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Structural Chemistry of Copper and Zinc Minerals. II. Stereochemistry
of Copper(II) and Iodine(V) in Bellingerite, 3Cu(I10;)..2H.,0

By SUBRATA GHOSE AND CHE’'NG WAN
Department of Geological Sciences, University of Washington, Seattle, Washington 98195, U.S.A.

(Received 23 October 1973 ; accepted T December 1973)

Bellingerite, 3Cu(10s),.2H,0, is triclinic, space group PT, with ao="7-256 (2), bo=7-950 (2), co="7-856 (2)
A, «=105-10 (2), $=92-95 (2), and y=9695 (2)°, Z=1. The heavy-atom positions were determined
from a three-dimensional Patterson map. The crystal structure was determined by the heavy-atom
method and refined by the method of least-squares, with anisotropic temperature factors, to an R of
0-038 for 3156 reflections measured on an automatic single-crystal diffractometer. The standard error
in Cu-O and I-O bond lengths is +0-005 A and in O-Cu-O and O-I-O angles +0-02°. The crystal
structure of bellingerite is a three-dimensional framework consisting of a corner-sharing tetragonally
distorted Cu(1)Os octahedron, a [Cu(2),05(H,0),] octahedral dimer and three independent pyramidal
iodate groups. Cu(1) at a symmetry center is bonded to four oxygens at 1936 A (x 2) and 1:967 A (x 2)
approximately in a square plane, while two oxygens at 2-528 A ( x 2) complete the octahedron. Cu(2) has
three oxygen atoms at 1:942, 1946 and 1-973 A and a water molecule at 1-950 A approximately in a
square plane, while one oxygen at 2456 A and a water molecule at 2-483 A form the apices of the distor-
ted octahedron. Two Cu(2) octahedra form a dimer by sharing an octahedral edge. The pyramidal
I(1)Os group, with point-group symmetry 3m, has three oxygens at 1-815, 1-823 and 1-824 A from the
iodine atom, with O-I-O angles 96-0, 95-7 and 97-3°. 1(1) is weakly bonded to three further oxygens at
2-755, 2:676 and 2-796 A. The I(1)O; coordination polyhedron is a distorted octahedron. I(2) is bonded
to three oxygens at 1-817, 1-815 and 1:825 A, the O-I-O angles being 99-1, 99-4, and 95-1°. Four further
oxygens form weak bonds at 2:737, 2-957, 3-:050 and 3-172 A. The [(2)O, polyhedron can be described
as a square pyramid with two domes below the equatorial plane. I(3) is bonded to three oxygens at 1:801,
1-823 and 1795 A, with O-I-O angles 967, 101-0 and 101-1°. I(3) is weakly bonded to two further
oxygens at 2:771 and 2:873 A. The I(3)Os polyhedron is a distorted trigonal bipyramid. Both I(2)O; and
I(3)O; groups approximate very closely to the point-group symmetry m. Both H atoms belonging to the
water molecule are involved in strong hydrogen bonds (both O-H- - -0 =2:663 A).

Introduction

In part I of this series, we described the structure of
veszelyite, (Cu,Zn),ZnPO,(OH);.2H,0 (Ghose, Leo

& Wan, 1974), which has a novel type of octahedral
sheet structure. In this paper we describe the structure
determination of a copper iodate mineral, bellingerite,
3Cu(10;);.2H,0 from Chuquicamata, Chile. The
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only other copper iodate mineral is salesite, CulO;(OH)
also from Chile, whose crystal structure has been de-
scribed by Ghose (1962). Synthetic analogs of these two
copper iodate minerals have been prepared by Granger
& de Schulten (1904).

In addition to the stereochemistry of the cupric ions,
the structure of bellingerite provides an opportunity to
study the stereochemistry of three crystallographically
independent iodate groups, which are not restricted by
any point-group symmetry imposed by the crystal
symmetry. The stereochemistry and bonding of iodate
groups is currently of interest [see Alcock (1972a) for a
review] in terms of the significance of the I-O contacts
between 2-5 and 3-5 A in addition to the three short
pyramidal I-O bonds (~1-82 A).

Crystal data

Bellingerite, 3Cu(IO3),.2H,0, light-green prismatic
crystals, triclinic;

a,=7-2560 (23) A a=105-096 (16)°
bo=7-9503 (15)  B= 92:945 (22)
co=7855 (17)  y= 96:952 (21)
Cell volume 432:73 (19) A3

Space group P1

Cell content 3Cu(10;),.2H,0
D, 4-89 g cm™3

D, 4932 g cm ™3
u(Mo Ko) 13572 cm~!
AMo Ka,) 0-70926 A

The cell dimensions listed above have been derived
from a least-squares refinement of 15 reflections with
260 values between 50 and 60° measured on an automatic
single-crystal diffractometer using Mo Ku,; radiation.
The cell dimensions are in good agreement with those
proposed by Berman & Wolfe (1940), except that b and
¢ have been interchanged to maintain a right-handed
coordinate system. The crystal morphology indicated

STRUCTURAL CHEMISTRY OF COPPER AND ZINC MINERALS. II

the centrosymmetric space group PT, which has been
confirmed by the structure determination.

