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The Crystal Structures of Tri-u-hydroxo-bis[ triammine cobalt
(IIT) ] Bromide and Iodide

PETER ANDERSEN

Chemistry Department I, Inorganic Chemistry, The H. C. Qrsted Institute, University of
Copenhagen, Copenhagen, Denmark

The crystal structures of tri-u-hydroxo-bis[triammine cobalt(III)]
bromide and iodide have been determined from single crystal data.
The space group of the bromide is monoclinic, P2,, the unit cell
dimensions, as determined by powder photograph techniques, are
a =130, A b=1034, A, c = 9.19, &; g = 91.2,°.

The space group of the iodide is orthorhombic, Pm2,n, and the
unit cell dimensions are a = 7.66, &, b = 10.84, A, ¢ = 9.50, A.

The two compounds are very closely related in structure. They
contain two formula units, [(NH;);Co(OH),Co(NH,);]**, in the unit
cell, and it was found from projections that the molecule is dinuclear
with a Co—Co distance of 2.55 A, the ligands being almost regularly
octahedrally arranged around the cobalt atoms.

his work, on the structure of tri-u-hydroxo-bis[triammine cobalt(III)],

[(NH,;)3;Co(OH);Co(NH,),; 12+, here called cobalt-triol, was started in connec-
tion with the investigation of some equilibrium mixtures of chromium(III)-am-
mines which gave evidence for a high concentration of chromium-triol in solu-
tions of the composition: C, = 0.3 M, Cxpa = 4.5 M, and Oy, = 3—4 M2
This analogous chromium compound has, however, not yet been isolated.

In the cobalt-triol one would expect the ligands to be octahedrally arranged
around the metal atom. All halogen atoms in cobalt-triol halides are bound
as ions, the triol has no acid-base properties in aqueous solution, and treatment
with hydrochloric acid quantitatively yields dichrochloride, [Co(NH,),Cl,H,0]
Cl. As pointed out by Werner,? these properties, combined with analyses, show
that the triol molecule can be dinuclear with three OH-bridges between the
two cobalt atoms.

EXPERIMENTAL WORK AND CRYSTAL DATA

The cobalt-triol was first prepared by Werner,? 1907, by reaction of base with
triammine cobalt(III) compounds. For the present work cobalt-triol chloride was pre-
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pared from dichrochloride, by treatment with the equivalent amount of potassium
hydroxide.* Dichrochloride was synthesised from cobalt(II) acetate, which after treat-
ment with sodium nitrite, ammonia, hydrogen peroxide, and charcoal gave Co(NH,),
(NO,);,* which again by reaction with concentrated hydrochloric acid was converted to
dichrochloride.®

The corresponding bromide and iodide were prepared from the chloride, by repeated
precipitations with sodium bromide and potassium iodide solutions, respectively. The
red, plate-like crystals of triol bromide and iodide looked very similar, and both showed
parallel extinction under the polarizing microscope. X-Ray powder photographs indicated
isomorphism, whereas the powder photograph of the triol chloride revealed no relation-
ship to the two others. As the chloride, unlike the bromide, contains water of crystalliza-
tion,? it was decided to investigate the bromide together with the related iodide.

The molecular weight of cobalt-triol bromide, [(NH;);Co(OH),Co(NH,);]Br;, is 510.8.
(Found: Co 23.04; N 16.4;. Calc.: Co 23.09; N 16.46).

The powder photographs were taken with CuK« radiation using a focussing camera of
the Guinier type, calibrated with sodium chloride.

The dimensions of the crystals used for single crystal work were approximately
0.1 X 0.05 X 0.005 mm in the a-, b-, and c-direction, respectively. Oscillation and
equiinclination Weissenberg photographs were obtained with CoKa radiation.

Cobalt-triol bromide. From the powder photographs (see Table 1) the following unit
cell dimensions of the bromide were obtained:

a=1730,40b=1034, & ¢ = 919 A; p = 91.2°, « = 7 = 90.0,°.

The specific density, as measured by flotation in mixtures of tribromomethane and
1,2-dibromopropane, was 2.41; g/ml corresponding to 1.98 molecules in the unit cell.

