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The Crystal Structure of Bismuth(III) Formate
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The crystal structure of bismuth(III) formate has been determined
from X-ray single-crystal data. The crystals are trigonal with three
formula units Bi(OOCH); in a unit cell with the dimensions a=4.1193
and ¢=10.5663 A.

The bismuth atoms are surrounded by nine oxygen atoms in the
form of a trigonal prism with three extra oxygen atoms outside each
prism face. The Bi—O distances fall into three ranges, and considering
only the shorter ones the polyhedra may be described as deformed
octahedra of a type very similar to that previously found in eulytite,
Bi,S1;0,,.

The crystal structures of a number of mixed oxide halides, mixed oxides,
and basic salts of bismuth have previously been reported, but relatively
few neutral bismuth salts have hitherto been investigated by means of X-ray
methods. As a first object of such a study bismuth(III) formate was chosen.

EXPERIMENTAL

Bismuth formate was prepared by adding bismuth(III) oxide to a 40 9 formic acid
solution. The reaction mixture was refluxed for half an hour, filtered, and slowly cooled
to room temperature. The pencil-shaped crystals thus obtained are colourless, and their
cross-sections are hexagons. They are unstable in air and furthermore they decompose
and become black when irradiated with X.rays. Thus a new single crystal had to be
picked out for each recorded layer line.

Intensity data were collected for the reflections hk0—hk4 (512 independent reflec-
tions) with an integrating Weissenberg camera using Zr-filtered MoK« radiation. The
multi-film technique was used with thin (0.05 mm) steel foils between the films. The
relative intensities of the reflections, with an intensity range from 1 to 4000, were measured
by means of a microdensitometer. The collected intensities were corrected for Lorentz
and polarization effects in the usual way. As the linear absorption coefficient! was
calculated to be 326 cm™, an absorption correction was performed with the program
DATACORR.? The crystals were approximated to cylinders with cross sectional diam-
eters varying from 0.06 to 0.09 mm. The lengths of the crystals were from 0.3 to 0.4 mm.
No correction was made for extinction effects.
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The density of the bisinuth formate crystals, 4.36 g-cm™3, was determined from their
loss of weight in benzene. The calculated density is 4.30 g-cm™2, assuming a cell content
of three formula units Bi(OOCH),.

The results of the analyses were in good agreement with the values calculated for
Bi(OOCH),. (Found: Bi 60.35; C 10.95; H 0.78. Calc.: Bi 60.74; C 10.47; H 0.88).

DETERMINATION OF THE CRYSTAL STRUCTURE

Unit cell. The powder pattern could be interpreted by means of a hexagonal
unit cell with the following dimensions and standard deviations:

a = 10.5663 4+ 0.0004 A, ¢ = 4.1193 4 0.0002 A, V = 328.29 4 0.03 A 3.

The powder photographs were taken in a Guinier focusing camera at
25°C with CuKu, radiation and potassium chloride as an internal standard.
Refinement of the cell parameters was performed using the least-squares
program PIRUM written by P. E. Werner.?

Space group. No systematically absent reflections Akil were found in the
Weissenberg photographs. For the hki0 reflections, however, those with
h—k #3n were occasionally absent. A study of the intensities of the general
reflections hkil revealed that Inw=Iiy and Inw=Igu. If the symmetry
of the light atoms is the same as that of the dominant bismuth atoms (vide
infra), the Laue symmetry is 3m and at first the space groups P3m (No. 164)
and P3m (No. 156) had to be considered. From a two-dimensional Patterson
projection P(uvp) the following bismuth atom positions were found:

Bi, in 0,0; Bi, in 2/3, 1/3; Bizin 1/3, 2/3.

This is compatible with both P3m and P3m. An inspection of the reflections
hkil showed that it was impossible to find correct positions for the bismuth
atoms in space group P3m whereas a solution could be obtained assuming
either P3m or P3 (Laue symmetry 3) with the bismuth atoms in the positions
0,0,2,; 2/3, 1/3,2, and 1/3, 2/3,2;. It may also be noted that with space group
P3m some of the carbon atoms would have to occupy a centre of symmetry,
which is incompatible with the known geometry of the formate group. The
choice between P3 and P3m was made on the basis of the intensities of the
general reflections hkil (see above), but as the influence of the scattering of
the light atoms on the intensities is small, a slight deviation from Laue symme-
try 3m used here cannot be excluded.

