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The three-component systems RbCl-MnCl,-H,0, 2RbCl - CoCl, - 2H,0-2RbCli - CuCl, - 2H,0-
H,0, 2RbCl + CoCl, - 2H,0-2RbCl :+ MnCl, - 2H,0-H,0 have been studied at 25°C. In the 2RbCl -
CoCl, - 2H,0-2RbCl - CuCl, - 2H,0-H,0 system, a discontinuous series of mixed crystals is formed

and in the 2RbCl - CoCl, - 2H,0-2RbCl - MnCl, -

2H,0-H,0 system, a continuous series is present.

The unit cell parameters of the 2RbCl - CoCl, - 2H,0 double salt were determined: a = 5.586(2) A,
b= 6.46903) A, c = 6.988(2) &, o = 65.31(3)°, B = 87.69(3)°, y = 84.65(4)°, volume 228.4 A%, Z = 1.
The results obtained and discussed in conjunction with the crystal structure data suggest that for
2M'C1 - MUCl, - 2H,0 type salts the triclinic structure is stable only when the large rubidium and
cesium ions participate in combinations with non-Jahn-Teller metal(II) ions. In the cases of Jahn—
Teller metal(I) ions or with potassium or ammonium ions a tetragonal structure is always stable.
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Introduction

The variety of metal(I)-metal(II) chlo-
ride double salts is huge. Double salts are
formed in most three-component systems
MCI-M"Cl,-H,0, where M! = Li, K,
NH,, Rb, Cs, and M = Mg, Mn, Fe, Co,
Ni, Cu, Zn, Cd, Ca. The systems with NaCl
are exceptions with no double salts (exclud-
ing CdCl, and ZnCl,). Table I shows the
compositions of the double salts crystal-
lized from these systems. Moreover, a
great number of mainly anhydrous double
salts have been obtained preparatively and
their crystal structures studied. Amidst the
variety, it is seen that certain compositions
appear in most systems, for example, the
salts 2MCl - MUCl, - 2H,0 (2:1:2). The
study of their isodimorphism is the purpose
of the present work.
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The crystal structures of the 2MICI -
MUCI, - 2H,0 salts fall into two types of
crystal systems: tetragonal (2KCl - MnCl,
- 2H,0 (1); 2NH,C1 - MnCl, - 2H;0 (2);
2KCl - CuCl, - 2H,O0 (3, 4); 2NH/CI -
CuCl, - 2H,0 (5-7); 2Rb(l - Cu(l; - 2H,0
(8,9); 2CsCl- CuCl,-2H,0 (9, 10);
2NH,CI - FeCl, - 2H,0 (/1)) and triclinic
(2RbC1 - MnCl, - 2ZH,0 (12, 13); 2CsCl -
MnCl, - 2H,O (i2-14)). The only excep-
tions are the orthorhombic salt 2LiCl - Zn
Cl, - 2H,0 (15) whose structure differs es-
sentially from the other structures due to
the very small radius of the Li* ion and the
2LiCl - MnCl, - 2H,0 salt. These salts are
left outside our discussion.