Absent reflections (¢ = 2» + 1 for 0k0, from Weissenberg photographs), the shape of
the unit cell, and lack of centre of symmetry (see later) determined the space group to
be monoclinic, P2, (No. 4, Intern. Tables), the twofold screw axis being parallel to the
b-axis.

Weissenberg photographs of the different levels, with the a- and b-axis as axes of
rotation, showed that the crystals of the bromide were twins, which it was not possible
to detect by optical methods. Several crystals grown under different conditions were
investigated, and twinning found in all cases. The two reciprocal lattices in question
have common b*-axis as well as common c*-axis, whereas the two a*-axes intersect at
an angle very close to 2°. The two a*-axes and the c*-axis apparently lie in the same plane,
perpendicular to the b*.axis. This is in good agreement with the fact that the crystals
are monoclinic with g = 91.2,°.

Cobalt-triol iodide. The powder photographs (see Table 1) gave the following unit cell
dimensions for the iodide:

a=1.66,A,b=1084, &, ¢c = 950, ;0 = g =y = 90.0°.

Absent reflections (b + k = 2n + 1 for kO, from Weissenberg photographs), the
shape of the unit cell, and lack of centre of symmetry (see later) determined the space
group to be orthorhombic, Pm2,n (No. 31, Intern. Tables), the twofold screw axis being
parallel to the b-axis, and the mirror plane being perpendicular to the a-axis.

DETERMINATION OF THE ATOMIC POSITIONS

Intensities I(hkl) were visually estimated and corrected for Lorentz-
polarization factor using program 1 (the programs used for computer calcula-
tions are listed in Table 6). Because of the small size of the crystals, no correc-
tions were made for absorption.

The Patterson projections, on (100) of the bromide, and on (100) and (010)
of the iodide were calculated by means of programs 2 and 4. The projections
on (100) show that the bromide and the iodide are very closely related in
structure.
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Table 1. X-ray powder data, CuKu« radiation.

Cobalt-triol bromide Cobalt-triol iodide
10%sin*0 | 10*.sin%0 10*.sin%@ | 10%sin®0
hkl
obs cale Tobs bkl obs calc Zabs
011 125 126 w 011 115 116 w
110 166 167 w 110 151 152 vvw
020 221 222 w 020 201 202 vw
002 280 281 vw 002 263 263 w
021 202 292 w 021 267 268 mw
012 336 337 mw 012 314 314 mw
102 385 386 vw 102 363 364 mw
102 399
19 1} 399 400} ms 121 368 369 vs
121 406 407 ms
200 445 445 ms 200 404 404 5
112 414 415 vw
031 520
031 570 570 vw 93 1} 519 520} mw
122 621 621 vw 122 567 566 w
131 676 678 vvw 131 622 621 w
131 685 684 vw
202 712 712 vw 202 667 667 mw
221 730 730 vw 221 673 672 mw
212 769 768 vw 212 716 718
21 2 797 795 vvw 032 717 w
023 855 855 w 023 794 794 mw
040 888 888 w 040 808 808 mw
231/ 1007 1008 vw 231 924 924 mw
231 | 1022 1021 w
042 | 1070 1071 vw
133 1147
B 10 4} 1149 1153} vw
321 | 1284 1283 vw 321 | 1175 1177 mw
321 | 1306 1304 vw
223 | 1195 1198 w
240 | 1212 1212 w
~ 124 1353 1355 vvw
342 1600 242 | 1475 1475 w
23 3} 1597 1598} vw 214V 00 1507}
03 4} 1507 vvw
052 | 1524 1525 w
400 | 1780 1780 vw 400 | 1617 1617 vw
402 | 1880 1880 vvw
252 1930
41 2} 1929 1930} w
153 1055
33 3} 1057 1956} vw
342 1981
16 1} 1982 1985} W
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Table 3. Observed and calculated structure factors for cobalt-triol bromide and iodide.