The bismuth atoms. Three-dimensional Patterson functions (program DRF 2)
were now computed at different heights of the c-axis in order to find the z-
values for the bismuth atoms. Approximate scale factors between the different
layer lines were at first calculated from the exposure times of the photographs.

The largest maxima in the sections, which undoubtedly could be ascribed
to the bismuth-bismuth vectors, revealed the positional parameters 0.35 and
0.55 for z, and z;, respectively, when z, was arbitrarily chosen as zero. A least-
squares refinement of the parameters of the bismuth atoms and of the inter-
layer scale factors was then performed using the full-matrix program LALS.?
The calculations were based on the entire intensity material and gave a re-
sulting discrepancy factor R=73||F,|—|F.||/>|F,| of 0.08.
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The light atoms. In order to find the carbon and oxygen atomic positions,
three-dimensional electron density difference syntheses p’(xyz) were computed
at different z-values, with the contributions of the bismuth atoms subtracted.
Most maxima found in the maps could be explained by using a structure
model for the formate groups including reasonable interatomic distances and
angles. Some peaks of nearly the same height as that calculated for a carbon
atom remained, however. For geometrical reasons they could not possibly
indicate atoms of formate groups. They are assumed to be due to errors in-
herent in the intensity material and to the fact that contributions from scat-
tering of the light atoms were not included when the scale factors were cal-
culated.

Refinement of the structure. The positional parameters for all atoms, the
isotropic temperature factors, and the inter-layer scale factors were now
refined in a least-squares calculation. When the parameter shifts (37 variables)
were well below 5 9, of their standard deviations, the refinement was considered
to be complete and the B value was at this point 0.053.

Since positions could be assigned to all non-hydrogen atoms, the distances
found are normal, and none of the atoms has an unusually high temperature
factor, it seems possible that the space group found is the correct one.

Table 1a. Final parameters and standard deviations (within brackets) obtained from the
refinement with anisotropic temperature factors for the bismuth atoms.

The space group involves the condition y= —x for all independent atoms in this
structure. The temperature factor expression used for the bismuth atom is

oXP— (B11h2+ Baok? - Bysl®+ Bralk+- B1shl - Baskl),
where f;;=f=p1: and f13=fs3=0.

x 2 B B Bss
Bi(1) 0 0 0.0024 (1) 0.0105 (24)
Bi(2) 2/3 0.3544 (6) 0.0025 (1)  0.0098 (24)
Bi(3) 1/3 0.5472 (9) 0.0035 (2) 0.0231 (13)
C(1) 0.155 (2) 0.374 (10) 1.7 (5)
C(2) 0.822 (2) 0.754 (8) 1.3 (4)
C(3) 0.486 (2) 0.103 (9) 1.4 (4)
O(1) 0.198 (2) 0.620 (8) 2.2 (4)
0(2) 0.864 (2) 0.974 (7) 1.9 (4)
0O(3) 0.5627 (2) 0.340 (7) 1.9 (4)
0O(4) 0.085 (1) 0.444 (7) 1.5 (3)
O(5) 0.751 (1) 0.800 (7) 1.5 (3)
0O(6) 0.417 (1) 0.115 (6) 1.2 (3)

Table 1b. Root-mean-square components, R; (A), of thermal displacement along principal
axes of the ellipsoids of vibration, caleulated for the bismuth atoms from the f;; values
given in Table la.