Experimental

The three-component systems 2RbClI -
CoCl; - 2H,0-2RbCl - CuCl, - 2H,0-H,0
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TABLE I
COMPOSITION? OF THE KNOWN DOUBLE SALTS OBTAINED IN THE MCl-MUCl-H,0 SYSTEMS
Mg?* Mn2+ Fe?* Co?* Niz* Cu? Zn?* Cd+
1:1:7 1:1:2 2:1:4 1:1:2 4:1:2 1:1:2 1:1:2,5
Lit DS 1:1:5  4:1:0 2:1:4 4:1:10 2:1:4 1:1:28 2:1:2 1:2:5
2:1:2  4:1:10 3:2:6 7:2:18  4:1:10 4:3:12
MC
1:1:2 3:4:13
1:1:3 3:4:14
Nat No No No No No No 2:1:3% 1:2:5 8:1:16
2:1:3% 8:4:14
3:4:10
1:1:1 4:1:0° 1:1:2 1:1:0° 1:1:0° 1:1:12 MC 1:1:0* 1:3:4b
K* 1:1:6° 1:1:2° 4:5:0 No 2:1:00 4:7:14 1:1:2 1:1:2° 1:1:1 2:1:0
2:1:20 5:3:0 MC 5:5:9 2:1:2 2:1:0 1:2:0 4:1:0°
2:1:26 2:1:28 1:1:2 1:1:2 M ,5:1:2 1:1:0 1:1:0%
NH; 1:1:6° MC(a,8) MC(a,8) 2:1:2 1:4:0 2:1:20 2:1:00 4:1:0°
MC(«,B) 3:2:0 3:1:6 3:1:0°
1:1:2¢ 1:1:0°
Rb* 1:1:6° 2:1:2 2:1:2 2:1:20 4:1:0°
1:1:2° 1:1:0% 3:2:28 1:1:0%
Cs* 1:1:6 2:1:2% 2:1:0° 2:1:0° 4:3:2 2:1:0°
1:1:20 3:1:0° 2:1:20 3:2:00

Note. DS = double salts with unknown composition. MC = mixed crystals.
< The ratio between the digits denotes the molar ratio of M!Cl: MICl,: H,0 in the double salts.

» Double salts with known structures.

and 2RbCl - CoCl, - 2H,0-2RbCl - MnCl,
- 2H,0-H,0 were studied at 25°C by the
solubility method using isothermal de-
crease of supersaturation (16). The double
salts were prepared using compositions
from the crystallization fields of the double
salts found when studying the three-compo-
nent aqueous-salt systems; namely, RbCl~
CoCl1,-H,0 (17) and RbCi-CuCl,~-H,0 (8).
To locate the crystallization field of the
2RbCl - MnCl; - 2H,0 double salt, for
which no literature data are available, we
undertook a study of the system RbCl-
MnCl~-H,0 at 25°C.

The salts used were ‘“Merck analytical
reagent’’ grade. The time to attain equilib-
rium in the systems studied was 6-7 days
under continuous stirring. The composition
of the solid phase considered as thoroughly
suction dried was determined graphically
by Schreinemakers’ method (I8) for the
double salt 2RbCl - MnC]l, : 2H,0 formation
and by the method of algebraic indirect

solid phase composition identification (19)
for mixed crystal formation. The resulis ob-
tained are confirmed by X-ray diffraction,
differential thermal analysis, and thermo-
gravimetric analysis.

The RbCI-MnClL~H,0 system at 25°C.
The composition of the liquid and the corre-
sponding wet solid phases were analyzed in
the following way: Mn?* was determined
complexometrically by direct titration with
0.05 M EDTA in ammonia buffer with ery-
ochrome black T as indicator in the pres-
ence of hydroxylamine hydrochloride or as-
corbic acid as a reducing agent (20). The
total amount of chloride was determined ar-
gentometrically (27). The RbCl concentra-
tion was calculated from the difference be-
tween the total chloride and MnCl,-bonded
chlorides. The results for this system are
presented in Fig. 1 and Table II. The solu-
bility isotherm consists of three branches,
corresponding to pure RbCl, to the 2:1:2
double salt and to MnCl, - 4H,0. The two



306

HO0 10 20 30 4 50

07 80 9%
lpkHp0

MnCly

FiG. 1. Phase diagram of the three-component sys-
tem RbCl-MnCl,~H,0 at 25°C (in mass %).

eutonics (or two-salt points) have the com-
positions 2.92% MnCl,, 47.08% RbCI,
and 41.66% MnCl,, 2.46% RbCI, respec-
tively. The existence of the double salt was
confirmed by X-ray diffraction, differential
thermal analysis, and thermogravimetric
analysis (Fig. 2). The decrease in the sam-
ple weight of 9.17% at 100-140°C corre-
sponds to the theoretical amount of water
of crystallization (8.92%) for the double salt
2RbC1 : MnCl, - 2H,0. The second endo-
thermic peak in the DTA curve at 420°C
corresponds to melting of the anhydrous
double salt (22).