Experimental

A small bellingerite single crystal, checked for quality
by precession photographs, was ground into a sphere
with a Bond-type sphere grinder (Bond, 1951). X-ray
transmission Laue photographs indicated a surface
coating of powdery material, which developed by sur-
face flow during grinding. The surface coating was re-
moved by immersing the crystal in a dilute HC1 solu-
tion for a short time. The crystal sphere, with a diam-
eter of 0-21 (1) mm, was mounted on a Syntex PT
single-crystal diffractometer in an arbitrary orientation.
The orientation matrix was found automatically. The
intensities of all reflections with 20 values below 65°
(a total of 3156) were measured by the 20:6 method,
with Mo Ku radiation monochromatized by reflection
from a graphite ‘single’ crystal, and a solid-state detec-
tion system. The variable-scan method was used, the
minimum scan rate being 1° min~!. The intensities
were corrected for Lorentz, polarization and absorp-
tion effects. For intensity / less than 0-7a(J), where
o(l) is the standard error of measurement, / was set
equal to 0-7a(I), regardless of whether I was positive
or negative. A three-dimensional Patterson synthesis
was calculated with the Fourier program incorporated
in the X-RAY 67 system.

Determination and refinement of the structure

The cell content of 3Cu(I0;),.2H,0 in the space group
PT requires that one of the two copper atoms, Cu(l),
must occupy a symmetry center, which was arbitrarily
chosen at the origin. Hence in the Patterson map an
image of the structure exists in its true position, modu-
lated by the electron density of Cu(1). Thisimage wasre-
trieved by systematically considering Cu(l)-I vectors

Table 1. Bellingerite, 3Cu(10;),.2H,0: positional and thermal parameters (with standard deviations in parentheses)

Fractional coordinates and anisotropic temperature factors are x 10°,

3 3
Form of the temperature factor: exp [—{ 2 2 Ah,Bi}].
i1=1j=1

X y z B, (Az) Bt B2 Bs B2 Bus B2
Cu(l) 0 0 0 1:505 (16) 772 (18) 691 (16) 577 (15) 258 (14) 87 (13) 90 (13)
Cu(2) 39635 (11) 57637 (10) 35154 (10) 1-406 (12) 819 (13) 554 (11) 637 (11) 192(9) 272 (10) 236 (9)
(1) 60934 (5) 13645 (5) 86911 (5) 1179 (7) 685 (7) 451 (5) 498 (6) 92 (4) 151 (4) 145 (4)
1(2) 85790 (5) 15515 (5) 39779 (5) 1-:269 (7) 679 (7) 498 (6) 558 (6) 89 (4) 157 (4) 132 (4)
1(3) 18703 (5) 40381 (5) 85862 (5) 1-348 (8) 643 (7) 595 (6) 553 (6) 109 (4) 139 (4) 66 (4)
o) 52811 (72) 8006 (61) 19016 (64) 1:694 (68) 1005 (88) 561 (63) 712(70) 20 (59) 23 (63) 149 (54)
0O(2) 57102 (70) 17900 (62) 65384 (62) 1-607 (65) 976 (84) 572 (65) 658 (68) 112 (58) 40(59) 176 (54)
0(@3) 83655 (68) 6418 (74) 83178 (65) 1-859 (72) 682 (76) 1142 (86) 739 (72) 329 (65) 205 (59) 259 (64)
0(4) 79211 (70) 37298 (66) 48187 (70) 1-797 (72) 912 (83) 664 (72) 949 (79) 277 (62) 448 (65) 223 (61)
O(5) 8513 (74) 18993 (65) 51917 (65) 1-810 (70) 1085 (91) 642 (67) 702 (73) 31 (62) 147 (64) 125 (57)
O(6) 92966 (70) 19106 (65) 18930 (63) 1-670 (66) 856 (81) 829 (71) 622 (67) 147 (60) 262 (59) 215 (57)
o(7) 41073 (68) 49592 (68) 80969 (68) 1-795 (71) 753 (76) 840 (75) 913 (78) 132 (60) 476 (62) 303 (62)
O(8) 80763 (66) 45422 (65) 91725 (60) 1-578 (64) 731 (75) 789 (70) 555 (64) 87 (58) 247 (55) 48 (54)
O(9) 24170 (76) 20405 (68) 90261 (72) 1-934 (73) 1044 (91) 715 (72) 920 (80) 47 (64) 239 (67) 302 (62)
0O(10) (H,0) 37102 (70) 34132 (62) 38730 (67) 1:739 (69) 936 (84) 550 (65) 904 (78) 69 (58) 299 (63) 206 (58)
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(x1,y:1,2)), which occur halfway between I-I vectors
(2x;,2y;,2z;) from iodine atoms related by inversion.
These iodine positions were confirmed by considering
interatomic vectors between crystallographically dif-
ferent iodine atoms (x;—x;,y,—y;,z;—z;). Next, the
Cu(2) position was determined from a consideration of

Table 2. Bellingerite, 3Cu(105),.2H,0
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Cu(2)-1 vectors and confirmed by the Cu(l)-Cu(2)
vector. Two cycles of isotropic least-squares refinement
using the heavy-atom positions only reduced R to 0-19,
Three-dimensional Fourier and difference-Fourier syn-
theses, based on the structure factors calculated with the
heavy-atom positions, yielded the positions of the re-