Atom R, R, R,
Bi(1) 0.101 0.101 0.095
Bi(2) 0.104 0.104 0.092
Bi(3) 0.122 0.122 0.141
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Table 2. Observed and calculated structure factors.

h ok IR IR h ok U R IR h kb IR IR h kU IR IR
30 0 160.4 161.9 0 5 1 15642 163.9 2 2 2 95.4 90.8 5 11 2 32,3 31.9
6 0 0 171.7 172.4 4 5 4 50,3 46,6 32 2 71.7 8.5 0 12 2  4t.2 40.3
9 0 0 101.9 107.7 2 S 1 342 34,7 4 2 2 12046 120.5 112 2 29,3 29.8
12 0 0 89,5 93.4 305 1 100.1 109.4 5 2 2 69.7 74.1 2 12 2 51,3 49.9
15 0 0 5840 57.9 4 S 1 40,6 39.2 © 2 2 53¢4 55.4 3 12 2 39.7  33.8
4 1 g 173.0 168.2 5 5 1 30.6 29.4 7 2 2 66ed  69.2 0 13 2 63.% 58.9
7 1 0 138.3 142.6 6 5 1 115,3 109.1 8 2 2 5046 54,5 143 2 37.2  34.7
10 1 0 105.6 106.4 7 5 1 30,3 28.1 92 2 34 39.7 2 13 2 28,4 22,9
13 1 0 72,2 741 8 5 4 21.4  22.0 10 2 2 66,8 73.8 3 13 2 48,3  40.9
16 1 0 43.8 46,3 9 5 1 81.0 75.3 11 2 2 38,4  42.3 0 14 2 30.3 25.3
2 2 9 24643 251.9 12 5 1 62.1 58,8 12 2 2 26,4 27.2 1 14 2 46,1 42.0
5 2 0 153.0 152.4 0 6 1 39,6 4i.6 13 2 2 29.4  38.2 0 15 2 31.1  29.8
8 2 0 113.3 114.7 106 1 135.8 141.1 0 3 2 108.8 90.8
112 0 85.4 85,4 2 6 1 377 36,7 13 2 79.0 72.8 2 0 3 83.6 82.2
14 2 0 58,2 55.2 36 1 28.6 32,3 2 3 2 139.5 137.2 30 3 76,2 6.7
303 0 194.3 200,4 4 6 1 122,2 120.5 33 2 8.1 85.4 40 3 404.3 9448
6 3 0 133.6 134.8 5 6 1 32.% 332 4 3 2 59.4  S8.2 5 0 3 63.5 60.9
9 3 0 103.4 102.5 6 6 1 25,7 23.9 5 3 2 101.2 104.9 6 0 3 70,7 66.6
12 3 9 62.4 65,2 26 1 79.5  79.7 6 3 2 63.8 65.3 7 0 .3 94.9  88.0
4 4 0 185.2 134.7 10 6 1 6l.ad 59.9 7 3 2 4.0 43.7 8 0 3 5t.1 501
7 4 0 106.3 100.7 13 6 1 45,7 39,5 8 3 2 73.6 73.4 9 0 3 S1.4  46.8
10 4 0 75.6  77.8 9 7 1 44,0  43.7 9 3 2 46.4 48,3 10 0 3 62.8 S9.4
13 4 0 53,9 53,9 17 1 37.6  34.3 10 3 2 29.3 314 110 3 34.3  35.0
5 5 0 143.9 144.9 2 7 1 122.0 120.1 113 2 47.3  S1.4 12 0 3 31.8 32,9
8 S 0 84,9 B4.2 37 1 35,0 34.0 123 2 30.9  32.9 13 9 3 47.2 45.0
1405 0 65,9 66,9 4 7 1 20.6 24,5 0 4 2 103.5 95.4 1 1 3 59.8  62.3
6 6 0 96.8 100.2 S 7 1 97.0  95.9 14 2 90.8 84.8 2 1 3 105.6 103.6