The 2RbC! - CoCly - 2H,0-2RbCI -
CuCl, - 2H,0-H,0 system at 25°C. The
composition of the liquid and the corre-
sponding wet solid phases was analyzed by
determining the sum of Cu?* and Co?* com-
plexometrically in a back titration with a
ZnSO, solution at pH 5.5-6.0 with xylenol
orange as indicator. The Cu?* concentra-
tion was found iodometrically. Figure 3 and
Table I1I show the results from these exper-
iments. The salts 2RbCl - CuCl, - 2H;0
and 2RbCl - CoCl, - 2H,0 were found to
form discontinuous series of mixed crys-
tals, i.e., the salts are isodimorphic. The
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TABLE II
SoLuBILITY IN THE RbClI-MnCl-H,0 SYSTEM
AT 25°C
Wet solid

Liquid phase phase

(mass %) (mass %)
MnCl, RbCl MnCl, RbCl Solid phase

0.00 48.60 0.00 9990 RbCI

1.40 47.20 0.17 99.78 RbC(l

292 47.08 6.04 79.64  Eutonics

2.79  46.81 17.24  62.84  Eutonics

413  43.00 27.76  56.86  2RbCI - MnC), - 2H,0
16.52  21.80 31.00 58.03 2RbCI- MnCl; - 2H,0
25.68 11.32 3142 57.97 2RbCl - MnCl, - 2H,0
29.85 8.45 3200 59.32 2RbCI - MnCl, - 2H,0
31.90 7.25 32.27 53.55 2RbCl - MnCl, - 2H,0
36.12 4.54 32.50 5270 2RbCl - MnCl, - 2H,;0
37.29 4.59 34,16 38.56 2RbCI - MnCl, - 2H,0
41.66 2.46 45.56  33.41  Eutonics
41.88 2.59 62.58 0.10 MnCl, - 4H,0
42.50 0.00 61.47 0.00 MnClL - 4H,0
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FiG. 2. Thermal data for the double salt 2RbCl -
MnCl, - 2H,0. Paulik—Paulik-Erdey apparatus; heat-
ing rate 10°C min~!.
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TABLE III
SoLUBILITY IN THE 2RbCl « CoCl, - 2H,0-2RbCl - CuCl, - 2H,0-H,0 SYSTEM AT 25°C

Solid phase
Solid phase calculated as
calculated as thoroughly
thoroughly suction dried
Liquid phase suction dried Liquid phase 19
(mass %) (19) (mass %) (molar parts) (molar parts)
e @)y e Qr e 2y 1 2¢ Deoz+jcur+
0.00 37.80 0.00 100.00 0.00 1.00 0.00 1.00 —
3.75 34.22 1.92 98.08 0.10 0.90 0.02 0.98 0.18
6.60 33.74 4.37 95.63 0.16 0.84 0.04 0.96 0.23
8.16 31.97 5.50 94.50 0.20 0.80 0.06 0.94 0.23
10.07 30.29 4.00 96.00 0.25 0.75 0.04 0.96 0.12
11.16 28.76 3.69 96.31 0.28 0.72 0.04 0.96 0.10
13.45 26.17 3.65 96.34 0.34 0.66 0.04 0.96 0.07
30.16 9.38 3.76 96.24 0.76 0.24 0.04 0.96 0.01
31.44 10.03 4.38 95.62 0.76 0.24 0.04 0.96 0.02
47.58 1.14 4.62 95.38 0.98 0.02 0.05 0.95 0.001
53.11 0.50 7.06 92.93 0.99 0.01 0.07 0.93 Eutonics
53.68 0.42 72.93 27.07 0.99 0.01 0.73 0.27 0.03
54,07 0.45 87.44 12.56 0.99 0.01 0.88 0.12 0.06
54.73 0.00 100.00 0.00 1.00 0.00 1.00 0.00 —

2 2RbCl - CoCl; - 2H,0.
¢ 2RbCl - CuCl, - 2H,0.

copper ions replace the cobalt ions in
2RbCl - CoCl; - 2H,0 but the resulting
mixed crystals possess a very narrow crys-
tallization field. The cobalt ions only par-
tially substitute for the copper ions in
2RbCl - CuCl, - 2H,0, attaining saturation
at a value of about 4-5% 2RbCl - CoCl, -
2H,0 and further inclusion of Co?* is not
observed. These results show that 2RbCl -
CoCl; - 2H,0 does not belong to the te-
tragonal system of the 2:1:2 salits.

