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In inorganic compounds the usual environment of oxygen-coordinated Cu(II) atoms are four nearest
atoms at Cu-O ~ 2.0 A in a more or less square planar arrangement. In some cases distinct deviations
from the ideal ‘‘CuQ, square’’ are found. Obviously the largest distortions occur, if one additionai O
atom completes the coordination geometry in a *‘tetragonal pyramidal’’ Cu(I)“* 1O polyhedron. Now
the continuous transition from this ‘‘tetragonal pyramidal’’ polyhedron to a trigonal bipyramidal
Cu(II)P!O5 polyhedron can be verified. In the compound PbCu,(SeQs); each of the four crystallographi-
cally different Cu atoms has four nearest O atoms, which are ‘‘square planar’’ arranged. The ‘‘CuQ,
squares’’ show different kinds of distortion. The crystal structure of PbCu,(SeOs); was determined by
single-crystal X-ray techniques (a = 7.813(1) &, b = 9.116(1) &, ¢ = 12.570(1) &, a = 82.27(1¢, B =
72.90(1)°, v = 89.69(1)°, space group P1, Z = 4, R, = 0.048 for 5899 reflections up to sin /A = 0.81

A_I). © 1988 Academic Press, Inc.

Introduction

Cu(Il) atoms coordinated by oxygen at-
oms are in most cases surrounded by four
nearest neighbors in a more or less dis-
torted square planar arrangement [Cu(Il)-
O ~ 2.0 A). Such a ““CuQ, square’’ may be
completed by one O atom to a tetragonal
pyramid or by two O atoms to a distorted
octahedron. Usually the Cu-O bond
lengths to the additional O atoms are longer
than 2.25 A; transitions between the dis-
tinct coordination numbers [4], [4 + 1], and
[4 + 2] are well known. In some cases the
“CuQ, square’’ is definitely distorted. The
Cu(II)Os coordination figure may also be a
trigonal bipyramid; the five Cu-O bond
lengths than vary from ~1.90 to ~2.20 A. It
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is worth mentioning that other copper—oxy-
gen coordination figures have been de-
scribed only from a few isolated cases for
inorganic crystal structures (see /-7). Dif-
ferent kinds of distortion have been found
in the compound PbCu,(Se0s);. In connec-
tion with studies on Cu(Il)-oxygen coordi-
nation figures a detailed discussion of its
crystal structure seem to be of general in-
terest.

Synthesis of PbCu;(Se0;);

Crystals of PbCuy(SeOs); were synthe-
sized under hydrothermal conditions in a
steel vessel lined with ““Teflon.”” 2 g of an
equimolar mixture of PbO, CuQ, and SeO,
were put into the vessel of ~6 ml capacity;
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TABLE [

SUMMARY OF CRYSTAL DATA, X-RAY DATA COLLECTION, AND CRYSTAL
STRUCTURE REFINEMENT OF PbCux(Se(;);

a=78131)A

b =9.116(1) A

c = 12.570(1) A
a = 82.27(17

B = 72.90(1y°

v = 89.69(1)°

Space group P1

Peatle = 5.61 g cm™3
uw(MoKa) = 365 cm™!

Z = 4{PbCux(SeOs)s}

R = 0.055

R, = 0.048 (w = [a(F,)]™?)

STOE four-circle diffractometer AED 2
Program system STRUCSY (ECLIPSE S$/140)
Crystal dimensions: 0.16 x 0.18 x 0.19 mm?
Graphite monochromatized Mo K« radiation
Scan speed ratio 20:0 = 1:1

Time pro step: 0.5 to 1.5 sec; step width 0.03°
40 steps per reflection; 6 steps for back ground
3 standard reflections measured each 90 min
Range of data collection: 2° < 26 < 70°

Total measured reflections: 9001

Unique reflections: 7058; 5899 with F, > 3o(F,)
Number of variables: 272

1 ml H,0, (‘‘perhydrol’’) was added and the
vessel was filled with H,O to about 80
vol%. After heating for 2 days at 493(5) K
and after cooling to room temperature (12
hr) the following compounds were iden-
tified: PbCllz(SeO3)3; CU(SCO3)—II, III,
and IV (8); Cu,O(SeO;)-1 and II (9);
Cu,0(Se0;);-1 and II (9). The title com-
pound is triclinic and forms equidimen-
sional crystals. They are light green in color
and have a size up to 0.2 mm.