: observed and calculated structure factors
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maining 10 oxygen atoms. The full-matrix least-squares
program RFINE (Finger, 1969) was used for the struc-
ture refinement. The structure factors (F,) were
weighted F,/30%(F,), where o(F,) is the standard error
of the measurement of F, derived from the counting
statistics. The scattering factors of the non-ionized

atoms Cu, I, and O were taken from Cromer & Mann
(1968). Dispersion corrections were made according to
Cromer & Waber (1965). Three cycles of least-squares
refinement usingisotropic temperature factors, followed
by three more cycles using anisotropic temperature
factors, reduced R to 0-038 (unweighted) and 0-057
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(weighted) for 3156 reflections. The conventional R
value and the weighted R value, R,, are defined as:

R=[2(1F,| = |Fe))/ 21 Fol]

Rw= [ZW(FO‘ - |Fc|)Z/ZWIF0|2]U29

where w is the weight of the observed structure factor.
After completion of the least-squares refinement, a
three-dimensional difference-Fourier synthesis was
computed to locate the hydrogen atoms; however, this
attempt was unsuccessful.

The atomic positional and thermal parameters are
listed in Table 1, a list of observed and calculated

and

Table 3. Bellingerite, 3Cu(10,),.2H,0: interatomic
distances (A) and angles (°) (with standard
deviations in parentheses)

Cu(l) octahedron

Cu(1)-0(3) 1-936 (5) (x2)
Cu(1)-0(6) 1-967 (5) (x 2)
Cu(1)-0(9) 2:528 (5) (x2)
O(6)—0(9) 3-286 (7) (x2)
0(9)—0(6") 3-117 (7) (x 2)

0(3)—Cu(1)-0(6)
0(3)—Cu(1)-0(9)
0(3)—Cu(1)-0(6")
0O(3)—Cu(1)-0(9)
0(6)—Cu(1)-0(9)

89-3 (2)
82:8 (2)
90-7 (2)
97:2 (2)
93-1 (2) (x2)

0(3)—O0(6) 2:744 (7) (x2)
O(3)—O0(9) 2-984 (7) (x2)

Cu(2) octahedron

O(6")-Cu(1)-0(9) 869 (2) (x2)

Cu(2)—0(2) 1942 (5) 0(2)—Cu(2)-0(4) 894 (2)
Cu(2)—0(4) 1946 (5) 0(4)—Cu(2)-0(10) 869 (2)
Cu(2)—0(7) 1-973 (5) O(10)—Cu(2)-O(7) 876 (2)
Cu(2)—0(10) 1-950 (5) O(7)—Cu(2)-0(2) 95-9 (2)
Cu(2)—0(8) 2-456 (5) 0O(8)—Cu(2)-0(2) 81-4 (2)
Cu(2)—0(10") 2:483 (5) 0O(8) —Cu(2)-0(4) 96:6 (2)
0(2)—O0¢4) 2736 (7) O(8)—Cu(2)-0(10) 104-7 (2)
O(4)—O(10) 2-679 (7) 0O(8)—Cu(2)-0(7) 860 (2)
O(10)—-0(7) 2716 (7) 0(10")-Cu(2)-0(2) 886 (2)
O(7)—0(2) 2907 (7) 0(10)-Cu(2)-0(4) 869 (2)
O(8)—O0(2) 2-896 (7) 0(10)-Cu(2)-0(10) 85-4 (2)
0(8)—0(4) 3305 (7) 0(10)-Cu(2)-0(7) 914 (2)
O(8)—O0(10) 3-502 (7) 0(2)—Cu(2)-0(10) 173-2 (2)
0(8)—O(7) 3-041 (7) 0(4)—Cu(2)-0(7) 1744 (2)
O(10)-0(2) 3-115(7) 0O(8)—Cu(2)-0(10") 169-4 (2)
O(10)-04) 3-072 (7)
O(10)-0(10) 3:032 (7)
0(10)—0(7) 3-209 (7)
Cu(2)—Cu(2’) 3-2765 (15)
I(1) polyhedron
I()—O(t) 1-815(5) O(1)—I(1)—0(2) 96:0 (2)
I(1)—O0(2) 1-823 (5) 0O(2)-1(1)—0(3) 95:7 (2)
1(1)—O(3) 1-:824 (5) 0O(3)-I(1)—0(1) 97-3 (2)
Mean 1-821 Mean 96-3
I(1)—O(1") 2755 (5) O(1)—0(2)-0(3) 607 (2)
I(1)—O(8) 2:676 (5) 0(2)-0(3)-0(1) 596 (2)
I(1)—O0(9) 2:796 (6) 03)-0(1)-0(2) 597 (2)
O(1)-0(2) 2703 (7) Mean 60-0
0(2)—0(@3) 2:704 (7) O()-I(1)—O0(1’) 762(2)
03)—0(1) 2732 (7) Oo(1)-1(1)—0(9) 757 (2)
Mean 2:713 O(1)-I(1)—0(8) 1735 (2)
O(1)—O(1") 2912 (10) O(1)-1(1)—0(2) 1587 (2)
O(1)=0(9) 3401 (7) O(1")-1(1)—09) 756 (2)
O(1)-0(9) 2933 (7) O(1")-I(1)—0(3) 104-8 (2)
009)—0@3) 2984 (7) O(1")-I(1)—0(8) 1103 (2)
O(1)-0(2) 3510 (7) 0(9)-I(1)—0(3) 1728 (2)
O(8)—0O(1) 4-457 (7) 0(9)-1(1)--0(2) 83-3(2)
O(8)—0(9) 2:792 (7) 0(9)-K(1)—0(8) 104:3 (2)
O(8)—0(3) 3:033 (7) 0O(2)-1(1)—0(8) 77-6 (2)
O(8)—0(2) 2:896 (7) 0O(3)-1(1)—O0(8) 82:4 (2)