The 2RbCl - CoCl, - 2H,0-2RbCI -
MnCl, - 2H,0-H,0 system at 25°C. Mn**
was determined complexometrically by di-
rect EDTA titration in ammonia buffer with
eryochrome black T as indicator in the
presence of hydrochloride as reducing
agent. Sodium cyanide was used to mask
the Co?* ions as a stable cyanide complex.
The sum of Mn?* and Co?* was determined
complexometrically by back titration with a

calibrated ZnSO, solution in ammonia
buffer with eryochrome black T as indica-
tor. The results are shown in Fig. 4 and

2 2H,0

ZRbCLCoCL

¥
1

0 v ——v—r
2RBCLCuC,2H,0 05

T
ZRB0.CoCk 2H,0

Fic. 3. Distribution of the components in the
2RbCl - CoCl, - 2H,0-2Rb(1 - Cull, - 2H,0-H,0
system at 25°C (discontinuous series of mixed crys-
tals).



308 BALAREW AND TEPAVITCHAROVA

2RBCLLOCY) 2H0

o

]

0 a5 1
2ROCLMICL2H0 —ox  2RBCL.CoClyZH,0

Fic. 4. Distribution of the components in the
2RbCl - CoCl, - 2H,0-2RbC] - MnCl, - 2H,0-H,0
system at 25°C (continuous series of mixed crystals).

Table IV. The salts 2RbCl - CoCl, - 2H,0
and 2RbC1 - MnCl, - 2H,0 form a continu-
ous series of mixed crystals, which is sup-
ported also by X-ray diffraction studies,
i.e., the two salts are isomorphic. This
means that the 2RbCI - CoCl, - 2H,0 struc-
ture is triclinic.

X-ray diffraction studies. A single-crystal
CAD 4 diffractometer was used to deter-
mine the 2RbCl - CoCl, - 2H,O and 2RbC(l
- MnCl, - 2H;0 double salt parameters by
refining the angular positions of 18 reflexes
in the 20-22° region:

2RbCl1 - CoCl; - 2H,0  2RbCl - MnCl, - 2H,0

a = 5.586(2) A a=56472) A
b = 6.469(3) A b = 6.545(2) A
¢ = 6.988(2) A c =7.0915) A
a = 65.3103)° a = 65.05(4)
B = 87.69(3)° B = 87.24(4Y
= 84.65(4)° y = 84.34Q2)°
Volume = 228.4 A2 Volume = 236.4 A2
Z=1 Z=1
Discussion

The results obtained and discussed in
conjunction with the crystal structure data
suggest that for 2M!Cl - MUCl, - 2H,0
type salts the triclinic structure is stable

TABLE 1V
SoLuBILITY IN THE 2RbCl - CoCl, - 2H,0-2RbC(l - MnCl; - 2H,0-H,0 SYSTEM AT 25°C

Solid phase
Solid phase calculated as
calculated as thoroughly
thoroughly suction dried
Liquid phase suction dried Liquid phase 19
(mass %) (19) (mass %) (molar parts) (molar parts)
1y 2 1 @y e (2 e 2 Dcoz+/mn2+
0.00 48.26 0.00 100.00 0.00 1.00 0.00 1.00 —
9.96 39.17 1.59 98.41 0.20 0.80 0.02 0.98 0.06
19.69 30.39 4.07 95.93 0.39 0.61 0.04 0.96 0.07
25.41 23.33 7.70 92.30 0.52 0.48 0.08 0.92 0.08
30.32 18.87 12.08 87.92 0.61 0.39 0.12 0.88 0.09
33.98 17.09 14.37 85.63 0.66 0.34 0.14 0.86 0.08
43.47 9.76 22.39 77.61 0.82 0.18 0.22 0.78 0.06
46.74 5.90 33.85 66.15 0.89 0.11 0.34 0.66 0.06
48.87 4.18 46.02 53.98 0.92 0.08 0.46 0.54 0.07
54.62 0.15 96.94 3.06 1.00 0.00 0.97 0.03 0.09
54.73 0.00 100.00 0.00 1.00 0.00 1.00 0.00 —