Structure Determination of PbCu,(SeQ;3);

Lattice parameters were obtained from
the accurate 20 values of 74 reflections.
They are listed together with the data con-
cerning the X-ray measurements as well as
with the final obtained R values in Table I.
The collected intensities were corrected for
absorption (empirical ¢ scans), and for
Lorentz and polarization effects as usual.

The coordinates for the Pb atoms were
found by direct methods. Subsequent
Fourier summations revealed the positions
of the other atoms. Complex atomic scat-
tering functions for neutral atoms (10) were
employed. Secondary isotropic extinction
(11) was taken into consideration during

the final stage of refinement. Table II gives
a list of final obtained structure parameters,
Table III some important interatomic dis-
tances and bond angles.

Discussion of the Crystal Structure of
PbCIlz(SGOg);;

The coordination geometries of the two
Pb atoms in PbCu,(SeQs;); are quite differ-
ent (see Table III), but are in agreement
with common crystal chemical experience
(12). The Pb(1) atom has an one-sided coor-
dination by five oxygen atoms with Pb-O =
2.45 to 2.61 A. The distance to the next-
nearest neighbor measures 2.92 A. The
Pb(2)-0 distances are generally longer than
the Pb(1)-0O distances; the coordination ge-
ometry of the Pb(2) atom is not as clear-cut
as that of the Pb(1) atom: There are seven
Pb(2)-O distances within the range from
2.61 to 2.79 A; the eighth Pb-O distance is
2.93 A. The coordination geometry of the
Pb(2) atom is irregular, but not one-sided.

Each of the Cu atoms has four nearest O
atom neighbors within the range from 1.92
t02.03 A (mean values from 1.96 to 1.99 A).
Considering only these atoms, the coordi-
nation may be described as more or less
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TABLE II

