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The Crystal Structure of
[ (NH,) ,Co(OH) ,Co(NH,),]dl, - 4H,0

NILS-GOSTA VANNERBERG

Department of Inorganic Chemistry, Chalmers University of Technology, Goteborg, Sweden

In a systematic study of the structures of dinuclear cobalt com-
plexes the crystal structure of [(NH;),Co(OH),Co(NH,),]Cl,-4H,0
has been determined. The elementary cell is triclinic with ¢ = 6.66 A,
b="1.82 A, c=10.04 A, o = 92°2, = 106°8 and y = 106°6. The
coordination about each cobalt ion is nearly octahedral, the two
octahedrons having one edge in common.

Octaammonia-u-djhydroxodicoba.lt(III)tetrachloride-4-wa.ter
OH

[(NH3)4CO< >CO(NH3)4]CI4-4H20 was first prepared by Gentele in

OH
1856 1. Werner reinvestigated this and other compounds containing the same
complex cation in 1907 -5, He also proposed a geometrical configuration for
the complex ion, which, as will be seen below, agrees very well with that de-
scribed in this paper. Dubsky ¢ and Frank ?, also, described the preparation
of the compound and its chemical behaviour.

The compound is red and diamagnetic 819, The electrical conductivity in
diluted hydrochloric acid indicates a dinuclear cobalt complex with a formula
weight 1¢ around 300. The light absorption in the visible and ultraviolet regions
has been registered by several authors™~3. Absorption has been found 12
at 100 X 10 sec™® and 130 x 10" sec™.

EXPERIMENTAL

The preparation method by Werner for [(NH,),Co(OH),Co(NH,),]Cl,-4H,0 was
applied 2. The synthesis contained several steps. First[CoCO4(NH,),],S0,-3H,0 was
prepared from cobalt(II) carbonate, sulphuric acid, air, ammonia and ammonium carbo-
nate in the mentioned order.

CoCO,(s) + 2H+ — Co*t+ + H,0 + CO,(g)

4Co%+ + O, + 4H+ + 1250, - 4[Co(S0,),]*- + 2H,0

2[Co(S0,):]*~ + 2C0,* -» 8NH; + 3H,0 - 2[CoCO,4(NH,),]SO,-

3H,0(s) + 5S0,*
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[CoCO4(NH,),],80,-3H,0 was then treated by diluted sulphuric acid and alcohol,
whereupon[Co(NH,),(H,0),],(80,);-3H,0 was formed.
:[)’(i‘i)%(?sgNHa),hSO,BH,O(s) + 280,* + 4H+ + 4H,0+ - [Co(H,0),(NH,),],[SO,);

,0(s).

[Co(H,0),(NH,),1:(80,);-3H,0 was treated with diluted ammonia and alcohol until
the hydroxy sulphate of the same complex cation was formed. If this salt is heated to
100° it releases water and a dinuclear cobalt x#-oxo complex is formed. At lower tempera-
tures the complex reacts again with water and [Co(OH)(H,0)(NH,),]SO,-H,O is formed.
[Co(H ,0),(NH;),]2(S0,),-3H,0(s) + OH™ - [Co(H,0),(NH,),]SO,0H(s)
2[Co(H,0),(NH,),]SO,0H £2_> [H,O(NH,),CoOCo(NH,),H,0],(SO,),(s) + 2H,0(g)
[H,O(NH,),Co0Co(NH,;),-H,0](80,), + 3H,0 - 2[Co(OH)(H,0)(NH,),]SO,-H,0.

When the last mentioned salt was again heated to 100°C, water was lost and
[(NH,;),Co(OH),Co(NH,),](SO,), was formed. The final product,
[(NH,),Co(OH),Co(NH,;),Cl,(H,0),, was obtained, when the sulphate was treated by
a water solution of ammonium chloride.

[(NH,),Co(OH),Co(NH;,),](SO,),(s) + 4CI~ + 4H,0 -

[(NH,;),Co(OH,Co(NH;),]C1,-4H,0(s).

Analysis. Found: Co 23.1; NH, 25.5; Cl 28.2. Calc. Co 23.5; NH; 27.1; Cl 28.3.

DETERMINATION OF CRYSTAL STRUCTURE

The elementary cell dimensions were obtained from single crystal photo-
graphs using rotation and Weissenberg methods. The cell was found to be
triclinic

Fig. 1. Patterson projection on (100). Fig. 2. Pattersonprojection on (010).
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Table 1. Atomic coordinates for [(NH,;),Co(OH),Co(NH,;),]JC1,-4H,0.

x Y z
Co 0.012 0.005 0.150
cl, 0.159 0.308 0.537
cl, 0.356 0.662 0.053
N,(NH,) 0.065 0.273 0.159
N,(NH,) 0.969 0.753 0.151
N,(NH,) 0.235 0.023 0.319
N,(NH,) 0.803 0.998 0.252
0,(OH) 0.200 0.020 0.026
0,(H,0) 0.337 0.708 0.416
0,(H,0) 0.376 0.676 0.752

The observed density was 1.74 g/cm3, the calculated density assuming one
formula unit in the elementary cell 1.76 g/em?. The space group was assumed
to be PT.

