCH 0.02 137.7 1.20
0.05 157.0 1.47
0.1 183.5 1.71

A glance at these tables and the tables in the foregoing section shows
first, much more precipitous curves than found with uni-univalent solvents;
second, that the rule of the equal action of equivalent normal solutions,
found to hold for uni-univalent solutes, does not hold when the solute
contains bivalent ions. It is evident, as appears in Fig. 2 representing
the curves of solubility of xantho chromate, that a solution of a bi-bivalent
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Taptr XXXVI—XanrHO CHROMATH.

Holvent, & & X 108, 5/80.
ROOCH 0.02 36.1 1.40
0.05 48.0 1.86
0.1 63.6 2.47
0.2 81.8 3.17
0.5 121.2 4.70
1.0 178.7 6.93
NaOOCH 0.02 32.3 1.25
0.05 41.0 1.59
0.1 55.8 2.16
0.2 74.6 2.89
0.5 113.1 4.38
1.0 172.9 6.70
NaCl 0.05 41.5 1.61
0.1 56.5 2.19
0.2 78.5 3.04

III. 2283

(CO(NH:)ENOS)CI‘O{. Sp = 0.000258.
Solvent, & g X 108 8/5s.
KCl 0.02 37.1 1.44

0.05 52.0 2.02

0.1 89.0 2.68

0.2 88.7 . 3.46

KCl10g 0.02 33.2 1.28
0.05 42.1 1.63

0.1 87.06 2.81

NaClO, 0.02 31.8 1.23
0.05 41.7 1.61

0.1 56.1 2.17

KNO, 0.02 34.5 1.34
0.05 4.4 1.72

0.1 58.8 2.28

NaNQ; 0.02 34.4 1.33
0.05 44.2 1.71

¢.1 57.7 2.24

salt, such as magnesium sulfate, dissolves considerably more of the bi-
bivalent solute than does an equally strong solution of a uni-univalent

salt, such as potassium formate or sodium chloride.
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Pig, 2—8olubility ratio s/s for xantho
chromate in (1) NaOOCH and NaClO;, (2)
WaCl, (3) KC10s, (4) NaNO;, (5) KNOs, (6)
KOOCH, (7) KCL, (8) MgS0O4. Theab-
scissa indicates here and in all other dia-
grams equivalent concentration of the
solvent,
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Fig, 3.~Solubility ratioc s/se (1) Iso.
thiocyanate chromate in NaOOCH, (2)
Iso-thiocyanate chromate in EKOOCH,
(8) Pentammine oxalate in KOOCH, (4)
Pentammine oxalate in KCl, (8) xantho
oxalate in KOOCH, (6) xantho oxalate
in KCL
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draw the conclusion that in an equal equivalent concentration of the sol-
vent the activity coefficient of a univalent ion present in the solution
is influenced to a smaller extent than is the activity coefficient of a
bivalent ion. The significance of this conclusion will be clearer when
considering solutes composed of ions of different valences. Thisis treated
in the following section.

V1. Uni-bivalent Salts in Solvents of Various Types.

The first measurements were carried out with uni-univalent solvents
alone. ‘The data are as follows.

Tanrg XXXVII.—BroMmo-PENTAMMINE CoBarric BroMipE. (Co(NH;);Br)Br;.

s = 0.00275.
Solvent, <. s X 108, s/s0. Solvent. c. s X 108, s/s0.
NaOOCH 0.02 315 1.14 KOOCCCL 0.1 388 1.41
0.05 351 1.28 0.2 444 1.62
0.1 393 1.43 CCLCOOH 0.1 372 1.35
0.2 442 1.61 0.2 411 1.49
0.5 %7 191 KCIO,  0.02 328 117
1.0 598 2.16 0.05 371 1.34
KOOCH  0.02 323 1.16 01 425 154
0.05 357 1.30 NaClo,  0.02 328  1.17
0.1 397 1.46 0.05 360 1.3¢
0.2 455 1.65 o1 0 153
0.5 549 1.98
1.0 648 2.36