9 6 0 768 7447 6 7 1 31.5 26,2 2 4 2 68.9 648 3 4 3 7243 748
12 6 0 5446 53,4 8 7 1 71.3  67.7 3 4 2 107.7 104.8 4 1 3 67.0 65.8
167 0 60.6  59.1 17 1 553 50.4 4 4 2 69,6  68.6 5 1 3 91.3 87.0
7 7 0 98.8 95.9 0 8 1 1381 1443 5 4 2 5i.6 52.4 6 1 3 59.9 57.5
8 8 0 796 76.1 L 8 1 37.8 35.9 6 4 2 90.6 71 3 76.2 68,9
1 L] 0 49.9 44.9 2 8 1 29.2 29.1 7 4 2 53.9 [ 1 3 72.8 69.3
99 0 59.1 58,7 38 1 9843 1004 s 4 2 36.5 ¥ 13 42,7 43,7
10 19 o 46,3 42,9 “4 8 1 26,9 27.2 Q 4 2 53.5 10 1 3 42,8 41,2
6 8 1 795  77.6 10 4 2 38.6 111 3 52.7 5048
300 4 57,9 S4.2 9 8 1 46,2 47,3 14 2 26.8 121 3 32,6 30.7
4 0 1 139.1 193.8 0 9 1 30.5 27.3 12 4 2 42.3 9 2 3 95,2 102.7
5 0 1 48,5 48,1 109 1 91.5  98.6 o 5 2 6644 12 3 66.1 68.1
6 0 1 42.5 40.8 2 9 1 28.2 30.9 105 2 92.5 2 2 3 86,0 84.2
70 1 149.7 154.0 309 1 25,2 22,9 2 5 2 75.7 32 3 102.7 103.4
8 0 1 39,2 37.5 4 9 1 90.0 87.7 3 5 2 5346 4 2 3 65.4 66.8
9 0 4 27.4 27.8 S 9 1 26,8 22.2 4 5 2 112,9 112, 5 2 3  49.4  43.6
10 0 1 94,9 94.9 7 09 105 5841 5 5 2  61.4  62.2 6 2 3 81.5 78.0
110 1 27.4 27,2 10 9 1 48,5 46,8 6 5 2 38,6 40.3 7 2 3 47,1 45.2
120 1 18.7  18.9 0 10 1 25.2 28.0 7 5 2 63.0 63.5 8 2 3 48,1  43.6
13 0 1 5.9 57.6 1010 1 24,9 243 8 5 2 43.3 44,9 9 2 3 3.3 62.8
14 0 1 13.3  19.5 2 10 1 87.9  93.0 9 5 2 331 29.6 10 2 3 37.6 37.4
160 1 54,2 49,8 3 10 1 24.0  25.4 10 5 2 42,3 48,7 112 3 31,3 3.7
31 1 6642 5648 5 10 1 64,3 6341 0 6 2 81.6 74.4 12 2 3 46,3 42.4
4 1 1 48,8 43.5 8 10 1 S1.3  48.6 16 2 1.5 0 3 3 88,7 8.2
5 1 1 146.2 147.2 0 11 1 75.5 77,7 2 6 2 111.7 13 3 101.8 104.0
6 1 1 44,4 44,2 111 1 24,9 25.0 3 6 2 68.4 2 3 3 65.3 6.4
7 4 1 33.9 3.2 3014 1 70,3 7144 4 6 2 49,2 303 3 6.9  63.4
6 1 1 121.2 122.4 6 11 1 60.7 56,1 5 6 2  64.0 4 3 3 83.4 2.7
9 1 1 29.0 3047 0 42 1 22,9 20.0 6 6 2 49.7 5 3 3 5647 S6.2
10 1 1 20,3 23.9 112 1 59,9 63,9 7 6 2  31.5 6 3 3 55,7 51.5
111 1 75.0 7645 4 12 1 63,4 81,3 8 6 2 60.4 7 3 3 6545  65.7
12 1 1 24,6 22.6 7 12 1 42.4 42,8 9 6 2 40.0 8 3 3 41,2 42.8
14 1 1 64,6 601.0 2 13 1 60,7 60,4 0 7 2 128.1 9 3 3 a7.4 43,7