4 2RbC1 - CoCl, - 2H,0.
¢ 2RbCl - MnCl, - 2H,0.
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F1G. 5. Tetragonal structure of a salt of the type
2M!ICl - MICY), - 2H,0. Projection in the [110] plane.
(The atoms depicted in the same manner are located at
approximately the same distance with respect to the
viewer.)

only when the large rubidium and cesium
ions participate in combinations with non-
Jahn-Teller metal(II) ions. In the cases of
Jahn-Teller metal(Il) ions or with potas-
sium or ammonium ions a tetragonal struc-
ture is always stable. The explanation can
be the following: An octahedral environ-
ment is typical for the metal(I) ion in the
crystal structures of the salts 2MICl -
MICL, - 2H,0, where MY = Mn, Fe, Co,
Cu. This environment is formed by four
chloride ions and two water molecules
[MY(H,0),CL11*~. In the Mn" salts, for ex-
ample, each manganese ion forms four
equivalent Mn-Cl bonds. In the copper
salts, due to the Jahn—Teller effect, the oc-
tahedra [Cu(H,0),Cl]2~ are strongly elon-
gated along two of the Cu—Cl bonds giving
two shorter and two longer Cu—Cl bonds in
these compounds. The metal(I) ions are lo-
cated with respect to the octahedra in such
a way that, together with the six ligands
forming the octahedra, they constitute
[MYH,0),Cl,] parallelopipeds in whose
center the metal(Il) ions are located. The
structures of these salts may be considered
as a close-packed array resulting from the
periodic arrangement of the parallelopipeds
[ML(H,0),CL]. In the tetragonal salts, the
parallelopipeds are stacked so that their
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body diagonals connecting two chloride
ions and two oxygen atoms from the metal
(II) octahedron’s equatorial positions are
lying on a plane [110] (Fig. 5). The alternat-
ing chloride ions and water molecule’s oxy-
gen atoms form an atomic layer (A). Above
and below this atomic layer, atomic layers
B occur and these layers contain chloride
ions and metal(I) ions. To be stable in this
structure, the areas from layer A and layer
B, occupied by the same number of atoms,
have to be the same. This may be realized if
the metal(I) ionic radius is close to the ionic
radius of the oxygen as in the cases of po-
tassium and ammonium salts. If the me-
tal(D) ionic radius is larger than the radius of
the oxygen as in rubidium and cesium salts,
layers A have to expand correspondingly.
However, this is possible within certain
limits only for Jahn-Teller metal(II) ions,
such as Cu?*, since the expansion in layer B
may be taken up by the elongated Cu-Cl
bond lengths from layer A. These are, by
the way, the two cases in which a tetrago-
nal structure in the 2:1:2 salts is possible.
In the case of an ionic radius of the metal(I)
ion smaller than that of oxygen (such as the
sodium ion) the structure would be unstable
since atomic layers:A cannot be subjected
to contraction. And indeed 2:1:2 sodium
salts are not known.

In the 2:1:2 chloride structures with ru-
bidium or cesium and a non-Jahn-Teller
metal(Il) ion, because no distortion or
atomic layer A expansion is possible, a re-
grouping of the parallelopipeds should oc-
cur. These polyhedra are shifted with re-
spect to each other, as compared with the
arrangement in the tetragonal structure, by
an atomic layer. The two different atomic
layers A and B are recombined in a general
common atomic layer AB built up in the
plane [111] of alternating chloride ion, me-
tal(I) ion, chloride ion, water oxygen, etc.
{see Fig. 6). The triclinic structure is ob-
tained by consecutive stacking of these
layers.
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FiG. 6. Triclinic structure of a salt of the type
2MC1 - MUCI, - 2H,0. Projection in the [111] plane.
(The atoms depicted in the same manner are located at
approximately the same distance with respect to the
viewer.)