TaBLE XXXVIII.—BROMO-PENTAMMINE TasLr XIL.—CHLORO-PENTAMMINE Co-
Coparric CHLORIDE. (Co(NHj;)sBr)Cla. BALTIC CHLORIDE. (Co(NH;)sCl)Cla.

so = 0.00542. so= 0.0091.
Solvent, . s X 108, s/50. Solvent, . s X 108, s/s0.
KCIO: 0.05 699 1.29 KOH 0.02 1090 1.20
0.1 792 1.47 0.05 1320 1.45
NaCl0, 0.05 6904  1.28 0.1 1310 1.44
0.1 791 1.47
1.0 1511 2.79
TABLE XXXIX.—THIOCYANATO-PENT- TaBLE XLI.—XANTHO NITRATE.
AMMINE Comaryic Iopars. (CO(NH)s-  (Co(NHp)NO)(NOs)a s = 0.0170.
CNS)(IO;):. so = 0.00204. Solvent, c. s X 105, s/s0.
Solvent, [4 s X 108, s/s6. KC1 0.01 1784 1.08
NaOOCH 0.02 230 1.13 0.02 1858  1.09
0.05 268 1.31 KOOCCHC!, 0.02 1840 1.09
0.1 312 1.53 0.05 2010 1.18
0.2 367 1.80 0.1 2150 1.26
0.5 488 2.39 MgCle 0.01 1850 1.09
1.0 635  3.11  Na,S0, 0.01 1970 1.16
KOH 0.02 286 1.40 0.02 2210 1.30
0.05 3824 1.59 0.05 2720 1.60
0.1 323 1.58 0.1 3360 1.97
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The data represented in Figs. 4 and 5 show a somewhat stronger increase

with increasing concentration of the solvent
than in the case of uni-univalent salts.
Otherwise the curve is almost the same, par-
ticularly as to the order of the various sol-
vents with regard to dissolving power.

Three other salt determinations were car-
ried out using solvents of higher types. The
results from these are given in Tables
XTLI-XLIIT and in Figs. 6, 7 and 8.

In describing the phenomena appearing in
these systems it is necessary to make a sharp
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Fig. 4.—Solubility ratio of
bromo-pentammine bromide in
(1) KOOCCCE, (2) NaOOCH,
(3) KOOCH, (4) NaClO,, (5)
KClO;.

distinction between two cases of interaction of uni-bivalent salts. In the
first of these the two salts are electrically isotypic, as for example chloro-
pentammine bromide and calcium formate [Co(NHj)s C1]Brz and Ca(00-
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Fig. 5.—Solubility ratio of bromo-
prentammine chloride in (1) NaClOs,
(2) KC10;, and of thiocyanate
pentammine iodate in (3) NaOOCH.

CH),; and in the other they are electrically
heterotypic, as for example croceo sulfate
and magnesium chloride, [Co(NHj3)(N-
O3)2]2 SO4 and MgCl,. When a uni-biva-
lent isotypic solvent is employed, the
solubility of the salt does not increase any
more than when a uni-univalent one is
employed. Potassium dichloro-acetate
and calcium formate dissolve chloro-
pentammine cobaltic bromide to nearly
the same extent. Sodium oxalate and

potassium chioride dissolve equal amounts of croceo sulfate. On the other
hand using an electrically heterotypic solvent we find much greater

solubilities, nearly the same
ployed.

as when bi-bivalent solvents are em-

From these results and those previously

given we are justified in concluding that ,

the activity of an ion is affected similarly
by ions of the same sign, only when the
equivalent concentration of the acting ions
is the same. If the dissolved ion is uni-uni-

valent the action of ions of the opposite sign ,,

will likewise depend chiefly upon the equiv-
alent concentration. In the case of dis-
solved ions of higher valence than unity, the

™\
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Fig. 6.—Solubility of xantho ni-

trate in(1) KOOCHClz, (2) Na,SO,.

effect of the ion of opposite sign will increase with increasing valence.
In all cases the activity of an ion depends much more upon the nature
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Fig. 7.—8olubility ratio of chloro-pentam-
mine bromide in (1) Ca(OOCH),, (2) KOO~  Fig. 8.—Solubility ratio of croceo sul~
CCH-Cly, (8) MgS0,, (4) Na;S0,, (5) (KOO- fate in (1) KOOCCHCY, (2) KC(l, (3) Nas-
C):CeH,. C:0y, (4) MgCla.

of the ions of the opposite sign than on that of the ions of the same sign,
a point of view of importance in the general conception of salt solutions.