A C30B-9
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Table 3 (cont.)
1(2) polyhedron
12)—0@4) 1817 (5) 0(4)-1(2)—0(5) 99-0 (2)
1(2)—O0(5) 1-815(5) 0O(5)-1(2)—0(6) 99-4 (2)
1(2)—O0(6) 1-825 (5) 0(6)-1(2)—0(4) 951 (2)
Mean 1-819 Mean 97-9
1(2)—O() 2:737 (5) 0(4)—0(5)-0(6) 581 (2)
1(2)—0(2) 2-957 (5) 0O(5)—0(6)-0(4) 60-7 (2)
1(2)—O0(5’) 3-050 (5) O(6)—0(4)-0(5) 612 (2)
1(2)—0) 3172 (5) Mean 60-0
O@4)—0(5) 2-763 (7) o()-1(2—O(6)  77-5(2)
O5)-0(6) 2775 (1) O(1)-1(2)—0(2) 76:0 (2)
O(6)—0(4) 2-688 (7) 0O(2)—-1(2)—0(5) 1084 (2)
Mean 2:742 0(4)-1(2)—0(1) . 856 (2)
O(1)-0(2") 3-510(7) 0(4)—1(2)—0(2) 64-9 (2)
0O(2)—0(5) 3-646 (7) O(5)-1(2)—0(6) 118-8 (2)
O(6)—0(1) 2941 (7) O(5)-1(2)—0(1) 104-8 (2)
0(4)—-0(1) 3168 (7) O(5)-1(2)—0(2) 85-8 (2)
0(4)—0(2") 2736 (7) O(5')-1(2)—0(5) 72:8 (2)
O(5)—0(1) 4-588 (7) 0(4)-1(2)—0(5) 1458 (2)
O(5)—02") 3-927(7) O(5)-1(2)—0(1) 1746 (2)
O(5)—0(5) 3-053 (10) 0(6)-1(2)—0(2) 1477 (2)
0O(5)-0(6) 4-242 (7)
I(3) polyhedron
1(3)—O(7) 1:801 (5) O(7)—I@3B)—0(18) 967 (2)
1(3)—O0O(8) 1:823 (5) O(8)—I(3)—0(9) 1010 (2)
I1(3)—0(©%) 1:795 (5) 0(9)—I3)—O0(7) 1010 (2)
Mean 1-806 Mean 99-6
I1(3)—O0(5) 2771 (5) O(7)—O0(8)—0(9) 606 (2)
I(3)—0(8) 2:873 (5) O(8)—O0(9)—O0(7) 582(2)
O(7)—0(8) 2-707 (6) 0(9)—O(7)—0(8) 612 (2)
0(8)—0(9) 2792 (7) Mean 60-0
0(9)—0(7) 2776 (7) O(5)—I(3)—O0(8) 1658 (2)
Mean 2:758 O(5)—I(3)—0(9) 837 (2
0O(5)—O0(8) 4:561 (7) O(5)—I(3)—O0(7) 9552
O(5)—0©9) 3133 (7 O(8)—I(3)—0(5) 92:0(2)
O(5)—O0(7) 3-446 (7) O(8)—I(3)—0(8) 738 (2)
O(8)-0(5) 4-062 (7) O(8)—I(3)—0(9) 1119 (2)
0(8)-019) 3915 (7) O(8)—I(3)—0(7) 1468 (2)
0O(8)-0(8) 2:942 (10)
Hydrogen bonds
O(10)-0(1)  2:663 (7) O(1)—O0(10)-0(5) 1062 (2)
O(10)-0(5)  2:663 (7) Cu(2)-0(10)~Cu(2) 946 (2)
O(10)-Cu(2) 1-950 (5) Cu(2)—0(10)-0(1) 1229 (2)

1261 (2)
97-7 (2)
1001 (2)

0(10)-Cu(2’) 2483 (5) Cu(2)—0(10)-0(5)
Cu(2')-0(10)-0(1)
Cu(2)-0(10)-0(5)

Cu-I distances I-I distances (< 4-2A)