17 1 1 38,7 39.3 5 13 1 54.2 49,2 17 2 7446 10 3 3 53.8  50.8
2 2 1 57.2 532 0 34 1 55,4 63,3 2 7 2 53.0 113 3 32,1 30.4
3 2 1 3 14 1 49.2 47,4 37 2 72,7 0 4 3 71.0  70.0
4 2 1 1 15 1 55.2 53.3 “ 7 2 53.2 1 4 3 75.4 71.8
s 2 3 2 16 1 33.9  38.9 5 7 2 40.2 2 4 3 86,7  90.3
6 2 1 0D 17 1 37.0  41.9 6 7 2 75.2 3 4 3 55.6 55.4
72 1 77 2 39.7 4 4 3 437 46.8
8 2 1 2 0 2 128,2 134.3 8 7 2 29.2 5 4 3 77.6 78.9
9 2 1 30 2 92,8 944 9 7 2 4.7 6 4 3 A4 4709
10 2 1 4 0 2 648 67.4 0 8 2 5446 7 4 3 41,9 33.5
12 2 g 5 0 2 9645 91.8 108 2 84.0 & 4 3 58,2 56.5
15 2 g 6 0 2  6b.b 72,5 2 8 2 590 9 4 3 31.9 343
o 3 1t 7 0 2 55.0  57.% 38 2 4.5 10 4 3 36,1 3647
103 1 8 0 2 75,7 87.2 4 8 2 62,2 9 5 3 91.3 91,0
2 3 1 9 0 2 47.9 57.8 5 8 2 4643 15 3 54.9  60.2
303 1 10 0 2 37.1  40.8 6 8 2 35.4 2 5 3 57.9 57.5
4 3 1 110 2 SD. 6241 7 8 2 54.5 35 3 76.4 7840
5 3 1 12 0 2  37.5 413 8 8 2 27.4 4 5 3 49.0 51.2
6 3 1 130 2 27,3 28.2 0 9 2 66.0 5 5 3  54.2 53,7
7 03 1 14 0 2 38,6 51.5 109 2 44.8 6 5 3 60.3 62,9
8 3 1 15 0 2 27.0 30.4 2 9 2 79.3 7 5 3 40,2 41.6
9 3 1 11 2 93.0 100.2 3 9 2 4400 8 5 3 38.0 38,4
10 3 1 2 1 2 7647 7449 4 9 2 35.4 9 5 3 4%.4  46.8
103 1 31 2 124.9 121.0 5 9 2 53.3 0 6 3 ol 6243
13 03 1 4 1 2 85.2 87.2 6 9 2 33.5 1 6 3  80.0 85.1
0 4 5 1 2 58s1 593 0 10 2 8i.1 2 6 3 50.9 55,2
14 1 6 1 2 96.3 101.8 110 2 50,5 3 6 3 4643  43.8
2 4 1 7 01 2 62.7 681 2 10 2 29.9 4 6 3 696  70.2
3 4 1 8 1 2 41,3 46,3 3 10 2 70.7 5 6 3 37.9 4047
4 4 1 9 1 2 6047 72.1 4 10 2 42,8 6 6 3 40.1 42,4
5 4 1 110.9 1i4.0 10 1 2 44.8 4949 5 120 2 30.3 7 6 3 55.7 S5.14
6 4 1 34,6 33.8 14 4 2 2446 32.9 6 10 2 47.2 8 6 3 34.6  33.0
7 4 1 21.7 26,7 12 1 2 48.4  59.4 0 11 2  36.9 0 7 3 5444 5647
8 4 1 104.8 98,2 £33 1 2  32.4 34 1 11 2 68.8 17 3 555 55.2
9 4 1 20,0 2646 14 1 2 17.2 2248 2 11 2 4207 2 7 3 67.2  69.9
14 4 1 62,2 63,2 0 2 2 B88.6 7749 3 41 2 30.6 37 3 45.8  46.8
14 4 1 40,7 440 12 2 115.0 106.6 4 11 2 4% 4 7 3 55,2 5449
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Table 2. Continued.

