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Refinement of the crystal structure of lindgrenite
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Abstract: The crystal structure of lindgrenite, Cus(MoO4),(OH),, 2 = 5.394(1), b =
14.023(3), ¢ = 5.608(1) &, B = 98.50(1)°, V = 419.5(1) A3, Z = 2, space group P2,/n, has
been refined to an R-index of 2.7% using 1220 observed reflections collected using
graphite-monochromated MoK« X-rays. The structure consists of strips of edge-sharing
Cuds (D = unspecified ligand) octahedra that are cross-linked by MoOj tetrahedra. Al-
ternate strips are canted at + and — ~25° respectively to (100), the sense of the tilt
being along Y. This results in close-packed layers parallel to (100). These layers are mod-
ulated along Y with an amplitude of ~1/6 of a wavelength. Such modulated layers are
common in copper minerals.

Key words: Molybdate, lindgrenite, crystal structure, refinement, modulated close-
packing; Chile (Chuquicamara).

Introduction

Lindgrenite is a hydroxy copper molybdate, Cu3(MoO,),(OH), from Chu-
quicamata, Chile. It occurs associated with antlerite and iron oxide in massive
quartz veins (BANDY, 1938), and results from the oxidation of primary molyb-
denite. Although only reported from this locality, it is the principal secondary
molybdate mineral found here, with only isolated occurrences of wulfenite
and ferrimolybdite being recorded.

Experimental

The crystals used in this work are from Chuquicamata, Chile, University of
Manitoba Mineral Museum catalogue number M 5035. The crystal selected for
data collection was mounted on a Nicolet R3m automated four-circle diffrac-
tometer equipped with a molybdenum-target X-ray tube and a highly oriented
graphite crystal monochromator mounted with equatorial geometry. A
random-orientation rotation photograph was used to locate 25 strong reflec-
tions which were automatically centred. The correct unit cell was selected
from an array of real space vectors corresponding to potential unit cell axes.

0028-3649/85/1985-0234 $ 1.75
© 1985 E. Schweizerbart’sche Verlagsbuchhandlung, D-7000 Stuttgare 1



Crystal structure of lindgrenite 235

Table 1. Miscellaneous information: lindgrenite.

a= 539%1A Crystal size (mm) = 0.14 x0.21x0.27
b= 14.023(3) Rad/Mono Mo/Gr

c = 5.608(1) Total Unique |Fo| 1223

B= 9850(1)° No. of |Fo|>40 1220

V= 419.51)A R (observed) 27%

Space group P2;/n Ry (observed) 31%

Unit cell contents: 2[{Cu3(MoO4)2(OH):]
R = E(|F0|‘|FC|)/E|F0|
Rw = [EW(|Fo| - [Fe)/ EwE2E, w = 1

Table2. Atomic parameters for lindgrenite.

X y z chuiv.*

Cu(l) O 0 0 0.99(2)
Cu(2)  0.8638(1) 0.09393(4)  0.4870(1) 1.05(1)
Mo 0.45592(7)  0.15456(3)  0.87716(7)  0.86(1)
o(1) 0.9801(7) 0.2234(2) 0.4358(7) 1.9(1)
0(2) 0.6505(7) 0.0918(3) 0.1009(7) 1.8(1)
o) 0.5532(6) 0.1299(3) 0.5938(6) 1.5(1)
o4) 0.1448(6) 0.1130(3) 0.8730(6) 1.4(1)
o(5) 0.1321(6) 0.0306(2) 0.3405(6) 1.0(1)
H(5) 0.27(1) 0.048(4) 0.35(1) 1.0

b U:quiv. i Ueqniv.>< 102

Least-squares refinement of these reflections produced the (monoclinically
constrained) cell dimensions given in Table1, together with the orientation
matrix relating the crystal axes to the diffractometer axes.