Cu(1)-I(1)  3-3608 (4) (x 2) I()-I(1")  3-6443 (7)
Cu()-1(2)  3-3138 (4) (x2) I(1)-1(2) 40125 (5)
Cu(l)-1(3)  3-7867 (4) (x2) I(1)-I(3) 37965 (5)
Cu(2)-I(1) 32087 (8) I(D-I3)  3-9442 (5)
Cu(2)-1(2) 3-3128 (8) 12)-12°)  3-9840 (7)
Cu(2)-1(3)  3-5245 (8) 1(2)-1(3) 41181 (5)
Cu(2)-1(3") 39125 (9) 13)-1(3) 38072 (7)

structure factors is given in Table 2; the bond lengths
and bond angles with standard deviations are listed in
Table 3, and the thermal ellipsoids with their standard
deviations are listed in Table 4. The standard deviations
in bond lengths and bond angles as well as those of
thermal ellipsoids have been calculated with the
ERROR program (Finger, 1972). The average standard
deviation of the Cu-O and I-O bond lengths is
+0:005A and in O-Cu-O and O-I-O bond angles
+0-02°.
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Description of the structure

Stereochemistry of the cupric ions

The isolated Cu(1)Og group is a tetragonally distorted
octahedron (Fig. 1). O(3) (x2) and O(6) ( x 2) atoms
form a rectangle at distances of 1:936 A (x2) and
1-967 A ( x 2) respectively, while O(9) is the apical oxy-
gen at 2:528 A (x2).

The [Cu(2)0,(H,0),] octahedron is also tetragonally
distorted; O(2), O(4), O(7) and O(10) (H;O) form a
rectangle with Cu-O distances 1-942, 1:946, 1-973 and
1-950 A respectively, while O(8) and O(10") complete
the octahedron at distances of 2-456 and 2-483 A
respectively. The copper atom deviates slightly from
the rectangular plane towards the apical O(8) atom, as
indicated by the O(2)-Cu(2)-O(10) angle of 173-2°
and the O(4)-Cu(2)-O(7) angle of 174:4°. The apical
oxygens O(8) and O(10’) make an angle of 169-4° at

STRUCTURAL CHEMISTRY OF COPPER AND ZINC MINERALS. II

Cu(2). The Cu(2) octahedron shares a bipyramidal
edge O(10)-O(10") with a centrosymmetrically related
Cu(2) octahedron, forming a dimeric [Cu,0g(H,0),]
group (Fig. 1).

Stereochemistry of the iodate groups

The three crystallographically independent iodate
groups are all trigonal pyramids (Fig. 1).

I(1) is closely bonded to O(1), O(2) and O(3) at dis-
tances of 1-815, 1-823 and 1-824 A respectively. The
O-1-O angles are 96-0, 95-7 and 97-3°. I(1) is weakly
bonded to three further oxygens O(1"), O(8) and O(9)
at 2-755, 2:676 and 2:796 A respectively (Fig. 2). The
configuration around the I(1) atom can be described as
a highly distorted octahedron, where the apical oxygens
O(1) and O(8) are closer to one edge O(2)-O(3) of the
equatorial plane, rather than being exactly above and
below the plane defined by O(1), O(9) and O(2), O(3)

Table 4. Bellingerite, 3Cu(105),.2H,0: thermal ellipsoids (with standard deviations in parentheses)

r.m.s. amplitude

Cu(l) rl 0-1183
r2 01353

r3 01578

Cu(2) rl 0-1152
r2 01209

r3 01599

I(1) rl 01114
r2 01147

r3 01387

1(2) ri 0-1167
0-1212
0-1410
0-1132
0-1325
0-1444
0-1270
0-1447
0-1653
0-1283
0-1378
0-1602
01175
0-1492
0-1860
0-1141
0-1421
0-1873
0-1345
0-1430
0-1738
0:1170
0-1554
0:1600
0-1005
01559
0-1839
0-1062
0-1434
0-1677
01320
0-1576
0-1766
0-1239
0-1382
0-1779

~
[\S}

1(3)

o)

0(Q)

0Q3)

04)

0(5)

0O(6)

o

Oo(8)

0(9)

0(10) (H.0)