Bromide.
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hkl F, F, hkl o F,
70 3 9.8 10.0 70 1 21.9 — 19.6
70 2 18.4 — 22.2 70 2 29.5 29.7
70 1 — — 19 70 3 — 5.1
70 0 1.1 — 77
Bromide.
hkl F, | F| phase h okl F, |8 phase
00 0 — 432.5 0.0 04 5 12.7 164 — 42.9
00 1 14.8 13.2 180.0 04 6 87.4 85.5 7.8
00 2 71.5 83.1 180.0 04 7 32.4 31.1 127.6
00 3 67.5 72.2 180.0 04 8 20.1 15.6 152.6
00 4 57.3 59.5 180.0
00 5 86.3 85.2 0.0 05 0 _ 0.0
00 6 83.0 789 0.0 05 1 78.6  76.2 146.6
00 7 — 2.9 180.0 05 2 1220 1208 189.9
00 8 40.3 35.2 180.0 05 3 42.7 47.2 28.1
00 9 - 0.1 180.0 05 4 53.9  53.5 6.3
05 5 41.1 384 — 57.6
oL 0 — 0.0 05 6 19.1 18.4 200.3
01 1 60.0 58.6 193.6 05 7 39.0 39.0 171.5
01 2 80.8 90.0 149.9 05 8 12.8 11.2 139.5
01 3 20.4 21.3 125.1
o1 s aan oosS 06 0 348 299 171.2
: : : 06 1 — 16.6 161.4
01 6 37.0 38.2 250.6 06 2 98.4 29.4 40.8
01 7 19.2 19.9 145.6 . . :
06 3 45.0 46.4 212.4
01 8 36.8 39.2 139.6 06 4 33.9 277 65.6
01 9 24.1 26.1 70.5 : . o9
06 5 — 3.4 224.8
06 6 26.0 25.8 179.6
02 0 66.2 65.7 254.6
02 1 68.1 715 50.5 06 7 36.4 35.5 72.3
02 2 23.0 23.5 199.8
02 3 151.6  149.9 186.2 07 0 — 0.0
02 4 36.9 36.6 1.0 07 1 57.2 52.1 224.7
092 5 38.3 37.8 — 66.1 07 2 44.7 45.2 105.0
02 6 31.6 32.3 115.9 07 3 23.3 25,0 — 66.2
02 17 _ 7.2 55.7 07 4 19.2 20.7 9.6
02 8 _ 8.4 80.1 07 5 18.6 20.6 30.8
02 9 10.3 18.0 219.5 07 6 - 4.4 257.7
0210 7.2 137 — 54.8 07 7 9.8 9.7 222.9
03 0 — 0.0 08 0 55.0 55.2 2.6
03 1 76.4 72.7 192.1 08 1 9.6 14.0 155.3
03 2 35.8 40.9 21.6 08 2 - 9.1 10.3
03 3 46.3 50.7 99.7 08 3 18.4 14.4 66.1
03 4 34.0 33.0 — 39.8 08 4 24.0 21.7 241.9
03 5 — 171 — 256 08 5 16.7 173 — 67.5
03 6 29.6 217.8 256.6 08 6 22.3 22.8 45.2
08 7 16.6 139 — 1729 08 7 4.8 8.5 69.2
03 8 39.1 40.4 71.2
09 0 — 0.0
04 0 1771 170.1 7.9 09 1 47.0 50.2 148.5
04 1 38.3 423 — 189 09 2 31.2 30.1 213.9
04 2 71.1 64.6 159.8 09 3 — 10.4 186.5
04 3 36.3 35.7 153.4 09 4 37.7 38.5 10.0
04 4 47.2 44.5 250.1 09 5 15.0 149 — 66.7
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hkl F, [P phase hkl F, |F.l phase
010 0 35.7 38.4 201.3 0104 8.1 87 — 134
0101 23.7 20.4 118.7
0102 7.6 114 — 165 0110 - 0.0 ;
010 3 18.2 153 — 824 0111 13.5 13.5 248.6
Todide.

hkl F, F, hkl F, F,
00 0 -~ 539 30 7 43 35
00 1 - 3 30 8 - 15
00 2 105 —146 30 9 — 36
00 3 112 —122
00 4 95 — 74 40 0 258 249
00 5 153 121 40 1 — — 4
00 6 188 160 40 2 137 —124
00 7 — 4 40 3 98 —100
00 8 141 —114 40 4 50 — 66
00 9 26 - 21 40 5 60 73
0010 - -1 40 6 80 90