STRUCTURAL PARAMETERS FOR PbCuy(SeQ;)s*

Atom xl/a y/b e Uy, Un Ux Up, Uy Un

Pb(1) 0.12192(5) 0.65409(5) 0.34829(4) 129(2) 120(2) 175(2) 20(1) —53(2) -56(1)
Pb(2) 0.05879(6) 0.14271(5) 0.34295(5) 163(2) 179(2) 205(2) 38(1) —46(2) -32(2)
Cu(l) 0.4412(2) 0.4338(1) 0.7054(1) 98(5) 115(5) 136(6) 27(4) —26(5) -61(5)
Cu(2) 0.2260(2) 0.8323(2) 0.9633(1) 101(5) 158(6) 143(6) 55(4) —48(5) —60(5)
Cu(3) 0.1676(2) 0.2424(2) 0.0098(1) 109(5) 135(6) 178(7) 56(4) —63(5) -101(5)
Cu(4) 0.3769(2) 0.8321(1) 0.7002(1) 123(5) 123(5) 121(6) 10(4) —47(5) —16(5)
Se(1) 0.0839(1) 0.5471(1) 0.8311(1) 92(4) 70(4)  166(5) 27(3) —39(4) —-60(4)
Se(2) 0.4324(1) 0.8810(1) 0.1309(1) 88(4) 89(4) 121(5) 40(3) =27(4) -37(4)
Se(3) 0.3226(1) 0.3713(1) 0.4946(1) 104(4) 78(4) 147(5) 21(3) -374) —44(4)
Se(4) 0.3594(1) 0.9052(1) 0.4485(1) 93(4) 89(4)  145(5) 193) -474) —42(4)
Se(5) 0.1238(1) 0.1075(1) 0.8020(1) 109(4) 854)  129(5) 32(3) -36(4) —45(4)
Se(6) 0.4456(1) 0.3716(1) 0.1285(1) 100(4) 97(4)  124(5) 393) -384) —52(4)
o(11) 0.1853(10) 0.6765(8) 0.7172(8) 13(3) 11(3) 224) -1(3) -9(3) -33)
012) 0.0474(10) 0.6432(8) 0.9406(8) 11(3) 12(3) 26(5) 5(3) —6(3) -9(3)
0(13) 0.2618(9) 0.4472(8) 0.8489(8) 8(3) 11(3) 25(5) 92) —5(3) —8(3)
oQn 0.4373(11) 0.7750(9) 0.2529(8) 21(4) 12(3) 17(4) 43y —104) 9(3)
0(22) 0.3463(11) 0.7530(9) 0.0715(7) 20(4) 13(3) 15(4) 43) —10(3) —-6(3)
0(23) 0.6552(9) 0.8989(9) 0.0494(8) 5(3) 17(4) 25(5) 3(2) -33) —8(4)
031 0.2562(10) 0.3780(9) 0.6362(8) 10(3) 18(4) 16(4) -23) 1(3) -3(3)
032) 0.1187(11) 0.3467(10)  0.4755(9) 12(3) 26(4) 26(5) —1(3) —8(4) -8(4)
0(33) 0.3685(10) 0.5571(8) 0.4396(8) 12(3) 8(3) 19(4) 5(2) —4(3) -3(3)
0@41) 0.1470(10) 0.8594(9) 0.4514(9) 10(3) 16(4) 27(5) 1(3) —6(3) —8(4)
0(42) 0.3799(10) 1.0750(8) 0.3706(8) 8(3) 10(3) 214) 2(2) —6(3) -1(3)
043) 0.2970(11) 0.9519(9) 0.5837(7) 20(4) 14(4) 8(3) 7(3) -303) —6(3)
(6/638] 0.1348(12)  —0.0775(8) 0.8365(7) 314) 8(3) 13(4) 8(3) —9(4) -303)
0(52) —0.0428(11) 0.1022(9) 0.7414(8) 20(4) 14(4) 26(5) 103) -17(4) —8(4)
0(53) 0.0158(10) 0.1615(9) 0.9289%(7) 7(3) 24(4) 12(4) 4(3) 33) —13(3)
(0](:78] 0.3870(10) 0.4335(9) 0.2544(7) 14(3) 19(4) 10(3) 4(3) —4(3) -10(3)
0(62) 0.5694(10) 0.2224(8) 0.1603(7) 14(3) 16(4) 8(3) 6(3) —4(3) -3(3)
0(63) 0.2476(10) 0.2834(9) 0.1389(8) 6(3) 20(4) 18(4) -1(3) -3(3) —4(3)

303
7 ATF = exp [—2112 > > Ushhatat]. Uy are multiplied by 10~ for the atoms Pb, Cu, and Se, as well as

i=1 j=1
by 1073 for the O atoms.

distorted ‘‘square planar.”” Up to 2.60 A the
atoms Cu(1), Cu(3), and Cu(4) have one fur-
ther O atom neighbour. For one of the [4 +
1] coordinated Cu atoms in PbCu,(SeQOs);
the distance to this fifth neighboring O atom
is very short [Cu(1)-O = 2.19 A]. Similar
values have been reported only in a few
inorganic compounds (1,2, 5, 7). The
Cu(2) atom is [4 + 1 + 1] coordinated: be-
side the ‘‘CuQy square’’ it is coordinated to
two further O atoms with Cu(2)-O dis-

tances of 2.32 and 2.59 A. The next nearest
Cu-O distances are longer than 2.80 A and
they are excluded from discussion.

In the *‘CuQ, squares’’ the O-Cu-O an-
gles between neighboring O atoms are
within the range from 80.0 to 99.6°, and the
angles between opposite O atoms are all
larger than 150°. In the “‘Cu(1)O4 square”’
one of the O-Cu-0O angles between oppo-
site O atoms is only 158.0°, whereas the
other one is 173.7°. This coordination may
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TABLE III

INTERATOMIC DISTANCES (A) AND BOND ANGLES (°)

IN PbCu;(Se0;)y°

Pb(1)-0(32) = 2.447(10)
Pb(1)-0(41) = 2.455(9)
Pb(1)-0(52) = 2.512(8)
Pb(1)-0(21) = 2.581(8}
Pb(1)-0(33) = 2.612(8)
Pb(1)-0(31) = 2.917(7)
Pb(1)-0(61) = 2.980(8)
Pb(1)-0(32) = 3.030(9)
Pb(1)-0(22) = 3.403(8)