TaBLE XLII.—CHLORO-PENTAMMINE TaABLE XLIIT.—CROCEO SULFATH.
CosaLTIC BROMIDE. (Co(NHy);Cl)Bry. (Co(NHy)(NO»)2):804 s = 0.00098.
so = 0.00725.
Solvent. c. s X 108, s/se. Solvent, ¢ s X 108, 8/5s.
KOOCCHCl 0.01 774 1.07 KC1 0.01 111.5 1.16
0.05 938 1.29 0.02 119.9 1.25
0.075 980 1.35 0.05 138.5 1.44
0.1 1016 1.39 0.1 161.2 1.67
Ca(O0OCH), 0.01 815 1.12 KOOCCHCl; 0.02 118.9 1.24
0.02 900 1.24 0.05 136.6 1.42
0.04 979 1.35 0.1 155.8 1.62
0.06 997  1.38  ppoqy, 0.01  132.6 1.38
(K00C):.CeHe  0.01 932 1.29 0.02 150.0 1.58
0.02 1073 1.48 0.05 185.5  1.98
0.05 1340 1.85 0.1 293 5 2.32
0.1 1604  2.21  Na,C04 0.01 122.2  1.26
NasSO4 0.01 903 1.24 0.025 140.7 1.46
0.02 1040 1.42 0.05 161.0 1.67
0.05 1312 1.81 0.1 189.1 1.97
MgSO, 0.01 916 1.26
0.02 1027 1.40
0.05 1245 1.72

VII. Uni-trivalent Salts in Solvents of Various Types.

The following results were obtained.
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Tapry XLIV.—~LUTE0 TETRANITRO-
pramMMINg CoBALTIATE. {(Co(NHs)e)-
(Co(WH ) (NOs)gs.  so = 0.000048.

Solvant. . s % 108, s/s0.
EC) 0.01 5.23 1.22
0.05 7.56 1.76

0.1 9.60 2.23

MgCly 0.01 6.36 1.48
0.05 9.41 2.18

0.1 11.40 2.65

Ca{O0OCH), 0.01 6.06 1.41
0.05 8.93 2.08

0.1 10.20 2.37

NasS04 0.01 10.1 2.35
.05 15.6 3.63

(XOOC):CHs 0.01 11.0 2.56
0.05 18.2 4.23

MgSO, 0.01 9.48 2.20
0.05 14.4 3.35

0.1 17.3 4.02

Tasry XIVI.—OXALO-TETRAMMINE Co-

BALTIC HEXATHIOCYANATO CHROMIATE.

(CO(NHs) 4C2O4)3(CI‘(CNS)6) .

so = 0.000532.
Solvent. c. s X 108, s/s0.
NaCl 0.001 54.9 1.03
0.005 58.6 1.10
0.01 62.7 1.18
0.05 79.7 1.50
MgCl, 0.001 B57.7 1.09
0.005 66.6 1.25
0.01 72.8 1.37
0.05 95.4 1.79
Ca(OOCH); 0.001 57.5 1.08
0.005 66.5 1.25
0.01 72.9 1.87
0.05 05.4 1.79
NagS0, 0.001 57.5 1.08
0.005 67.8 1.27
0.01 77.0 1.45
0.05 117.7 2.21
MgSO0, 0.001 58.6 1.10
0.005 68.7 1.29
0.01 76.6 1.44
0.05 110.0 2.07
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Tasrte XILV.—AQUuo-PENTAMMINE (o-