h ok b IR IR h ok U IR IR h k t IR IR] h k1 IR IR
5 7 3 5645 57.4 4 o 4 6446 s0.0 0 3 4 5146 54.7 3 6 4 37.2 38.8
6 7 3 37.2 3542 5 0 4 83.8 82.3 1 3 4 3749 35.3 4 6 4 31.8 32.5
7 7 3 35.5 3741 6 0 4 50.1 4644 2 3 4 8643 8743 5 L] 4 62,5 60.7
[ 8 3 69,1 75,3 7 [ 4 3544 3341 3 3 4 5042 47.9 6 6 4 31.3 31.7
1 3 3 45.7 48.3 8 ‘0 4 747 68.8 4 3 4 37.6 41.5 8 [ 4 50,6 46,5
2 8 3 42.7 45.0 9 9 4 41.0 3642 5 3 4 7043 7243 0o 7 4 73.8 73.9
3 L] 3 62.4 64,2 10 0 4 2942 2644 6 3 4 42,2 40.0 1 7 4 38.0 39,1
4 L} 3 35.4 3741 i1 [ 4 5744 53.5 7 3 4 3941 39+6 2 7 4 38.8 38,4
5 8 3 40,5 39.5 12 L] 4 32.6 2642 8 3 4 59.8 554 3 7 4 6240 61.2
'Y 8 3 48,9 48.1 1 1 4 48.3 55,6 9 3 4 31.2 29.6 4 7 4 31.3 35:3
0 9 3 4744 5043 2 1 4 40.6 47.7 11 3 4 45,2 4149 5 7 4 28.4 2844
1 9 3 58,0 63.6 3 1 4 87.4 89.7 0 4 4 34.8 85.4 b 7 4 46,0 4746
2 9 3 38,3 40.5 4 1 4 47.8 A47.5 i 4 4 49,4 5149 0 8 4 4249 46,4
39 3 47,6 48.5 S 4 4 4846 46.1 2 4 4 4.6 40.8 41 8 4 64,5 85,4
4 9 3 49.8 50.5 6 1 4 775 736 3 4 4 76.5 78.5 2 8 4 39.3 30.4
5 9 3 33.0 32.4 7 1 4 43.9 42.4 4 4 4 47,1 4401 3 8 4 29.14 23.9
0 10 3 37.5  4t.4 8 1 4 31.5 32,5 5 4 4 35.4 383 4 8 4 52.2 529
1 10 3 35,3 38,2 9 1 4 58,4 5740 6 4 4 64,3 65,2 0 9 4 31.7 346
2 10 3 S57.4  55.6 10 4 A4 4.4 31,7 7 4 4 3.5 3147 4 9 4 3b6.4 33.8
3 106 3 34,0 32,7 101 4 39.2 3.3 8 4 4 3641 34,3 2 9 4 53.3 54.0
4 10 3 37.4  33.7 12 1 4 47,3 a2, 9 4 4 S2.4 50,4 3 9 4 29.3 3.4
0 41 3 47.6  51.9 0 2 4 48.4  49.0 0 5 4 32,5 30.8 5 9 4 40,4 44,0
1 41 3 31,2 35.4 1 2 4 87.4 90.4 1 5 4 79,3 79,5 0 40 4 52,86 56,3
2 11 3 35.5 39,3 2 2 4 54.4 5446 2 S 4 41,6 44,5 1 210 4 30,2  30.4
3 41 3 4246 44,8 3 2 4  47.8 50.8 3 5 4 36,5 41,5 2 10 4 26,5  29.0
0 12 3 2646 27.5 4 2 4 81.7 834 4 5 A4 69.0 684 3 40 4 S51.7  49.2
112 3 43,0 46,4 5 2 4  45.8 4449 5 5 4 39.6 37,3 0 11 4 29,7 33,2
2 12 3 30.9 27.9 6 2 4 30.3 32.9 6 5 4 36,6 3I7.6 1 11 4 53.3  49.3
o 13 3 31.6 29.2 7 2 4 7045 67.3 7 5 4 53.2 52.8 0 12 4 2643 26.9