40 7 — 8
10 0 — 0 40 8 87 — 91
10 1 29 6 40 9 28 — 21
10 2 171 —199
10 3 36 53 50 0 — 0
10 4 127 127 50 1 - 10
10 5 25 31 50 2 120 —116
10 6 40 — 33 50 3 30 30
10 7 — - 1 50 4 61 60
10 8 30 ~ 32 50 5 — 8
1o 9 - 9 50 6 - — 30
1010 49 57 50 7 — 0
209 353 —soe 60 0 187 — 188

- 60 1 - 3

20 2 189 172 60 2 ol 58
20 3 117 129 60 3 49 52
20 4 73 76

60 4 29 33
20 5 111 —111

60 5 27 — 53
20 6 123 —113

60 6 65 -1
20 7 - — 23
20 8 117 115
20 9 24 32 70 0 - 0
20 10 22 — 27 70 1 — 2

70 2 60 51
30 0 — 0 70 3 - — 16
30 1 45 24 70 4 23 — 46
30 2 161 131
30 3 —~ -1 80 0 63 83
30 4 78 — 89 80 1 — 30
30 5 — — 13 80 2 26 — 38
30 6 — 39 80 3 15 — 27
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Todide.
h k1 F, |7 phase hkl F, |Fe phase
00 0 - 539 0.0 05 0 — 0
00 1 - 1 0.0 05 1 100 89 142.1
00 2 123 147 180.0 05 2 196 202 177.5
00 3 107 115 180.0 05 3 61 60 22.5
00 4 85 95 180.0 05 4 127 126 3.7
00 5 136 121 0.0 05 5 70 66 — 747
00 6 173 162 0.0 05 6 58 50 211.0
00 7 — 10 180.0 05 17 90 78 156.3
00 8 129 120 180.0 05 8 40 37 138.8
00 9 24 7 180.0 05 9 33 29 107.4
0010 18 9 180.0 06 0 51 36 177.9
01 O — 0 06 1 39 33 50.9
01 1 49 42 200.8 06 2 33 22 42.1
01 2 102 128 153.6 06 3 111 96 190.2
01 3 44 40 129.4 06 4 59 53 267.2
01 4 133 141 20.7 06 5 55 47 — 173
01 5 115 105 246.2 06 6 42 56 168.1
01 6 96 72 243.5 06 7 87 84 52.2
01 7 27 14 161.3 06 8 21 22 44.5
01 8 103 95 129.8 06 9 45 54 231.0
01 9 78 68 73.6 017 0 _ 0
0110 30 40  — 288 07 1 139 132 199.8
02 0 80 68 268.3 or 2 62 e kel
02 1 118 125 31.1 07 4 9 48 IR
02 2 45 48 200.9 07 5 e o4 ot
02 3 226 246 178.8 07 6 25 26 263.8
02 4 41 40 — 25.2 .
02 5 83 79 ~ 306 07 7 57 53 190.4
02 6 54 40 82.1 08 0 108 103 — 19.0
02 7 27 24 29.2 08 1 27 22 67.4
02 8 26 26 72.0 08 2 43 40 176.8
02 9 55 62 204.1 08 3 27 36 43.7
0210 33 41 — 60.7 08 4 51 54 218.1
08 5 47 58 — 80.0
03 0 — 0 08 6 58 64 28.8
03 1 148 127 186.5 08 7 34 32 91.6
03 2 46 52 16.3
03 3 81 78 87.2 09 0 — 0
03 4 39 35 — 48.7 09 1 85 95 131.6
03 5 56 58 — 922.6 09 2 96 111 193.6
03 6 79 60 — 85.4 09 3 26 24 92.1
03 7 52 51 216.7 09 4 108 119 — 10.7
03 8 108 99 66.3 09 5 217 24 — 83.8
03 9 44 34 55.5 09 6 28 29 174.3
0310 15 23 176.2 0100 89 99 175.3
04 0 269 264 — 1.9 o0 E M 353
04 1 54 60  — 103 010 3 25 38 251.2
04 2 130 131 167.0 010 4 20 98 _“5o3
04 3 57 53 144.6 0105 16 20 106.1
04 4 94 85 228.8 :
04 5 35 38 — 29.9 0110 — 0
04 6 167 163 — 4.0 0111 69 71 202.3
04 7 82 78 116.2 0112 18 27 136.8
04 8 82 70 165.1 011 3 16 30 0.7
04 9 32 25 251.9 011 4 14 29 — 87.2
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Cobalt-triol iodide. Only two space groups are in accordance with the
systematic absences for the iodide: Pmmn (No. 59, Intern. Tables) with a
centre of symmetry and Pm2,n without. The positions of the 6 heavy iodine '
atoms were found from the Patterson projections, but gave no further informa-
tion on this point. However, these space groups have the same symmetry
elements (including a centre of symmetry) in the projections on (010). The
heavy atom method was used for the projection on (010) of the iodide (programs
2, 4, and 5), and in this way it was possible to deduce the signs of all the
observed hOl-reflections, required for an electron density projection on (010)
of the iodide. The positions of the cobalt and nitrogen/oxygen atoms were
now revealed and they showed that the space group is Pm2,n.