Se(1)-0(12) = 1.683(9)
Se(1)-0(13) = 1.710(7)
Se()-0(11) = 1.720(%)

Se(2)-0(22) = 1.706(8)
Se(2)-0(21) = 1.710(9)
Se(2)-0(23) = 1.737(8)
Se(3)-0(32) = 1.700(8)
Se(3)-0(1) = 1.711(10)
Se(3)-0(33) = 1.738(7)

Pb(2)-0@d1) = 2.610(10}
Pb(2)-0(52) = 2.615(8)
Pb(2)-0(42) = 2.690(7)
Pb(2)-0(63) = 2.704(9)
Pb(2)-0(11) = 2.721(7)
Pb(2)-0(43) = 2.762(8)
Pb(2)-0(32) = 2.785(8)
Pb(2)-0(41) = 2.931(8)
Pb(2)-0(51) = 3.174(8)

Se(4)-0(42) = 1.698(8)
Se(4)-0(@1) = 1.702(7)
Se(4)-0(43) = 1.736(8)

Se(5)-0(51) = 1.692(7)
Se(5)-0(52) = 1.694(8)
Se(5)-0(53) = 1.707(8)
Se(6)-0(61) = 1.686(8)
Se(6)-0(63) = 1.710(7)
Se(6)-0(62) = 1.736(7)

Cu(D)-0(13) = 1.9509) O(13) O(33) 3.92() 173.74)
Cu()-0(33) = 1.976(9) 0(13) O31) 2.841)  92.2(4)
Cu()-0(31) = 1.993(8)  O(I3) O(61) 2.82(1)  90.4(3)
Cu(1)-0(61) = 2.025@8)  O(13) O(21)  3.19(1)  100.4(3)
Cu(1)-0Q21) = 2.192(8) O(33) O(31) 2.84(1)  91.5(4)
Cu(1)-0(11) = 2.963(7) O(33) O61) 2.69(1)  84.3(3)

033 0Q21) 2.790) 83.7(3)

031) O(61)  3.94(1) 158.0(4)

0B31) 0Q21) 3.321) 104.9(3)

061 OR21)  3.14(1)  96.0(3)
Cu2)-0(22) = 1.933(8) 0O@22) O(3) 2.93(1)  97.0(4)
Cu2)-0(53) = 1.9808) O(22) 0(62) 2.77(1)  89.8(4)
Cu(2)-0(62) = 1.989(8)  O(22) O(51) 3.93(1) 172.14)
Cu(2)-O(51) = 2.008(8) O(53) O(62) 3.92(1) 162.2(4)
Cu)-0(12) = 2.322(7)  O(53) O(51)  2.831)  90.54)
Cu(2)-0(23) = 2.5938)  O(62) O(51)  2.66(1)  83.6(4)
Cu(3)-0(23) = 1.940(8) O(Q23)0(12) 3.871) 167.14)
Cu(3)-0(12) = 1.95%(8) O(@3)O(53) 2.71(1)  87.6(3)
Cu(3)-0(53) = 1.976(8) O(23) O(63) 2.9(1)  99.3(4)
Cu(3)-0(63) = 1.981(9) O(12) O(53) 2.5%(1)  80.0(4)
Cu(3)-0(13) = 2.498(9) O(12) O(63) 2.81(1)  91.1(4)
Cu(3)-0(51) = 2.854(8) O(53) O(63) 3.89(1) 158.3(4)
Cu@d)-0(62) = 1.922(8)  O(62) O(43)  3.82(1)  159.2(4)
Cu(4)-0(43) = 1.956(8) 0(62) O(42) 2.78(1)  90.9(4)
Cu(d)-0(42) = 1.985(8) O(62) O(11) 3.01(1)  99.6(4)
Cu(@)-0(11) = 2.013(7) 0@43)042) 2.75(1)  88.6(4)
Cu(4)-0(51) = 2.377(8)  O(43) O(11) 2.81(1)  90.2(4)
Cu(4)-0(61) = 3.1298)  O@42) O(11)  3.8%(1) 152.8(4)

s Pb-O distances are given up to 3.50 A, O-Cu-O angles
for Cu-0 < 2.20 A.