8 2 q 37,6 35.5 0 6 4 5046 4748 2 12 4 34,5 41,3
2 0 4 82,7  94s6 9 2 4 26.4  31.9 1 6 4 44,4 43,3 0 13 4 38.8 39.6
3 9 4 47 .4 5246 10 2 4 5748 5246 2 6 4q 719 71.6 o 14 4 3046 21.7

Anisotropic temperature factors were now introduced for the bismuth
atoms. The parameters of all atoms, thus including anisotropic temperature
factors for the bismuth atoms and isotropic ones for the light atoms, were
refined together with an overall scale factor, the total number of variables
being 36. The overall scale factor was obtained by fixing the inter-layer scale
factors to the values found in the last cycle of the preceding refinement. The
resulting R factor was 0.052.

By comparing the results of the two refinements it was found that the
largest movements of the bismuth atoms were less than 0.003 A and of the
light ones less than 0.01 A, and furthermore the standard deviations of all
parameters were somewhat smaller in the last refinement. The final atomic
parameters with standard deviations are given in Table la and in Table 1b
the root-mean-square components of thermal vibration along the principal
axes of the ellipsoids of the bismuth atoms. As R,=R, (Table 1b) the xy
sections of the ellipsoids are circular. The component R, (+R;, R,) coincides
with the crystallographic z-axis. The r.m.s. components were calculated with
the program OR FFE.2 The observed and calculated structure factors are
presented in Table 2.

The least-squares refinement performed was based on F values, mini-
mizing the function >w-(|F,|—|F.|)? with the weighting factor w=1/(a-
|Fo|+c|F,J%). The values 45 and 0.008 for a and ¢, respectively, were found
suitable for the final refinement. Only the observed reflections were included
in all calculations. The atomic scattering factors used for neutral bismuth
were those given by Cromer and Waber.* They were not corrected for anoma-
lous dispersion, because the material includes most certainly both Akl and
hkl reflections alternatively, as different crystals had to be used (see above)
when collecting the intensity material. For neutral oxygen and carbon atoms
the atomic scattering factors given by Hanson ef al.5 were used.
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After the last least-squares refinement was performed, electron density
sections were computed with the contributions of all atoms subtracted. In
these sections there were residual peaks smaller than those found in p'(zyz).
They were located very close to the threefold axes and could therefore not
possibly be caused by atoms not found in the refinement of the structure.

Computer programs. Most calculations were performed on the computer
CD 3600 in Uppsala, using programs briefly described by Liminga.2

DESCRIPTION OF THE STRUCTURE

The bismuth atoms. In bismuth formate the three non-equivalent bismuth
atoms, each on a three-fold axis, are surrounded by oxygen atoms in nearly
the same way. All oxygen atoms of the structure are connected to metal
atoms (Fig. 1). Every bismuth atom has three different distances to the

c@) 7 “Bi(1)

Fig. 1. A section of the structure of Bi(OOCH), along the diagonal [110] showing all

independent atoms in the unit cell with some bond distances and angles. The two chains

drawn with full lines correspond to endless sheets in the three-dimensional structure.

These are held together by Bi—O bonds (range III), marked by dashed lines in the
drawing.

oxygen atoms (Table 3). These distances fall within three distinct ranges:
I.2.34—2.40 A, II. 2.49—2.56 A, and III. 2.75—2.79 A, the standard devia-
tions being 4-0.02 A in all cases.

Table 3. Distances (A) and angles (°) with estimated standard deviations in bismuth(III)
formate.

Around the bismuth atoms

Bi(1)—0(4) 2.40 (2) Bi(1)—0(2') 2.49 (2) Bi(1)—0(4') 2.77 (2)
Bi(2)—O0(5) 2.40 (2) Bi(2)—0(3) 2.56 (2) Bi(2)—-0(5") 2.75 (2)
Bi(3)—0(6) 2.34 (2) Bi(3)—0(1)  2.50 (2) Bi(3)—0(6") 2.79 (2)
Mean value 2.38 Mean value  2.52 Mean value  2.77
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Distances and angles within the formate groups

Distances
C(1)—O0(1)  1.28 (5) C(1)—0(4)
C(2)—0(2) 1.19 (4) C(2)—0(5)
C(3)—0(3) 1.23 (4) C(3)—0(6)

ok ot
DO Lo W
SN
P
DO O W
~—

w
=]

Mean value 1.23 Mean value 1.