The projection on (100) of the iodide was calculated in the same way. This
projection has no centre of symmetry, but because of the almost centrosym-
metrical positions of the iodine atoms, space group Pmmn was used in a first
approximation. An electron density projection, calculated with signs obtained
using this assumption, revealed the positions of the cobalt atoms and some
of the lighter atoms. Those atoms which are not centrosymmetrically related
appeared as two atoms of half weight in correspondence with the symmetry
plane perpendicular to the b-axis, which is present in Pmmn, but absent in
Pm2;n. In this way the y-parameters of the atoms were determined, and the
final result was obtained by refinement with program 6, used in the space
group Pm2;n (not including unobserved reflections).

Cobalt-triol bromide. The parameters from the iodide were used for the bro-
mide and were refined using program 6 in the space group P2, (not including

(O, — Wy <

b/2

a/2

0

Fig. 1. Electron density projection of cobalt-triol bromide on (100) and (010). The zero
contour lines are dashed.

Acta Chem. Scand. 21 (1967) No. 1
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bs2

Fig. 2. Electron density projection of cobalt-triol iodide on (100). The zero contour lines
are dashed.

unobserved reflections). Since bromine is considerably lighter than iodine, it
was expected that a better image of the triol molecule could be obtained in
this way.

Weissenberg photographs with the b-axis as axis of rotation gave two sets
of identical twin-reflections at the zero level, whereas it was difficult to resolve
all the twin-reflections at the upper levels. Weissenberg photographs with the
a-axis as axis of rotation exhibited no twinning at the zero level, but the upper
levels had twin-reflections, some of which were difficult to resolve. The fact

that for the space group P2,, |FOkl)| = |F(0kl)| made it possible to calculate
an electron density projection on (100), although the two twin reciprocal
lattices here coincide. The difficulties in separating the reflections at the upper
levels made three-dimensional work look less promising.

The final z-, y-, and z-parameters together with the temperature factor,
B, are given in Table 2. A list of calculated and observed structure factors and
calculated phase angles are given in Table 3. Finally the electron density
projections on (100) and (010) of the bromide and the projection on (100) on
the iodide, are given in Figs. 1 and 2. These projections are based on the
observed structure factors and the calculated phase angles.

DISCUSSION OF THE RESULTS

For each atom the B-parameters as well as the x-, y-, and z-parameters
were chosen as those which gave a minimum value of R = J(|F | — k|F |)?/
>|F, |2, using program 6. The same B-parameter was not found for the same
type of atom, the differences being small for the iodine, bromine, and cobalt,
but rather large for the lighter atoms. The final 2-, y-, and z-parameters were
found using a fixed B-value, namely the averages for the same type of atom
(I, Br, and N/O) within the same projection. These average B-values are given
in Table 2 together with the final z-, y-, and z-parameters.