be considered as an example for the transi-
tion from a tetragonal pyramidal {4 + 1]
coordination toward a trigonal bipyramidal
(5] coordination. The ‘‘Cu(2)O4 square’
has the smallest distortion as compared
with the other ‘“CuQO; squares’” in

PbCuy(SeO4);. For the atoms Cu(3) and
Cu(4) both the O—-Cu-O angles between op-
posite O atoms in the ‘“‘CuQ, square’’ are
smaller than 167°. The ‘‘Cu(3)0,4 square’’ is
distorted toward a tetragonal pyramid (with
the Cu(3) atom at the apex pointing to the
fifth nearest oxygen atom). The ‘‘Cu(4)0O,
square’’ deviates definitely from the ‘‘te-
tragonal planar’’ symmetry.

The Se-O bond lengths vary from 1.68 to
1.74 A and the mean values for the six
selenite groups from 1.70 to 1.72 A. The
0O-Se-0 angles are 94.6 to 104.8° and the
0-0 edges are 2.53 t0 2.72 A (13).

Considering only the ‘‘CuO, squares,’’
the ““Cu(2)0,,”” ““‘Cu(3)0,,”” and ‘““‘Cu({4)0,
squares’’ are connected by common O
atom corners [atoms O(53) and O(62)] to
formal Cu30y9 groups. The longer Cu-O
bonds [Cu(2)-0(12) and Cu(4)-O(51)] are
within these groups resulting in common
0-0 edges of the Cu polyhedra [O(51)-
0(62) = 2.66 A and O(12)-0(53) = 2.53 A].
Each of these groups is connecied to an
“Cu(1)O4 square’” by a long Cu(3)-0(13)
bond and to a second Cu;0, group by a
long Cu(2)-0(23) bond resulting in a con-
nection of total eight copper coordination
polyhedra. A three-dimensional atomic ar-
rangement is built up by the SeO; groups
and by the coordination polyhedra of the Pb
atoms (Fig. 1).

The “Tetragonal Pyramidal” Cu(II)Os
Polyhedron

The ideal tetragonal pyramidal Cu(IDOs
polyhedron can be described as follows: the
Cu(II) atom is in the middle of a basal plane
defined by the atoms 02, O, O¢, and O4
(Fig. 2a). Under the recent topic slight devi-
ations of the ‘*CuQy square’’ from the sym-
metry 4/mmm are neglected. Strong distor-
tions have been found especially for those
Cu(Il) atoms, whose fifth Cu-O bond
length is shorter than 2.30 A. The degree of
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F1G. 1. Projection of the crystal structure of PbCu,(SeQ;); parallel [010] onto (010).

distortion can be expressed by the angles OY-Cu-Q¢Y. Two principal different kinds of
between opposite O atoms within the distortion are known:
“CuQy square’’: oy = 0*~Cu-0° and a = (a) a; and «; are definitely smaller than

a b c

08 oy = 03-Cu-0° « 180°

o= 0P-Cu-09 ~ 180°
Oe

o = 02-Cu-0¢ « 180°
oy = 0P-cy-09 « 1800

Fi1G. 2. Cu(Il)#*105 and Cu(I)®)Os coordination polyhedra: (a) the tetragonal pyramidal coordina-
tion with the Cu(II) atom in the basal plane; (b) the tetragonal pyramidal coordination figure with the
Cu(Il) atom shifted toward the fifth nearest neighbor; (c) the transition from a tetragonal pyramidal
coordination to a trigonal bipyramidal one.
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TABLE IV

Cu(ID)**10; COORDINATION POLYHEDRA IN INORGANIC CRYSTAL STRUCTURES WITH A STRONGLY
DISTORTED ‘‘CuQ, SQUARE’’*

Cu-0 distances within the Cu-0¢
Compound Atom “CuQ, squares’’ distance a; o

Cu,O(POy), (15), see Cu(3) 1.895 1.942 2,029  2.053 2.226 132.8 170.9
also (16) Cu(4) 1.907 1.949 1.957 2.093 2.302 129.0 176.4
CusO5(PO,), (17) Cu(3) 1.931 1.932 1.943 2.167 2.254 136.0 177.2
Ca;Cus(POy), (18) Cu(2) 1.906 1.941 2.038 2.090 2.169 132.6 171.0
Cu,0(Se0y):-1 (9) Cu(5) 1.932 1.962 1.963 1.981 2.265 150.0 175.3
Cu(9) 1.897 1.942 1.964 2.035 2.312 149.2 171.2