The intensities of the X-ray reflexions were determined by Weissenberg
methods using multiple film technique. Most zones detectable with FeKa
radiation were registered.

Patterson projections along the two shortest axes were first performed
and probable positions for the cobalt and chloride atoms were determined by
a superposition method. The heaviest peaks were identified as Co—Cl peaks,
the second heaviest as Co—Co peaks; see Figs. 1 and 2.

Knowing the positions of the cobalt and chloride ions, the signs of most
structure factors could be determined. Electron density projections on (100)
and (010) gave the approximate positions of most atoms. The accuracy of
the atom positions was low due to considerable atomic overlap in all direc-
tions. The structure was refined by repeated difference syntheses using the
hO! and Okl reflexions only. When no further improvement in the agreement
between observed and calculated structure factors could be attained, the signs
of all structure factors were calculated, using the atomic parameter values
obtained from the difference synthesis. A complete three-dimensional Fourier
synthesis was then performed with the aid of a Besk electronic digital com-
puter, using programs devised by Westman et al.!® and by Asbrink et al.16
A comparison between observed and calculated structure factors can be found
in Table 2, the atomic parameters in Table 1. The reliability index
R = X||F,|—|F|/|Z|F, was calculated to be 0.19. An isotropic temperature
factor with B = 1.30 A2 was applied. The standard deviations of the atomic
parameter were calculated by Cruickshank’s method 17, but to cover the varia-
tion in some bond lengths these figures were multiplied with two.

Description of the structure of
[(NH;),Co(OH),Co(NH,),]Cl,-4H,0

The crystal structure is built up of the complex ion
[(NH,),Co(OH),Co(NH,),]**, chloride ions and water molecules. The hydrogen
bonds between the three species are weak to moderately strong.
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Rkl F, F, hkl F, F, Rkl F, F,
250 4.3 5.2 2 5.1 5.4 170 12.0 11.0
1 - 2.0 3 7.1 7.1 1 3.5 2.9
2 — 0.0 ~ 2 5.4 5.3
3 24.5 —27.5 160 3.2 5.0 3 3,5 4.9
3 245 —21.5 1 3.3 3.3 1 — 0.2
4 149 —13.0 2 4.2 7.2 3 4.6 2.9
5 51 — 4.9 3 4.8 7.1 3 11.5 9.0
6 9.4 9.8 260 — 3.5
7 1.9 1.4 1 ) : ~
1 34 — 1.7 2 _9 1 2“2’ 270 13.6 12.8
3 6.0 — 5.6 3 _ 0.8 1 4.8 6.7
3 — — 4.8 4 8.2 — 58 2 43 — 1.2
4 85 —123 i 6.4 11.3 3 3.9 — 54
5 6.5 7.8 b 6.4 —12.4 4 100 — 93
6 8.2 6.6 3 6.1 — 7.0 1 3.0 4.9
7 16.6 16.5 i 85 105 3 2.7 5.2
3 53 — 1.1
070 13.8 10.6
060 23.2 19.8 1 — — 36
1 — 4.6 2 85 — 3.5

The large complex ions are surrounded by eight chloride jons and eight
water molecules, each of which form a distorted cube. Each chloride ion or
water molecule is then coordinated to two complex ions. An idealized model
of the structure can be seen in Figs. 3 and 4. From these figures it is clear
that the structure can be described as consisting of sheets of chloride ions
and water molecules interleaved by the complex ions. The sheets are bonded
together in pairs by the complex ions, but there are only very weak bonds
between two sheets not interleaved by the complex groups. In the sheets
and between sheets and complex groups there are, in addition to ionic bonds
also moderately strong hydrogen bonds; Fig. 3.

Fig. 3. A somewhat idealized model of the Fig. 4. An idealized model of the
coordination around the complex ions, pro- [(NH,),Co(OH),Co(NH,),]C],-4H,0 struc-
jected on (010); shaded, H,O; white, Cl". ture; shaded, H,0O; white, Cl".
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92 NILS-GOSTA VANNERBERG

The geometry of the complex ion [(NH,),Co(OH),Co(NH,),]** may best
be described as two octahedrons sharing one edge; Fig. 5. The distances
between the central atoms and the ammonia ligands are normal. It is interest-
ing that the bonds between the bridging hydroxyl groups and the cobalt atoms
in this compound are shorter than the bonds between a bridging amide group
and cobalt atoms in the compound [(NH;),CoNH,Co(NH,);](NO;);.

