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Natural Mineral Lindgrenite”

BAO Ren-lie', KONG Zu-ping'?, GU Min', YUE Bin'**, WENG Lin-hong' and HE He-yong'
1. Department of Chemistry and Shanghai Key Laboratory of Molecular Catalysis and
Innovative Materials, Fudan University, Shanghai 200433, P, R. China;

2. School of Scientific Materials and Chemical Engineering
Ningbo University, Ningbo 315211, P. R. China

Received Feh. 22, 2006

A natural mineral, lindgrenite Cu, { MoQ, },{ O}, , was synthesized from a mixture of sodium molybdate, cop-
per sulfate, and morpheline in water under avtogenous pressure at 170 “C. The crystal structure of the mineral was
determined and the final refinement for 791 observed reflections with I >24(7) gave R, =0.0205 and wR, =0. 0496.
The thermal stability of the mineral was investigated by using TG-DTA and variable-temperature in situ X-ray diffrac-
tion{ XRD) techniques. The crystatline Cu, Mo, O, was obtained when the mineral underwent thermal dehydration at a
temperature Tanging from 300 to 400 C, and the mixture of MoQ; and CuQ was formed through decomposition of
CuyMe, O, at 2 temperature ranging from 630 to 700 “C. Therefore, the structure of the mineral was thermally unsta-
ble at above 300 °C | suggesting that Lindgrenite was likely formed via the hydrathermal route occurring in the nature.
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Introduction

Synthesis of natural minerals is helpful for tracing
the geological origin of mineral formation and for
verifying the quality of minerals. The investigations on
the conditions for mineral formation, such as pressure,
temperature,, and starting materials, help mineralogists
to explore the minerals in specific zones, where the ge-
ological reactions had once oecurred under the similar
conditions mentioned above.

The structural determination and composition
analysis of the synthetic mineral crystals may establish
the standards for evaluating the quality and purity of the
natural minerals. Alse, the synthetic approach may
facilitate the large-scale production of low cost, high-
quality natural minerals, in particular, those that have
high technological and economic interest byt are rare or
are less pure in nature!'’.

Furthermore, the synthesis of natural minerals ini-
tiates the search for materials with better properties and
wider applications compared with the synthesis of ayn-

thetic minerals, such as numerous synthetic zeolites.
For the synthesis of minerals, mineralogists extensively
use a mild hydrothermal technique for the formation of
various minerals, and even today it is of significance in
the field of geological sciences'” and is being used in
synthetic chemistry for the synthesis of products ranging
from porous materials to inorganic-organic hybrids'’,

Lindgrenite is a hydroxyl copper molyhdate,
Cuy;(Mo0,),(OH),, which associates with antlerite
and iron oxide in massive quartz veins from Chuquica-
) and results from the oxidation of primary
molybdenite. Iis structure has been determined'’!
ard refined by the selective crystal of the natural
mineral !,

The hydrothermal synthesis of lindgrenite from an
squeous system of sodium molybdate, copper sulfate,

mata, Chile

and morpholine under autogenous pressure at 170 C
was reported in this study. The crystal structure of the
mineral was further refined to give smaller R values
than the previous results’*™"!. As the thermal stability

* Supported by the National Natural Science Foundation of Chinaf{ No. 20371013, 20421303 ), National Key Basic Research
Program of China( No. 2003CB615807) and the State Key Laboratory Base of Novel Functional Materials and Preparation Science

{ Ningbo University).

* » To whom correspondence should be addressed. E-mail; yuebin® fudan. edu. en



680 CHEM. RES. CHINESE U.

Vol. 22

of the mineral may be related to its natural origin, the
schematic thermal transformation from lindgrenite to the
metastable Cu, Mo, 0, is also described in details.
Experimental

1 Synthesis

Lindgrenite was prepared from a mixture of
Na,MoO, - H,0, CuSO, « 5H,0, and C,H,NO in
H,0 with a molar ratio of 1: 1z 1. 5: 1389 in an aute-
clave heated at 170 C for 5 d under autogenous pres-
sure. After the reaction, the autoclave was gradually
cooled to room temperature and black strip crystals with
ca. 10% yield ( calculated according to the amount of
Cu at charge) were obtained and washed with water.

2 Structural Determination

A single crystal with dimensions 0. 15 mm x 0. 10
mm x{. 10 mm was selected for X-ray diffraction. The
structural determination was carried out on a Bruker
SMART CCD diffractometer through ¢« scans and gra-
phite-monochromated Mo Ka radiation ( A = 0. 071073
mm). The structure was solved by using the direct
method and refined vie full-matrix least-squares on F*
values using SHELXTL and SHELXTL-97!°!. All the
nenhydrogen atoms were anisotropically refined, and
hydrogen atoms were generated and included in the
calculations pertaining to the structure using the as-
signed isotropic thermal parameters; however, they
were not refined. For the full-matrix least-squares re-
finements [ >2¢ (I)], the unweighted and weighted
agreement factors of R, = (| F, | - |F, [/Z | F, |,
wRy= | ¥ [w(F - F:)z]/z[w(};'i)z“m were
used. Crystallographic data ( including structure fac-
tors) have been deposited at the Fachinformationszen-
trum Karlsruhe, D-76344 Eggenstein-Leopoldshafen,
Germany, and are available on quoting the deposition
number CSI} No. 415190,

3 Thermal Stability

The TG-DTA measurement was carried out by
using a Perkin-Elmer TGA 7 thermogravimetric analyzer
at a nitrogen flow of 100 mL/min at 25—800 T at the
rate of 0. 2 C/s.