As no correction has been made for absorption, some absorption should be
expected to be included in the temperature factor, especially in the case of

Acta Chem. Scand. 21 (1967) No. 1
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Fig. 3. Interatomic distances (A) m the
triol molecule (bromide).

the iodide. It should also be noted that the rather large number of hydrogen
atoms is not included in the calculations.

As can be seen from Table 2, the agreement of the common z-parameters
is better for the bromide than for the iodide. Also the discrepancy factor, B =
>|F, — F |3 F,|,is smaller for the bromide projections. Hence, because of
the rather large uncertainty in the parameters of the iodide, only the distances
in the bromide are used in the following discussion of the positions of the
atoms.

The results of the present investigation fully confirm that the triol mole-
cule is dinuclear as suggested by Werner.2 The distances in the [(NH,),Co(OH),
Co(NH,),]®*-ion are given in Fig. 3, based on the z-, -, and average z-param-
eters of the bromide. Some of the angles are given in Table 4. The Co—Co
distance is 2.55 A (the corresponding distance in the iodide is 2.57 A). For
comparison, it is of interest to look at the theoretical case where two mono-
nuclear cobalt complexes with a regular octahedral shape and with a cobalt-
ligand distance of 1.97 A are put together with a common face. In this case
the Co—Co distance is 2.28 A.

From this it appears that the deviation from a regular shape mainly shows
up in a longer Co—Co distance and shorter O—O distances, while the metal-
ligand distances approach the usual ones found for cobalt complexes.

Table 4. Some angles (°) in the triol molecule (bromide). The numbering of the atoms
corresponds to that of Fig. 3. =~

N2Co!N? 92 N3Co!N? 99 N2Co!N! 86
N3CoO® 94 N2Co'O? 79 N‘Co’83 96
02Co*0? 79 02Co' Ot 84 03Co20 81
02Co!N? 95 O'Co'N? 98 O'Co'N? 94
N*Co®N® 89 N°Co®N*® 89 N*Co®N*¢ 98
N5Co20? 97 N¢Co202 94 N¢Co20? 89
03C0202 79 02Co20! 84 02Co?0* 86
02Co2N* 95 01Co2N?® 93 0O1Co2N* 88

Acta Chem. Scand. 21 (1967) No. 1
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The Co—Co distance is only slightly longer than in compounds with sup-
posed Co—Co bonds, e.g. in (CO);C0CF4(CO),: 2.47 A8 Con(CO)g: 2.52 A7
Co4(CO) g 2.50 A 3,12 Coy(CO)eCa(CeHy)y: 2.47 A2 Coy(CO),C,H,: 2.5 A10

The position of the triol molecule among the bromide ions is depicted in
Fig. 4. The triol molecule lies in a hole in the bromide packing, surrounded by

‘f T 0 Co
® 1)

Fig. 4. The arrangement of the atoms in the unit cell of cobalt-triol iodide (bromide).

6 bromide ions, which lie almost in a plane (the plane of N'Co'O'Co2N¢), 3
bromide ions in a parallel plane above, and 3 in a parallel plane under the
molecule. The average Br—Br distance (nearest neighbours) is 5.03 A (all
distances are between 4.6 and 5.8 A). The average Br—N distance (nearest
neighbours) is 3.58 A (3.3—4.1 A). The average Br—O distance (nearest
neighbours) is 3.70 A (3.6—3.9 A).

The standard deviations estimated for the -, y-, 2-, and B-parameters of
the bromide (using program 6) are:

0.0010, o(z) = 0.0012, o(B) =

Projection on (100): Br: o(y) = 0.3 A
Co: oy) = 0.0014, o(z) = 0.0016, o(B) = 0.4 A?

N/O: o(y) = 0.005 , o(z) = 0.006 , g(B) = 1.4 A?

Projection on (010): Br: a(x) = 0.002 , o(z) = 0.002 , o(B) = 0.4 A2
Co: o(x) = 0.003 , o(z) = 0.002 , 6(B) = 0.5 A2

N/O: o(x) = 0.011 , o(z) = 0.009 , o(B) = 2.2 A®
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which give estimated standard deviations of 0.02 A for the Co—Co and Br—
Br distances, 0.07 A for the Co—N/O and Br—N/O distances, 0.09 A for the
N/O—N/O distances, and 3° for the angles in Table 4.