The two heights of the octahedrons can be expected to be nearly parallel,
which means that the cobalt atoms, the bridging hydroxyl groups and four
of the ammonia molecules should be in the same plane. The coordinates in
the oblique axes system are transformed to an orthonormal system by the
matrix 18

B Z12 ga1 ] B N
13 6.66 —2.231 —2.897
\/8—1; \/gn \/g
,,,,, _ -
0 Vg Vg-g® _ |0 7.49 —1.212
8 g8ug® | —
1
0 0 Vs 0 0 9.21

The X-axis in the new system is parallel to the z-axis in the oblique system.
The Y-axis is perpendicular to x and in the same plane as x and y, while the
Z-axis is perpendicular to this plane. The systems possess a common origin.
In this axial system the equation of the plane through the cobalt atoms and
the hydroxyl groups is

—0.198X -+ 1.762Y -+ 0.132Z = 0

The ammonia molecules 1 and 2 lie by only 0.04 A resp. 0.06 A units out of
this plane, which means that within the limits of error the cobalt atoms,
the hydroxyl groups and the ammonia molecules are coplanar. The angles
between this plane and the ammonia-cobalt bonds which are not situated in

Fig. 5. The configuration of the ion [(NH,),Co(OH),Co(NH,),]*+; shaded, OH"; white,
NH_; black, Co

Acta Chem. Scand. 17 (1963) No. 1
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Table 3. Interatomic distances in [(NH;),Co(OH),Co(NH,),]CI,-4H,0.

Co —Co 2.97 +0.01 A
Co —N, 2.02 + 0.06
Co —N, 1.91 + 0.06
Co —N, 1.88 + 0.07
Co —N, 1.94 4+ 0.06
Co —N (mean) 1.94

Co -0, 1.99 + 0.06
Co -0/ 1.88 + 0.06
Co —O (mean) 1.94

(0) —0/ 2.49 + 0.08
Cl —0,(H,0) 3.41 + 0.07
cl —0,(H,0) 3.22 + 0.06
Cl —0,(H,0) 3.44 + 0.07
Cl —0,(H,0) 3.29 + 0.06
Cl, —0y” 3.07 4+ 0.06
0,(H,0)—0,(H,0) 3.33 + 0.08
N, —Cl, 3.30 + 0.06
N, —Cl, 3.28 + 0.06
N, —0,(H,0) 2.88 + 0.06
N, —0,(H,0) 3.15 4+ 0.06
(0] —Cl, 3.25 + 0.06

this plane should be 90°. The measured values are 87° and 85°. The remaining
bond angles in the complex ion can be seen in Fig. 5. The angles 0—Co—O,
equal to 80°, and the angles Co—O—Co, equal to 100°, are especially interest-
ing. If pure covalent bonds are assumed, the first bond angle should be 90°,
while the second should be 120° or 109°, depending on whether the oxygen
atom adopts sp? or sp® hydridisation. In the present case the sum of the two
pairs of bond angles cannot be greater than 360°. As the four atoms are coplanar,
the O—Co—O angle can be expected to be about 80°, while the Co—O—Co
angle should be about 100°. A similar result can also be anticipated if
ionic bonds are assumed. The higher charge on the cobalt atoms demands
the Co—Co distance to be as great as possible. Equilibrium is first attained
when there is an appreciable overlap between the outer orbitals of the oxygen
atoms. The repulsion due to the ionic charge on the hydroxyl groups can
be neglected in comparison with the Born repulsion.

No attempt has been made to find the hydrogen atoms from the Fourier
synthesis. In those cases where hydrogen bonds are formed it is possible to
locate the hydrogen atoms approximately. It is then interesting to note that

Table 4. Bond angles in [(NH,;),Co(OH),Co(NH,),]Cl,-4H,0

N;—Co—N, 91°
N;—Co-0, 95°
N;—Co—-0/ 94°
0’'—Co—0, 80°
Co—0,—Co’ 110°
N,—Co (Plane Co,0,0,) 87°
N,-—Co (Plane Co0,0,’) 85°
Co—0,...CL 105°

The standard deviation is -+ 6°.

Acta Chem. Scand. 17 (1963) No. 1



94 NILS-GOSTA VANNERBERG

the hydroxylic hydrogen atoms are not situated in the hydroxyl-cobalt plane.
Thus if the complex bonds are regarded from the point of view of the valency
bond theory, it would indicate sp® hybridisation on the oxygen atoms. Water
in other complex compounds seems to be coordinated in such a way that its
twofold axis and the metal-oxygen axis are colinear.
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