Cu(ll) 1.906 1.980 1.981 2.053 2.205 142.4 169.2

Cu(12) 1910 1.939 1.983 2.017 2.348 143.7 165.1

Cu(13) 1.919 1.950 1.974 2.132 2.170 140.5 1711

Cu(14) 1.889 1.957 1.987 2.031 2.252 141.9 170.4

Cu(15) 1.918 1.960 1.972 2.029 2.242 148.8 170.0

Cu(16) 1.895 1.962 1.994 2.048 2.240 136.1 168.7

Cu0(Se05)5-11 (9) Cu(?) 1.917 1.947 2.004 2.032 2.229 144.7 168.2
Cu(4) 1.920 1.962 1.964 1.999 2.343 145.6 167.5

 Interatomic distances in A, bond angles in °.

180° (see Fig. 2b). It might be that the Cu(II)
atom formally is shifted out of the ‘‘CuQ,
square’’ toward the fifth neighbor. Exam-
ples are the Cu(3) atom in PbCu,(SeO,); or
the Cu(l) atom in the monoclinic modifica-
tion of KCuPO, (I4) (in monoclinic
KCuPOy4 «a; and a, are 165.9° and 147.5°,
Cu-0° = 2.154 A).

(b) The distortion may concern predomi-
nantly one of the two O-Cu-O angles «
(see Fig. 2¢), Table IV lists some examples
with the angle «; smaller than 150° and the
angle «, larger than 165°. Their stereo-
graphic projections are given in Fig. 3: The
angle «, is drawn counterclockwise from
the southern point at the ground circle; the
atoms OY and O9 lie near the middle point
(one at the upper and one at the bottom
side). Comparing Fig. 3 and Table IV it can
be seen, that distorted tetragonal pyramidal
Cu(II)Os coordination polyhedra are
known, for which

(1) the Cu—-O¢ bond length is ‘‘short’” as
compared with Cu(I)**10s coordina-
tion polyhedra containing undistorted

or even less distorted ‘‘CuQ, squares,”

(2) one of the two O-Cu-0 angles between
opposite O atoms within the ‘““‘CuQy,
square’’ is definitely smaller than 180°
(al)’

(3) the angle a; deviates only slightly from
180°, and

(4) the direction of the longest Cu-O bond
within the coordination polyhedron
(i.e., Cu—0¢) lies off the angle «;.

The “Trigonal Bipyramidal” Cu(II)Os
Polyhedron

The trigonal bipyramidal coordination
polyhedron with its ideal symmetry 62m is
shown in Fig. 4. The highest known point
symmetry for a Cu(Il) atom is 3 [atom Cu(1)
in Cu;0O(Se05)-1 (9)]. Usually the Cu-O
bond lengths to the equatorial atoms O3,
0%, and O° are somewhat longer than to the
axial atoms O9 and O¢; a distortion predom-
inantly concerns the arrangement of the
equatorial O atoms. Table V lists the
Cu(I)Os polyhedra in inorganic crystal
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0C for exactly planar CuQ, squares
180°

o

Fi1G. 3. Cu(II)[4*i105 coordination polyhedra with strongly distorted ‘‘CuQ, squares.” O, At the
upper side, X, at the bottom side of the stereographic projection. The polyhedra mentioned in Table IV

are shown.

structures described as trigonal bipyramids.

The stereographic projections of these
coordination polyhedra are given in Fig. 5.
The largest angle within the equatorial
plane B; = 02~Cu-OP is drawn counter-
clockwise from the southern point at the
ground circle. The third atom within the
equatorial plane is signed as O° and lies off
the angle 8;. Both the axial atoms O9 and O¢
lie near the center of the projection (one at
the upper side and one at the bottom side).
The angle B, = 09-Cu-0¢° deviates up to
~10° from the ideal value of 180°. From
Fig. 5 and Table V follows:

(1) for some of the coordination figures one
of the three O-Cu-O angles (= B))
within the equatorial plane is definitely
larger than 120° and the two others are
smaller than 120°,

(2) in most cases one of the five Cu-O dis-
tances is large as compared with the
others, and

(3) with a few exceptions Cu-0O° is the
longest one of the five Cu-O bond
lengths.