BALTIC TETRATHIOCYANATO-DIAMMINE
Curomiatg. {Co(NHy):H:0) (Cr(NHs)y-
(CNS)l)a So = 0.0000663.
Solvent. c. & X 10% §/s6.
KCl 0.01 7.32 1.10
0.05 9.05 1.86
0.1 10.24 1.54
MgCly 0.005 7.41 1.11
0.01 8.12 1.22
0.1 11.84 1.97
Ca(OOCH); 0.005 8.61 1.29
0.01 9.76 1.46
0.05 12.0 1.80
.1 13.6 2.04
NazS0, 0.005 11.0 1.65
0.01 12.6 1.86
0.05 19.8 2.98
{KOOC):.CH¢ 0.005 12.3 1.85
0.01 14.1 2.12
0.1 27.2 4.08
MgSO,4 0.01 11.5 1.72
0.1 18.6 2.79

TABLE XILVIL—PRASEO HEXACYANO

FERRIATE. (Co(NH;)Ch)a(Fe(CN)s).
so = (.000121.
Solvent, A s X 108, s/sa.
KCl1 0.01 13.9 1.15
0.05 19.3 1.60
0.1 23.3 1.93
MgCly 0.005 15.7 1.30
0.01 17.1 1.41
0.05 23.1 1.91
0.1 26.1 2.16
Ca(OOCH), 0.01 16.8 1.89
0.05 23.0 1.91
0.1 26.3 2.18
Na,;S0, 0.005 13.8 1.14
0.01 15.8 1.30
0.05 22.2 1.84
0.1 26.5 2.19
(KOOC)Cetly -~ 0.005 14.4 1.19
0.01 16.0 1.32
0.05 22.7 1.88
0.1 28.2 2.38
MgS0, 0.005 14.9 1.28
0.01 16.7 1.38
0.05 22.2 1.84
0.1 25.1 2.08
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Fig. 9.—Solubility ratio of luteo tetra-  Fig. 10.—Solubility ratio of aquo-pentam-
nitro cobalitate in (1) Ca(OOCH)s, (2) mine tetrathiocyanate chromiatein (1) KCIf
MgCl, (8) KCl, (4) MgSO,, (5) Na:SQy, (6) (2) MgCly, (3) Ca(OOCH),, (4) MgS0y, (5)
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Fig. 11.—Solubility ratio of oxalo-hexa- Fig. 12.—Soludility ratio of praseo hexa-
thio-cyanato chromiate in (1) NaCl, (2) Mg- cyano ferriatein (1) Na;SO,, (2) (KOOC):Cs-
Clz and Ca(OOCH)s, (8) NasSOy, (4) MgSO..  H,, (3) KCl, (4) Ca(OOCH)s, (6) MgCla.
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The curves are shown in Figs. 9, 10, 11 and 12. In the case of luteo-
tetranitro-diammine cobaltiate we encounter the same effect of the electric
type of solute and solvent as in the case of uni-bivalent salts, but to a
still more marked degree. When the solvent contains bivalent anions
the solubility is increased very much more than when it contains bivalent
cations, in accordance with the principle developed in the foregoing
section.

Roseo-tetrathiocyanato chromiate exhibits the same behavior towards
solvents of different electrical type. Here, however, the individual
influence of the solvents proves to be more marked. Only the curves for
magnesium chloride and potassium chloride are nearly coincident.

The diagrams for the two salts with trivalent anions show this less con-
spicuously. The greater dissolving power of the bivalent cation as com-
pared to the bivalent anion is still noticeable but only in the most diluted
solutions. With rising concentration the individual nature of the solvent
seems to play a considerable part in the action, obscuring to a certain
degree the pure primary electrical effect. The diagram of praseo-hexacy-
ano ferriate is particularly difficult to account for from the point of view
adopted here. On account of the instability of the saturating salt the
data are probably not very reliable.