Intensity data were collected using a 6-26 scan in 96 steps with a scan range
from [26(MoK;)-1] to [20MoKor,)+1]° and a variable scan rate between 4.0
and 29.3°/m depending on the intensity of an initial one second count at the
centre of the scan range. Backgrounds were measured for half the scan time at
the beginning and end of each scan. Two standard reflections were monitored
every 48 measurements to check for stability and constancy of crystal align-
ment. A total of 2450 reflections was measured over two asymmetric units out
to a maximum 26 of 60°. Ten strong reflections uniformly distributed with re-
gard to 20 were measured at 10° intervals of ¥ (the aximuthal angle corre-
sponding to rotation of the crystal about its diffraction vector) from 0—350°.
These were then used to apply an empirical absorption correction to all data.
The shape of the crystal was assumed to be an ellipsoid, and the lengths and
orientations of the principal axes were refined to minimize the merging R
index of the y-scan intensity data, which was reduced from 10.2% to 2.5 %.
The normal data were then corrected for absorption effects using the refined
shape of the crystal, and the merging R index was 2.7 %. The data were
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Table3. Anisotropic temperature factor coefficients for lindgrenite.
Un* Uzz Us; Uiz Uss Uz

Cu(l) 118(3)  893)  903) -20(3) 18(3) 14(3)
Cu(2) 117(2)  75(2)  132(3) 16(2) 48(2) 122)
o 92(2)  652)  103(2) o)  201)  -8(1)
O(1)  221(18)  74(15)  280(20) 9(13)  55(15)  37(13)
O(2)  200(17) 178(16) 157(16)  53(14) —17(13) —14(13)
O(3)  12815) 180(16) 145(15)  12(13)  65(12)  -2(13)
O(4)  128(15) 141(15) 150(15) -37(12)  30(12)  14(12)
O()  131(14)  71(13) 113(14)  -4(11)  30(11) 1(11)

* Uij = Ui,-x10“

corrected for Lorentz, polarization and background effects, and reduced to
structure factors; of the 1223 unique reflections, 1220 were classed as observed
(I>2.50).

Structure refinement

Systematic absences confirmed the space group P2,/n assigned by BarnEs
(1949). Scattering curves for neutral atoms together with anomalous dispersion
coefficients were taken from CromEer & ManN (1968) and CROMER & LIBERMAN
(1970). R-indices are of the form given in Table1 and are expressed as per-
centages.

Using the atomic coordinates of CaLvERT & BARNEs (1957) as a starting
model, full-matrix least-squares refinement converged rapidly to an R index of
3.9 % for an isotropic thermal model. Conversion of temperature factors to an
anisotropic form and insertion of the hydrogen atom as indicated by a differ-
ence Fourier map resulted in convergence at an R index of 2.7% and an R,,
index of 3.1% for the observed data. Final parameters are given in Tables2 and
3, and selected interatomic distances are given in Table 4. A bond-valence anal-
ysis is offered in Table 5.

Discussion

The molybdenum cation is coordinated by four oxygens in a pseudo-tetra-
hedral arrangement. There is a significant difference in individual Mo—O bond
lengths, and this can be interpreted as arising from the bond-valence require-
ments of the coordinating anions (Table 5). Other deviations from ideal tetra-
hedral geometry are quite small (Table4). There are two unique Cu cations,
both pseudo-octahedrally coordinated by four oxygens and two (H,O) anions.
Cu(1) lies on a centre of symmetry and the (H,O) anions are in the trans
configuration, whereas Cu(2) lies in a general position and the (H,O) anions
are in the cis configuration. Around both Cu cations, there is strong Jahn-Tel-
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Table 4. Selected interatomic distances (&) and angles (°) in lindgrenite.