Conclusion

Comparing the CuOs coordination figures
mentioned above (see Figs. 3 and 5 and

FiG. 4. The Cu(II)O;s polyhedron forming a trigonal
bipyramid.
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CoORDINATION FIGURES OF Cu(ll) AToMs IN INORGANIC CRYSTAL STRUCTURES CITED IN LITERATURE AS
TRIGONAL “‘BIPYRAMIDAL’' [5] COORDINATED®

125

Compound and mineral name  Atom Cu-0%¢ Cu-0** Cu-O¢ B; = 04-Cu-0¢ O*-Cu-0¢ g = 0°-Cu-0b
Cuy(OH)PQO,), libethenite (19) Cu(2) 1.934 2.046 2.057 172.5 111.6 124.2
1.938 2.057 124.2
KCuy(POy); (20) Cu(3) 1.882 2.048 2.028 169.2 101.5 137.8
1.957 2.179 119.4
Cu(4) 1.921 1.971 2.113 167.5 111.6 125.5
1.924 2.19 122.3
Cu,0(S0y), dolerophanite (21) Cu(2) 1.906 2.155 2.000 179.5 112.1 130.2
1.907 2.155 112.1
CusV,049 (3) Cu(3) 1.932 1.924 2.287 177.0 94.7 138.2
1.969 2.034 127.2
Cu(5) 1.8%0 1.965 2.230 170.2 100.3 1399
1.930 2.034 117.2
Cuy10(VQ,)s, fingerite (22) Cu(6) 1.929 1.907 2.147 179.6 93.2 1335
1.971 2.102 133.2
Cu;(AsOq); (23) Cu(l) 1.931 1.993 2.157 173.8 102.1 132.1
1.933 2.010 125.7
Cuy(OH)AsQy), olivenite (24) Cu(l) 1.917 1.988 2.163 172.0 103.5 148.0
1.984 2.048 108.4
Cu0(Se05)-1 (9 Cu(l) 1.916 2.081 2.081 180.0 115.7 115.7
1.924 2.081 115.7
Cu;Se,05Cl, (25) Cu(1) 1.964 1.927 2.5726 171.0 96.2 150.1
2.286* 2.050 113.7
Cu; WO (26) Cu 1.921 2.002 2.243 170.8 85.1 136.3
1.953 2.060 135.8
a Interatomic distances in A, bond angles in °.
# Cu-Cl distance within a ‘‘trigonal bipyramidal’’ Cul¥+2¢ll polyhedron.
OCfor ideal - Obfor ideal
trigonal dipyramidal trigonal dipyramidal
[5] coordination {5] coordination

F1G. 5. Coordination figures of Cu(II) atoms cited in literature as trigonal bipyramidal [5] coordi-
nated. O, at the upper side, X, at the bottom side of the stereographic projection. The polyhedra
mentioned in Table V are shown.
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Tables IV and V, resp.) it can be deducted,
that there is a continuous transition be-
tween the two ideal coordination polyhedra
(a) [4 + 1] coordination with ‘‘square pla-
nar’’ arrangement of the four nearest neigh-
bors and (b) trigonal bipyramidal [5] coordi-
nation. These two different types of
coordination figures of formal divalent cop-
per atoms towards oxygen atoms in inor-
ganic crystal structures have been de-
scribed in the literature (cf. /-7), but the
transition has never been taken into consid-
eration for Cu(II)Os polyhedra.

It should be mentioned that many of the
compounds listed in Tables IV and V con-
tain an oxo-oxygen atom which is approxi-
mately tetrahedrally coordinated by four
Cu(1l) atoms (21). It should be taken into
consideration that these OCu, tetrahedra
might cause a stronger distortion of the
“CuQ, squares’” or might favor a trigonal
bipyramidal coordination geometry (steric
aspects).
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