VIII. Tri-trivalent Salts in Solvents of Various Types.
TanLg XLVIII—LUTEC HEXACYANO

TaBLE XIIX.—IuTE0 HEXACYANO

Cosarriate. (Co(NH;)s) (Co(CN)e). FrrrIATE. (CO(NH,)s) (Fe(CN)e).
so = 0.0000070. so = (.0000098.
Solvent, ¢. s X 10%, s/s0. Solvent. c. s X 108, s/50.
K1 0.05 3.79 5.4 KCl1 0.05 5.34 5.4
0.1 6.50 9.3 0.1 9.11 9.3
0.2 12.46 17.8 0.2 17.24 17.8
0.5 34.7 49.6 0.5 46.2 47.2
0.75 56.2 80.3 0.75 75.1 76.5
1.0 81.3 116 1.0 107.9 110
2.0 207 296 2.0 272 277
NaCl 0.1 6.02 8.6 NacCl 0.1 8.31 8.5
1.0 60.2 86 1.0 79.1 81
NaQOCH 0.2 12.16 12.4
& 0.5 26.32 2.8 TasLy L.—Lureo Trioxaro Comanri-
1.0 48.82 49.8 atE.  (Co(NHa)s) (Co(Ci04)s).
KOOCH 0.2 13.77  14.0 so = 0.000019
0.5 34.02 34.7 Solvent. c. s X 108, s/so.
1.0 71.35 72.8 NaCl 0.05 10.14 5.3
MgS0, 0.05 24.3 22.7 0.1 17.8 9.4
0.1 39.0 39.8 0.2 34.8 18.3
1.0 277 282 0.5 100.8 83.1
1.0 245 129
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In this series the increase in solubility is very much higher than in the
foregoing, as shown in Table XL VIII-I, and the accompanying diagram.
The curves for luteo-hexacy-
ano cobaltiate and ferriate ex-

/ hibit a remarkable concord-
100 ] ance, and the absolute solu-
7 G [ s
/ Y/ / bilities are also very nearly
7 the same.”

3 Also the shape of the solu-
714 bility curve of the trioxalo
cobaltiate shows a close agree-
%0 / ment with that of the cyanides.
/ The first mentioned curve is
however steeper, showing that
the activity of the trioxalo

\
Ny

N
N
NIAN

/ L1 cobaltiate ion is lessened by

ol /1 A the solvent more than is the
r activity of the two others.

a 75 70 A saturated solution of luteo

Fig. 13.—Solubility ratio of luteo hexacyano le€xacyano cobaltiate in 3 N
cobaltiate in (1) NaOOCH, (2) KOOCH, (3) potassium chloride solution
NaCl, (5) KCl, (7) MgSO,, and of luteo hexacy- gjves on dilution with water
ano ferriate in (4) KCl, and of luteo trioxalo to 0.5 N in a short time a

Itiate i NaCl. .. .
cobaltiate in (6) Na precipitate of the solid luteo

salt, indicating that the solubility increases more than in proportion to the
increase in the concentration of potassium chloride.
Magnesium sulfate again gives sharply rising solubility curves for tri-

8 An attempt was made to determine the solubility of luteo-trioxalo cobaltiate in
KCI solution as well. While with NaCl as solvent, green solutions are obtained, the
color of which is due to the CoOx;~~~ ion, KCl gives yellow solutions evidently not con-
taining the complex ion. The phenomenon is explained by assuming the existence
of the double salt: Ks[ Co(NHs)s] [Co(Ce04)s]:, 6H,O described by S. P. L. Sérensen
(““Studier over Koboltidoxalater,” Copenhagen, 1899, p. 71). As no corresponding so-
dium double salt is formed under the same condition and the potassium salt is very
sparingly soluble, this peculiar reaction probably could be used for the separation of
the two alkali metals.

7'T'he agreement in properties of salts of the ions Co(CN)s ™=~ and Fe(CN)s ™~ ~are well-
known. Itisprobable, however, that a careful scrutiny will show much more concord-
ance than hitherto assumed. According to Werner’s theory, we have in both cases
in octahedral arrangement of CN groups around a central Co or Fe atom. Just as
with the nucleus in isotopic atoms, the central atom in these groups is shielded
from reaction with outside atoms or groups if the distances between the central atom
and the cotrdinated groups are the same. The figures for the specific weight of K;Fe-
(CN)s and K;Co(ON)¢ prove that this holds very approximately, the distances in the
Fe compound exceeding those in the Co compound by less than 2%,.
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trivalent salts. In 0.1 M solution the solubility of luteo-hexacyano cobal-
tiate is 40 times as great as in pure water.

In accordance with the theoretical shape of the solubility curves for
tri-trivalent salts shown in the first paper of this series, all the curves for
these salts are more like straight lines than those found with salts of lower
types. ‘That the individual nature of the solvent is here found to be much
more pronounced than in the case of uni-univalent salts is likewise in
agreement with the theory requiring changes in s/sq, which for the same
percentage change in the coefficient @, are greater in proportion to the
absolute value of a.