Cu(1)-O(2a, b 2.418(4) x2
Cuglg—o&;c, d 1.947%4; :2 838:88; ;'ggggg
Cu(1)-O(5)e L9843) x2 G o) 92804
<Cu)-O> 2116 cu@)-O(#)e 2.466(3)

— Cu(2)-O(5)e 1.978(3)
11\\442:885 i;‘gg; Cu(2)-O(5)f 1.995(3)
Mo-0(3) 1.779(4) <Cu(2)-0> 2004
Mo-O(4) 1.774(3)
<Mo-0> 1.761

O(2)a—O(4)c 3.136(5) x2  O(2)a-Cu(1)-O(#)c  91.2(1) x2
O(2)a-0O(4)d 3.072(5) x2  O(2Ja-Cu(1)-O(4)d 88.8(1) x2

0(2)a-0(5) 2.878(5) x2  O(2a-Cu(1)-O(5)  81.0(1) x2
O(2)a-0(5)e 3361(5) x2  O(2a-Cu(1)-O(5)e  99.0(1) x2
O4)c-0(5) 2.874(5) x2  O(4)c—Cu(1)-O(5)  93.9(1) x2
O#)c-0O(5)e 2.685(5) x2 Of4)c-Cu(1)-O(5)e 86.1(1) x2
<O0-0>Cu(1) 3.001 <0O-Cu(1)-0> 90.0
O(1)-0(2) 3.018(5) O(1)-Cu(2)-0(2) 90.1(1)
0O(1)-0(3) 2.900(5) O(1)-Cu(2)-0O(3) 96.6(2)
O(1)-O(4)e 2.925(5) O(1)-Cu(2)-O(4)e 81.9(1)
O(1)-O(5)e 2.898(5) O(1)-Cuf2)~-O(5)e 94.8(2)
0(2)-0(3) 2.938(5) 0O(2)-Cu(2)-0(3) 87.6(1)
O(2)-O(5)e 2.878(5) 0(2)-Cu(2)-0(5)e 84.2(1)
O(2)-0O(5)f 3.587(5) O(2)-Cu(2)-O(5)f  114.3(1)
0O(3)-0O(4)e 3.350(5) 0O(3)-Cu(2)-O(4)e 98.6(1)
0O(3)-0O(5)f 2.808(5) O(3)-Cu(2)-O(5)f 91.4(1)
O4)e-0(5)e 3.003(5) O(4)e-Cu(2)-O(5)e  84.2(1)
O(4)e—-O(5)f 2.685(5) O(4)e~Cu(2)-O(5)  73.1(1)
O(5)e~O(5)f 2.600(7) O(5)e-Cu(2)-O()f _81.6(2)
<O-0>Cu(2) 2.965 <O-Cu(2)-0> 89.9
O(1)g-O(2)h 2.857(5) O(1)g-Mo-0O(2)h 109.8(2)
O(1)g-0O(3) 2.879(5) O(1)g—Mo-0(3) 109.6(2)
O(1)g-0O(4) 2.910(5) O(1)g-Mo-0(4) 111.7(2)
O(2h-0(3) 2.864(5) O(2)h-Mo-0(3) 108.5(2)
O(2)h-0O(4) 2.852(5) O(2}h-Mo-0(4) 108.1(2)
0(3)-0(4) 2.895(5) O(3)-Mo-0O(4) 109.1(2)
<O-0>Mo 2.876 <O-Mo-0O> 109.5
O(5)-H(5) 0.79(6) Cu(1)-O(5)-H(5) 108(4)
Cu(2)-0O(5)-H(5) 127(5)
O(5)...0(3) 2.810(5) Cu(2)a~O(5)-H(5)  108(4)

ax-Ly,zzbi1-x, -y, -z;c: %, V,z=1;d: —x, -y, 1-z;e: 1+x, v,z fl-x, -y, 1-2
g 1/2+4x%,1/2-y,1/2+2, h: x, y, 14z
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Table 5. Empirical bond-valence table for lindgrenite*.