The explanation put forward here reveals
possibilities to make certain predictions of
the structures. Thus, for example, the min-
eral douglasite (K,FeCl, - 2H,0), for which
structural data are lacking, is expected to
be tetragonal.

Acknowledgment

The authors are very grateful to Dr. Josef Macicek
for the X-ray measurements and crystal structure pa-
rameter determinations and for the useful discussions.

References

1. S. J. JENSEN, Acta Chem. Scand. 22, 647 (1968).

2. A. GRENALL, J. Chem. Phys. 17, 1036 (1949).

3. CHOH, SUNGHO, AND C. V. STAGER, Canad. J.
Phys. 49, 144 (1971).

BALAREW AND TEPAVITCHAROVA

4. R. CHIDAMBARAM, Q. O. NAVARRO, A. GAREIA,
K. LINGGoaTMODIJO, L. SKI-CHIEN, 1.-H SuUH, A.
SEQUEIRA, AND S. SRIKANTA, Acta Crystallogr.
Sect. B 26, 827 (1970).

5. B. MATKoOVIC, S. W. PETERSON, AND R. D. WIL-

LETT, Croat. Chem. Acta 41, 65 (1969).

R. CHIDAMBARAM, J. Chem. Phys. 36, 2361

(1962).

7. S. N. BHAKAY-TAMHANE, A. SEQUEIRA, AND R.
CHIDAMBARAM, Acta Crystallogr. Sect. B 36,
2925 (1980).

8. V. D. SterIN, L. D, IskHAKOVA, G. M. SERE-
BRENNIKOVA, Z. A. STARIKOVA, AND V. K.
TrRuNoOV, Zh. Neorg. Khim. 21, 2783 (1976).

9. R. PERRET, Bull. Soc. Chim. Fr. 3190 (1966).

10. R. PERRET, Bull. Soc. Chim. Fr. 769 (1966).

11. L. K. FrRever, H. N. RINN, AND H. C. ANDER-
SON, Ind. Eng. Chem., Anal. Ed. 18, 83 (1946).

12. S.J. JENSEN, Acta Chem. Scand. 18, 2085 (1964).

13. Z. M. EL SAFFAR, J. Chem. Phys. 52, 4097 (1970).

14. S. J. JENSEN, Acta Crystallogr. Sect. A 16, 28
(1963).

15. H. JacoBI AND B. BREHLER, Z. Kristallogr. 128,
390 (1969).

16. CHR. BaLAREw, V. KaraivaNowa, anp T.
OrxkowaA, Commun. Dep. Chem. (Bulg. Acad.
Sci.) 3, 637 (1970).

17. H. W. FooTg, Amer. J. Sci. 13, 158 (1927).

18. F. A. SCHREINEMAKERS, Z. Phys. Chem. 11, 76
(1893); 55, 73(1906).

19. D. TRENDAFELOV AND CHR. BALAREW, Com-
mun. Dep. Chem. (Bulg. Acad. Sci.) 1, 73 (1968).

20. G. ScHWARZENBACH AND H. FLAscHKA, ‘“‘Die
Komplexometriche Titration’” (translated into
Russian), Izd. Khimiya, Moscow (1970).

21. G. CHARLOT, ‘‘Les Méthodes de la Chimie Ana-
lytique’” (translated into Russian), Izd. Khimiya,
Moscow-Leningrad, (1966).

22. E. R. NazvLisHVILI AND A. G. BERGMAN, Zh.
Obsh. Khim. 9, 642 (1939).

23. 1. Kostov, ‘‘Mineralogy’’ (translated into Rus-
sian), Izd. Mir, Moscow (1971), p. 204.

B