TTTYTYTT YT YT N YYYYYTYYYYYYYYYYYY Y
WD = L N = LI DD = 0 DN = LD DD = U R 2 DD = L) DN = U0 DD = D DD = WD N = W

Angle (°) with respect to

+a +b te
586 (5-5) 60-0 (4:4) 64:2 (3-9)
54-7 (8:0) 686 (6:0) 144-0 (8-2)
128:9 (4:7) 355 (4:6) 113-0 (3:4)
59-2 (11:9) 110:1 (9-2) 34-0 (12-1)
113-1 (9°5) 146-5 (8-4) 88-4 (8-0)
144-0 (2-3) 816 (1-5) 54-2 (2:1)
657 (11-6) 122-2 (10-8) 31-7 (13-4)
106-7 (6:7) 140:6 (7-1) 104-7 (8-5)
154:2 (1'7) 954 (1-2) 61-9 (1-8)
564 (7-5) 78:9 (5-3) 486 (7-0)
790 (5-1) 174-3 (3-4) 71-4 (6-2)
142:6 (2:4) 102-7 (1-4) 51-4 (2:4)
58:4 (2-0) 70-8 (1:1) 53-7 (1'5)
33-1 (4-2) 1262 (3:7) 97-8 (3-:0)
109-9 (2-8) 138:6 (2:0) 44-7 (3-1)
99-7 (12:0) 16-7 (18:8) 88-5 (19-0)
85-4 (16-6) 712 (19:4) 175:7 (20-4)
154-3 (12:9) 103-1 (11-5) 97-2 (14-4)
84-3 (13-1) 12-7 (12:9) 106-3 (35:7)
85:3 (16°6) 91-5 (35-0) 163-5 (35-0)
163-4 (13-4) 91-2 (9-6) 98-8 (137)
143-9 (12-2) 102-5 (8:0) 110-6 (10-6)
68-7 (15-5) 71-4 (9-2) 160-2 (15-6)
104-1 (7-2) 120 (7-2) 94-8 (8:6)
1309 (16°1) 112:6 (11:2) 1143 (13-3)
74-2 (15-8) 159-9 (10:9) 58:4 (12:6)
130-8 (10:0) 92:0 (7-2) 383 (9-8)
91-8 (19-2) 394 (384) 66-4 (42-0)
113-2 (45-7) 58-8 (56-2) 149-9 (53-5)
150-9 (11+8) 111-2 (11-0) 73:3 (10-5)
57-3 (12-8) 948 (8-:0) 381 (12:7)
101-8 (58:4) 160-7 (64-4) 784 (39:3)
149-5 (82-2) 867 (72:8) 57-1 (81-0)
139-1 (9-2) 82-0 (6:0) 127-0 (9-3)
100-5 (9-1) 159-6 (10-7) 845 (9-4)
127:7 (13:9) 95-3 (12-2) 34-9 (13-8)
56-7 (12:0) 82:4 (5'7) 45-8 (10-2)
39-8 (267) 1265 (22-0) 106-3 (19-3)
656 (15-0) 37-1 (11-5) 123:7 (16:4)
115-0 (18:4) 324 (179) 127-3 (20-1)
1169 (26°1) 120-3 (13-7) 110-3 (17-7)
142-5 (22:2) 101-8 (15:8) 50-9 (22-3)
107-8 (24-6) 13-1 (17-6) 111-1 (23+5)
128-5 (294) 107-5 (18:8) 121-7 (25:6)
132-5 (12+6) 103-1 (8-4) 40-4 (12-8)
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(Fig. 2). The I(1)O¢ group forms a dimer with a centro-
symmetrically related I(1)O¢ group sharing the O(1)-
O(1") edge.

I(2) is closely bonded to O(4), O(5) and O(6) at dis-
tances of 1-817, 1-815 and 1-825 A respectively, the
O-I-0 angles being 99-0, 99-4 and 95-1°. Four further
oxygens, O(1), O(2), O(5) and O(9), form weak bonds
at 2-737, 2957, 3-050 and 3-172 A respectively (Fig. 2).
If we disregard the farthest oxygen O(9), the coordi-
nation polyhedron is again a highly distorted octa-
hedron. O(1), O(6), O(5) and O(2) form an equatorial
plane, while O(4) and O(5") form apical oxygens, which
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are closer to the edge, O(2)-O(5) of the equatorial
plane. If we include the farthest oxygen O(9) within the
coordination sphere, the coordination polyhedron be-
comes a square pyramid with two further oxygens be-
low the equatorial plane making two domes with the
corners of the equatorial plane. Two I(2)O; groups,
related by inversion, form a dimer by sharing the edge
0(5)-0(5").

The I(3)O; group has O(7), O(8) and O(9) at dis-
tances of 1-801, 1:823 and 1:795 A respectively from the
iodine atom. The O-I-O angles are 96:7, 101-0 and
101-1°. The last two angles are signiﬁcantly larger than

Table 5. Iodine(V)~oxygen bonds in crystalline iodates

Coordination

number of Distances (A)

Compound iodine O-1 I---0 Coordination polyhedron Reference
LilO; 6 1-809 (8) (x3) 2 892 (9) (x3) Distorted octahedron DeBoer et al. (1966)
NalO; 6 1-80 Distorted octahedron McGillavry & Van Eck (1943)