Angles
O(1)—C(1)—0(4) 115 (3)
0(2)—C(2)—0(5) 122 (3)
0(3)—C(3)—0(6) 125 (3)

Mean value 121

If only ranges 1 and II are considered, the metal atom is six-coordinated
and the polyhedron may be described as a distorted octahedron. Two triangular
faces of one octahedron are perpendicular to the three-fold axis and the bis-
muth atom is situated close to the larger of the triangles. Each oxygen of
the octahedron is bonded via a carbon atom of a formate group to an oxygen
atom of another octahedron (Fig. 2). Thus the structure may be regarded as
being built up of endless sheets of formula [Bi(OOCH),], being held together
solely by bonds belonging to range III.

Fig. 2. Perspective view of the arrangement of Bi—O octahedra in separate layers.
The separate octahedra are connected via carbon atoms of the formate groups.

If Bi—O distances belonging to all three ranges are considered as bonding
distances, the central metal atom may be described as nine-coordinated and
the polyhedron as a trigonal prism with one atom outside each prism face.
The polyhedra are linked together in the z-direction by sharing the base
triangular faces, thus forming endless strings (Fig. 3). Furthermore, all oxy-
gen atoms in the polyhedra are in the endless strings connected wvia carbon
atoms of formate groups building up a three-dimensional network.
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Fig. 3. Perspective view of endless strings of linked Bi—9 O polyhedra connected by
carbon atoms of the formate groups.

The formate groups. There are three independent formate groups in the
structure. Selected distances and angles within them are given in Fig. 1 and
Table 3. Mean values of the dimensions of the formate groups are as follows:

C—0'=1.234,0-0"=1304, /0 —C—0" = 12I°

(notations; O'=0(1), O(2), and O(3); 0""=0(4), O(5), and O(86), ¢f. Table 3).
It may be noted that the atoms O’ and O’ are crystallographically non-
equivalent. The atom O’ is in contact with one bismuth atom (range II),
while O’" has two neighbouring bismuth atoms (range I and III). The geom-
etry of the formate group found in this work is in good agreement with in-
formation for similar structures reported in the literature.’—8

DISCUSSION

Bismuth atoms are often coordinated by ligands in a very irregular way.
It is very unusual with bismuth atoms on three-fold axes, which is the case
in the present structure and also in eulytite, Bi,SizO,,. A redetermination
of the last structure, using neutron diffraction powder data has recently been
performed by Segal ef al.® Each bismuth atom in eulytite is coordinated by
three oxygen atoms at 2.15 A and three more oxygens at 2.62 A, forming
a distorted octahedron. This deformation is almost the same as that found
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in the present structure, if the bismuth atoms are considered to be six-coor-
dinated. The differences between the two short Bi—O bonds (2.38 and 2.52 A)
are less pronounced in bismuth formate than in eulytite, however. Such
deformations of coordination octahedra on three-fold axes can according to
Orgel 1% be explained by the influence of the pair of unshared electrons in
the bismuth ions.

The bismuth atoms in bismuth formate may, as mentioned earlier, also
be described as nine-coordinated, giving a rather regular polyhedron. Such
coordination is fairly common among bismuth and rare earth compounds,
for example YF;1 A similar coordination polyhedron has previously been
reported to exist in monoclinic NH,BiF,."? In this structure the bismuth
atoms, having the point symmetry 1, are surrounded by nine fluorine atoms
at distances varying from 2.19 to 2.86 A. By comparing the bond lengths
within the two coordination polyhedra, it is seen that the variations in the
distances Bi—TF are larger than in Bi—O (2.34—2.79 A), and thus the first
prism is more irregular.

In the crystal structure of a lanthanoid formate, Gd(OOCH),;* the
gadolinium atom is reported to have nine oxygen neighbours, forming a prism
of very similar appearance to that found in Bi(OOCH),;. In the Gd—9 O
polyhedron there are only two crystallographically independent distances,
2.3 and 2.5 A, and the metal atom is located in the centre of the trigonal
prism. The main difference between the gadolinium and the bismuth com-
pound seems to be that the Bi—O polyhedron is deformed along the three-
fold axis, whereas the Gd—O polyhedron is fairly regular. The difference
may be due to the influence of the inert electron pair in the bismuth atoms.
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