IX. General Remarks.

In the first paper of this series the expression
log—si- =gq (\3/5——- \':'/53)
0

was chosen to cover approximately the solubility changes of salts in hetero-
ionic solvents up to about 0.1 N solution, a being here a constant, which
in uni-univalent salt systems has a value of about !/;. The experimental
material in salt systems of the same type used in the present paper agrees
approximately with the established equation, and an equation of the same
structure seems to hold in the case of bivalent salt systems as well. How-
ever the individual behavior of the salt employed is more pronounced in
the more developed material now at hand, and tends to obscure any nu-
metical regularity in salt systems of promiscuous type. On the basis of
the above experiments the following qualitative rules may be formulated.
The influence of the solvent increases with the increasing valence of the ion
of the solvent salt, which in the case of the tri-bivalent salts leads to an enormous
increase of solubility, even on the addition of solvents of very low concenira-
ton. When both the dissolved and dissolving ions are of the higher valence,
the effect of the sign of the electric charge is very marked, producing the highest
solubility values when the polyvalent ioms of solvent and solute are of different
Sigh.

As already indicated in the first paper, the reason for the appearance
of individuality in the solubility curves must be sought partly in the
hydration of the solvent and the solute, and partly in the fact that in
these ions we are dealing not with mass as points, but with particles of
different sizes bearing a number of electric charges of opposite signs, the
algebraic sum of which gives the net charge or valence of the ion.

Tt is probable that this influence of size of ion, especially in the field
of metal ammonia salts considered in this paper, on account of the rather
complicated molecular structure of these salts will in many cases prove to
be of considerable magnitude.
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Since the theory of solubility as here developed, showing the depen-
dence of solubility on the solvent, is really nothing but a theory of solu-
tions, the proper way of attacking the problem, when its complicated nature
has been thus manifested, will be a more detailed systematic examination
of single cases of equilibrium, rather than the broad consideration of an
elaborate mass of material, such as is given in the present paper. The
knowledge riow available as to the general behavior of salts as saturating
substances in salt solution is, however, of great value in such a closer study
of single cases. The conclusive results achievable from experiments in
this direction will be the subject matter of the next article in this series.

COPENHAGEN, DENMARR.

[CONTRIBUTION FROM THE GEOPHYSICAL LABORATORY, CARNEGIE INSTITUTION OF
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THE CRYSTAL STRUCTURE OF AMMONIUM CHLOROPLATI-
NATE.

By RaLpa W. G. WYCKOFF AND EUGEN PoSNJAK.
Received June 24, 1921,

Introduction.—This study of the crystal structure of ammonium
chloroplatinate is intended primarily to furnish an illustration of the appli-
cation of that method of studying the structures of crystals which arises
from the use of the theory of space groups.t At the same time it will show
the possibilities and more especially the present limitations in the study of
any but the very simplest of structures.

QOutline of the Determination.—The study of the arrangement of
the atoms in this crystal will be carried out through the following main
steps: (1) a consideration of the X-ray reflection spectrum from some
important crystal face, in order to determine the absolute dimensions of
the unit cell and to indicate the number of chemical molecules to be asso-
ciated with it; (2) a description, with the aid of the results of (1), the
crystallographic data, and the theory of space groups, of all of the ways
in which it is possible for the atoms of ammonium chloroplatinate to be
arranged; (3) the obtaining of diffraction data suitable for distinguishing
between these various possible structures and the determination of the
correct one to represent the arrangement of the atoms within the crystals
of this salt.

The Specimens.—The crystals that were employed for this investi-
gation are clear octahedrons 2 to 3 mm. on their largest diameters. They
were sufficiently small so that the Laue photographs, to be described later,
were prepared by passing the X-rays through the entire crystal without

1 P. Niggli, “Geometrische Krystallographie des Discontinuums,” ILeipzig, 1919;
Ralph W. G. Wyckoff, Am. J. Sci., 1, 127 (1921) and earlier papers.