1-80 2 81
1-83 2-81
NH,10, 6 1-765 (8) 2:830 (8) Distorted octahedron Keve et al. (1971)
1-806 (8) 2-778 (9)
1-836 (12) 2819 (11)
RbIO; 6 1-:807 (3) (x3)2:763 (x 3) Distorted octahedron Alcock (1972b)
CulO3(OH) 6 1-78 2:50 Distorted octahedron Ghose (1962)
1-82 (x2) 2:69 (x2)
a-HIO; 6 1-780 (10) 2-879 (10) Distorted octahedron Garrett (1954)
1-816 (10) 2:767 (9)
1-899 (11) 2:503 (11)
Ce(103),.H,0 6 1-81 2-93 Distorted octahedron Ibers (1956)
I(1) ¢ 1-83 3-00
1-84 2-99
6 1-82 278
1(2) Jl 1-82 2-56
1-83 2-99
6 1-82 2-78 Distorted octahedron Ibers (1956)
1(3) 1-83 2:56
1-86 2-99
6 1-82 2:73
14) ¢ 1-83 3-10
1-86 2-51
Ce(103), 8 1-78 (9) 2-90 (9) Antiprism Cromer & Larson (1956)
1-84 (9) 2:68 (9)
1-83 (9) 307 (9)
3-25 (9)
3-28 (9)
Zr(10,), 8 1-81 (2) 2:94 (2) Antiprism Larson & Cromer (1961)
1-84 (2) 2-55 (2)
1-85 (2) 2-83 (2)
2:94 (2)
311 (2)
Ca(103),.6H,0 6 1-78 (3) 2:85 (2) Distorted octahedron Braibanti et al. (1971)
1-90 (2) 2:86 (7)
1-85 (3) 2:89 (3)
Sr(103),. H,O 6 1-786 (8) 3-168 (6) Distorted pentagonal Manotti Lanfredi et al. (1972)
1-806 (9) 2-853 (11) bipyramid
1-825 (6) 3219 (8)
2:846 (11)
3Cu(10,),.2H,0 6 1-815 (5) 2:755 (5) Distorted octahedron Present work
I(1) 4 1-823 (5) 2676 (5)
1-824 (5) 2-796 (6)
7 1-817 (5) 2957 (5) Irregular
1(2) 1 1-815 (5) 2:737 (5)
1-825 (5) 3-050 (5)
3172 (5)
5 1-801 (5) 2:771 (5) Distorted trigonal
I(3) 4 1-823 (5) 2-873 (5) bipyramid
1-795 (5)

A C 30B - 9*
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the average O-1-O angles within the I(1)O; (96:3°)
and I(2)0O; (97-9°) groups. In contrast to I(1) and I(2),
I(3) forms only two weak bonds to O(5) and O(8) at
distances of 2-771 and 2:873 A respectively. The five-
fold coordination around I(3) can be considered as a
distorted trigonal bipyramid; O(5), O(8) and O(9)
form a triangle, while O(7) and O(8") form the apical

STRUCTURAL CHEMISTRY OF COPPER AND ZINC MINERALS. II

oxygens (Fig. 2). The 1(2)Os group also forms a dimer
by sharing the edge O(8)-O(8') with another centro-
symmetrically related 1(3)Os group.

If the symmetry of the 10; pyramidal groups only is
considered, the 1(1)O; group is very nearly an ideal
trigonal pyramid with point symmetry 3m. On the other
hand, I(2)O; and I(3)O; groups deviate slightly but

of2)

bonds.

Fig. 2. Stereochemical configuration of I(1)Os, 1(2)O, and 1(2)O5 groups.



SUBRATA GHOSE AND CHE’NG WAN

significantly from regular trigonal symmetry (parti-
cularly in O-I-O angles by as much as 4°) and approxi-
mate closely to the point-group symmetry m.

Configuration of the water molecule and hydrogen bonds

The water molecule O(10) is closely bonded to Cu(2)
at 1:949 A and to Cu(2’) at 2-483 A. It has two close
approaches to O(1) and O(5) both at 2:663 A, which
indicate strong hydrogen bonds (Fig. 3). The O(1)-
0O(10)-0(5) angle (106-2°) is very close to the H-O-H
angle in a free H,O molecule (104-5°). Hence it is ex-
pected that the H atoms will be located almost directly
on the O(10)-0O(1) and O(10)-O(5) directions. Around
0O(10), the configuration of the two hydrogen bonds, as
well as of the bonds to Cu(2) and Cu(2'), is tetrahedral.

Three-dimensional framework

The crystal structure of bellingerite can be considered
as a three-dimensional framework consisting of a
corner-sharing Cu(l) octahedron, a Cu(2) octahedral
dimer and three pyramidal iodate groups. The isolated
Cu(1) octahedron shares corners with two oxygens each
from groups I(1)O;, I(2)O; and I(3)O;. The Cu(2) octa-
hedron shares four corner oxygens with iodate groups,
O(2) with I(1)0,, O(4) with I(2)O; and O(7) and O(8)
with two separate I(3)O; groups.

Alternatively, if we consider the weak I-O bonds, the
structure of bellingerite may be considered as a close
packing of I(1)Og, I{2)0, and I(3)Os groups, the inter-
stices of which are filled by Cu(1l) and Cu(2) ions and
water molecules.

Discussion

Charge balance and bonding in the iodate groups
Usually, two of the three oxygens belonging to each
iodate group are bonded to two separate copper atoms.
Thus in the I(1)O; group, O(2) and O(3) are bonded to
Cu(2) and Cu(l) respectively, while O(1) is only closely
bonded to I(1). If we consider the close approaches to
neighboring I(1) (2:744 A) and 1(2) (2:737 A) atoms
as weak bonds, as well as the H bond it receives from

Fig. 3. Configuration of the hydrogen bonds (with assumed
hydrogen positions) and Cu-O bonds around O(10) (H;O).
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the water molecule O(10), the O(1) oxygen atom be-
comes charge-balanced.

Likewise within the I(2)O; group the charge balance
of the O(5) oxygen, which is only bonded to iodine, is
achieved through weak bonds to I(3) (2:771 A) and
1(2) (3050 A) and a H bond from O(10) (2:663 A).