Table 5. Observed and calculated structure factors for cobalt-triol bromide. F, is obtained
from 1. and 2. level Weissenberg photographs, with the a-axis as axis of rotation. F is
calculated on the basis of the final parameters from Table 2.

bkl F, |F| bkl F, |Fl
101 54 42 150 82 69
103 51 46
102 111 116 170 90 77
101 32 27 _
101 33 41 205 90 86
102 113 134 204 58 54
103 41 39 203 87 75
104 50 47 202 105 142
_ 202 76 97
115 52 53 203 82 92
113 59 62 204 79 93
112 60 49 205 69 68
110 57 49 _
112 48 54 211 103 110
113 46 53 212 81 82
115 46 53 212 80 90
B 214 80 92
125 76 66 _
123 47 52 223 53 53
123 53 51 221 97 98
122 61 60 220 55 56
121 145 180 221 117 102
121 131 167 223 54 66
122 62 74 B
123 40 36 231 108 89
124 47 35 231 95 79
125 66 87 B
~ 243 107 109
133 85 87 241 48 35
131 73 69 240 105 73
130 29 32 241 63 67
131 79 86 242 79 72
133 77 82 B
~ 2572 116 95
141 77 64 252 130 127
1432 45 32
142 39 36
144 72 66

Table 6. Programs used for computer calculation.

Program Lorentz-polarization corrections of the observed reflections. D 17.11
Program Centrosymmetrical Fourier summation.
Program Non-centrosymmetrical Fourier summation. D 43.12

Program Structure factor calculations with exponential approximation of the
scattering factors.’* D 45.11

1:
2:
3:
Program 4: Drawing of Fourier maps.
5:
6: Refinement based on minimizing R’ = Y(|F,| — k|F.|)?}/>|F,(% D 45

Program
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The positions of the unit cells in the twin crystals can be described either
in the way that part of the crystal is turned 180° round an axis perpendicular
to the ab-plane, or 180° round the a-axis. It is not possible to distinguish be-
tween the two ways of twinning because | F(kkl)| = | F(hkl)|.

As a control, a few of the upper level reflections, which it was possible to
distinguish as separate pairs, have been listed in Table 5, together with the
corresponding calculated structure factors.

Acknowledgements. Thanks are due to Dr. Chr. Knakkergaard Moller for introducing
the author to this field and for his valuable help during this work, to Dr. B. Svejgaard
Nielsen for discussion and for working out programs 2 and 4, and to Dr. E. Bang
for helpful discussions.

REFERENCES

o

. Schiffer, C. E. and Andersen, P. Proceedings of Symposium on Theory and Structure

of Complex Compounds’, Wroclaw, Poland, June 1962, Pergamon, London-New York

1964, p. 571.

Werner, A. Ber. 40 (1907) 4834.

. Birk, E. Z. anorg. Chem. 175 (1928) 411.

. Schlessinger, G. Inorg. Syn. 6 (1960) 189.

. Jorgensen, 8. M. Z. anorg. Chem. 14 (1897) 418.

. Bailey, N. A., Churchill, M. R., Hunt, R., Mason, R. and Wilkinson, G. Proc. Chem.

Soc. 1964 401.

. Cavalca, L. and Bassi, I. W. Ric. Sci. 23 (1953) 1377.

. Corradini, P. J. Chem. Phys. 31 (1959) 1676.

. Sly, W. G. J. Am. Chem. Soc. 81 (1959) 18.

. Mills, O. S. and Robinson, G. Proc. Chem. Soc. 1959 156.

. Programs obtained from the University of Arhus; Danielsen, J. Acta Cryst. 16 (1963)
A 171.

. Wei, C. H. and Dahl, L. F. J. Am. Chem. Soc. 88 (1966) 1821.

. Forsyth, J. B. and Wells, M. Acta Cryst. 12 (1959) 412.

—O®EN SUBRW

[y

bt
W

Received October 3, 1966.

Acta Chem. Scand. 21 (1967) No. 1