Cu(1) Cu(2) Mo H(5) z
o(1) 0.459 1.585 2.044
O@) 0129 0175 1.552 1.856
o(3) 0.501 1402 015  2.053
O(4)  0472%2  0.114 1.426 2.012
x2 0.425

O(5) 0.419%; 0.407 0.85 2.101
z 2.040 2.081 5.965 1.0

* calculated from the curves of Brown (1981); bond-valence in valence units (v. u.).

Fig. 1. The crystal structure of lindgrenite projected onto (100); Cus are dashed and
MoOQ4 tetrahedra are dotted.

ler distortion with considerable extension of the apical bonds (mean value =
2.40A) when compared with the equatorial bonds (mean value = 1.96A).
Again, the wide range of bond-valences in the (CuJe) octahedra are an integral
part of the satisfaction of anion bond-valence requirements; such factors affect
the inter-polyhedral linkage in structures, and suggest the reason why so many
Cu-minerals do not have Mg or transition-metal analogues. The hydrogen
atom is bonded to O(5) and the short hydrogen bond is orthogonal to the
plane of the octahedral strip (Fig. 1). There is a hydrogen bond to the O(3)
anion that further promotes linkage within the structure.

A prominent feature of the lindgrenite structure are the strips of edge-shar-
ing Culs (@ = unspecified ligand) octahedra that run parallel to the Z-axis
(Fig. 1). These strips are cross-linked by MoOy tetrahedra that share corners
with the Cus octahedra; each MoOj tetrahedron links three strips together,
the fourth linkage occurring along the length of one of the strips. The octa-
hedral strips are canted at an angle of ~25° to the (100) plane, the tilt of adja-
cent strips (in the Y-direction) being in the opposite sense (Fig. 2).
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Fig. 2. The crystal structure of lindgrenite projected onto (001). One of the modulated
close-packed layers is shown unshaded.

e,
e
5
Y
1A
Lz
e
FETING
. g ~ 4
5 ;
’ d
H o H '
’ s
’ \ I
. . kY
O A 5
i s,
;
g
2N PR
f=2p. g
’ )
- X
3
I LA I, hX
i/ .
Cc howy A =
s N A
i
;
i
/
X

b/y >
Fig. 3. An idealized close-packed layer corresponding to the (100) projection of lind-
grenite (Fig. 1). An octahedral chain from the overlying layer is shown in broken lines.

Lindgrenite is actually a close-packed structure. This is not immediately ob-
vious from inspection of the structure drawings, as the close-packed layers are
not planar but are modulated such that the amplitude of the modulation is ap-
proximately equal to one sixth of the wavelength. This is illustrated in Fig. 2
by the unshaded layer of octahedra and tetrahedra. The close-packed layers are
thus parallel to (100) and are modulated in the Y direction. Fig. 3 shows an
ideal close-packed layer projected down X, with part of the overlying layer in-
cluded to show their relative configurations. The repeat distance along Z is ap-
proximately equal to the ¢ cell dimension in lindgrenite, but the repeat distance
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along Y is approximately twice the b dimension in lindgrenite. In the lind-
grenite structure, the layer modulation is accompanied by a coupled rotation
of the MoOy tetrahedra that shifts each alternate octahedra strip one half a cell-
dimension in the Z-direction; this results in a halving of the &-dimension.

The phenomenon of modulated close-packing seems to be fairly common
among copper minerals. For example, it is slightly developed in the wroewol-
feite-type structures (HAWTHORNE & GRoAT, 1985) and very prominent in the
structure of lammerite (HawTHORNE, 1985). The occurrence of this effect in
copper minerals would suggest that it may be related to the characteristic poly-
hedron distortions of the Jahn-Teller effect. The axial bonds of the octahedra
tend to be much longer than the mean octahedra bond lengths. Frequently this
can only be accomodated by a buckling of the edge-sharing layers, which when
combined with the translational operators of the structure, produces a modula-
tion (i. e. a non-zero amplitude) in the close-packed layer.
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