The I(3)O, shares O(7) with Cu(2), O(9) with Cu(l)
and O(8) with another Cu(2) atom. However, the
Cu(2)-O(8) bond (2-345 A) is weak. For charge balance,
O(8) is weakly bonded to I(1) (2:676 A) and I(3)
(2-873 A). The configuration of the four bonds each
around O(1), O(5) and O(8) is distorted-tetrahedral.

Coordination number of iodine(N') and the geometry of
the iodine-oxygen coordination polyhedron

In considering the iodine-oxygen interaction, I-O
distances below 3-5 A (van der Waals contact) would
normally indicate weak bonds. In bellingerite, however,
the shortest Cu(2)-I(1) distance is 3-2087 A, which
cannot be considered as a bonding interaction. Further-
more, there are a number of Cu-I distances between
3-2 and 3-5 A (Table 3). Accordingly, we accept 3-20 A
as the practical limit for the consideration of weak
I-O bonds. If this limit is extended to 3-5 A, (1), I(2)
and I(3) become 9-, 8-, 6-coordinated respectively.

If we consider I-O contacts below 3-2 A as weak
bonds, the coordination number of iodine(V) in
iodates investigated to date (Table 5) ranges from five
to eight. The coordination polyhedron is a trigonal
bipyramid for fivefold coordination, a distorted octa-
hedron for sixfold coordination, a pentagonal bipyra-
mid or irregular for sevenfold coordination and an
Archimedean square antiprism for eightfold coordina-
tion. To the best of our knowledge, fivefold trigonal
bipyramid coordination for idodine(V) is found for the
first time in bellingerite.

We are indebted to Enrique Tidy, Santiago, Chile,
for providing us with bellingerite crystals and technical
assistance in the initial stages of this investigation, and
to Marguerite Stroh for the diagrams.
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The Crystal Structure of the 1:1 Complex of Acetamide
with 5,5-Diethylbarbituric Acid (Barbital)
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The 1:1 complex of acetamide and barbital (C,HsNO.CgH;;N,0;), m.p. 116°C, is orthorhombic with
space group P2,2,2,. Lattice translations are a=10-615 (2), 5=10-568 (2), ¢=11-243 (2) A. The crystal
density (1-:283 g cm ~*) agrees with the calculated density (1:281 g cm~3) for four molecules of each com-
ponent in the unit cell. The crystal structure has been determined from 1500 integrated intensities
measured on a computer-controlled diffractometer with nickel-filtered Cu K« radiation. The final R
index is 0-044. The crystal structure is isomorphous with the urea/barbital complex. The acetamide
complex has slight differences in barbital conformation as well as in the relative translations and orien-
tations of the component molecules, but is similar in having two strong hydrogen bonds (N- - - O, 2-84 A)
in which barbital is donor and the oxygen of the second component (acetamide) is acceptor.

Introduction

This crystal structure determination is one of a series
involving NH. - -O=C hydrogen bonded complexes of
drug-active barbiturates with various other amides.
The crystal structure of the 1:1 complex of 35,5-
diethylbarbituric acid (barbital, Fig. 1) with acetamide
is of interest because it is isomorphous with the cor-
responding urea complex (Gartland & Craven, 1974).
Thus the acetamide methyl group which does not
hydrogen bond, replaces a urea amino group which
does hydrogen bond, with only minor perturbation of
the crystal structure,

Experimental

Transparent, prismatic crystals of the complex were
grown from a saturated solution of barbital and
acetamide in a solvent mixture of propanol and cyclo-
hexane (4:1). The crystal density was determined by
flotation in a mixture of benzene and carbon tetra-
chloride. Intensity data and unit-cell dimensions were
measured on a four-circle computer-controlled dif-
fractometer (Enraf-Nonius CAD-4) using nickel-
filtered Cu Ko radiation (A=1-5418 A). The crystal
data for the isomorphous complexes of barbital with
acetamide and urea are given in Table 1.

Table 1. Crystal data for the isomorphous (1:1) complexes
barbitallacetamide and barbitallurea

Barbital/acetamide
(This work)

Barbital/urea
(Gartland & Craven,
1974)

CsH,;N,0;.C;H;NO CgH,;;N,0;.CH,N,O
Orthorhombic, space group P2,2,2,

m.p 116°C 146-150°C
a 10615 (2) A 10302 (5) A
b 10-568 (2) 10-181 (2)

¢ 11-243 (2) 11-627 (3)

14 12612 A3 1219-5 A3
Dincas 1283 gcm ™3 1320 gcm 3
D, 1-281 1:330

1500 independent reflections were measured in the
range 6 < 75°. The crystal, which had dimensions 0-3 x
0-2 x0-2 mm, was mounted so that there was an angle
of 15° between the crystal axis @ and the ¢ axis of the
goniostat. Reflections were scanned in the w26 mode
at different rates to obtain a minimum net count of
5000 within a specified maximum scan time (90 s). The
background counts were taken at each of the scan
limits for % of the scan time. The 26 scan width in
degrees was 1-2+0-4 tan 8. There were 86 reflections
for which the integrated intensity (/) was less than
20(1) as calculated from the counting statistics. These