XRD patierns were recorded on a Bruker D8
Advanced X-ray diffractometer with Cu Ko radiation at
a voltage of 40 kV and a current of 40 mA, The varia-
ble tempetature in sitt XRD experiment was earried out
from room temperature to 700 “C at a rate of 0.2 C/s
under nitrogen atmosphere.

Results and Discussion

At present, hydrothermal method using organic
amine is being extensively used to establish a general
approach for the preparation of inorganic-organic

hybrids, where amine serves not only as the template
but also as the structural unit, which is crucial for
maintaining the integrity of the frameworks''™™). In-
terestingly, in this study the produet was found to he
free of organic component in its framework although it
cannot be obtained from the system without morpholine
under hydrothermal condition!"'.

Experimental details of the X-ray data collection of
the synthesized lindgrenite are summarized in Table 1,
and the atomic coordinates and equivalent isotropic
thermal parameters for nenhydrogen atoms are listed in
Table 2.

Table 1 Crystallographic data collection and
structure reflnement

Empirical formula H, CugMo, Oy
Molecular weight 1089. 03
Temperature/K 298(2)
Wavelength”/nm 0.071073

Crystal system, space group
a/nm

b/nm

o/nm

(%)

¥/nm*

Z

Do/ (Mg + m™3)}
Absorption coefficient/ mm ~
F(000}

Crystal size

8 Range for data collection

Limiting indices

1

Reflections collected/unique
Absorption correction

Mazx and min tranamiesion
Refinement method
Data/restrainta/ parameter
Goodness-of-fit on F*

Final R indicea[ I >2¢ (/) ]
R indicea( all data)

Monoclinic, P2{1)/n

0. 53867(10)

1. 4001(3)

0.56010(11)

98. 535(2)

0.41773(14)

2

4.329

10. 469

506

0.15 mm x0. 10 mm x 0. 10 mm
3. 96°—26, 00°

-6gheb, ~156k=17,
-6eigd

1861/812

Multiscan

D. 4208 and 0. 3027
Full-matrix lsast-squares on F?
812,/0/75

1.115

R, =0.0212, wR, =0. 0496
R, =0.0205, wR, =0.0493

Table 2 Atomlc parameters for Cu,(MoO, ),(OH),

Atom z z qu

Me  0.04373(6) 0.34544(2) 0.12285(6) 0.0088(1)
Cul 12 1/2 0 0.0100(2)
Cu2  0.13614(8) 0.09302(3) 0.01287(%) 0.0108(2)}
ol 0.3548(5) 0.3870{2) €. 1254(5) 0.0129%(5)
1) 0.0213¢5) 0.2233(2) 0.0630(5) 0 0I96(6)
03 0.1509(¢5) 0.4079(2) 0.0998¢(5) 0. 0168{6)
o 0.0524(5) D.3701(2) 0.4065(5) 0.0151(6)
05 0.1316(6) 0.0306(2) 0.1600(5) 0.0113({6)

Its single crystal structure is not significantly dif-
ferent from those of the natural mineral and the synthe-
tic sample that have been obtained previously; smaller
R values { R, =0. 0205 and wR, =0. 0496} were ob-
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served in the present study”> ', The unsymmetrical

unit contained two symmetrically distinct Cu®” posi-

' o
position, and

tions, one symmetricaily distinct Mo®
five O°" positions [ Fig. 1{ A} ]. Each Cu’* was coor-
dinated by four 0° " and two OH "~ in a distorted octahe-
dral arrangement ( Table 3) because of the well-known
Jahn-Teller effect associated with a d° metal cation in
an octzhedral ligand-field""!. The octahedral Cu’* @
{ &: unspecified ligand) share edges to form strips that
are parallel to [001] and these strips are cross-linked
by tetrahedral Mo(), through comer-sharing octahedral
Cu®* @, , resulting in a three-dimensicnal tetrahedra-

loctahedral framework [ Fig. 1 {R) ].

Fig.1 The unsymmetrical unit( A) and
the crystal structure of lindgrenite
projected onto (100) (B},

The investigation on the thermal stability of
lindgrenite may be related to the causative factor lea-
ding to the formatton and the deposition of the mineral
in the nature, TG-DTA curves obtained under nitrogen
atmosphere are shown in Fig. 2. The TG curve displays
a sharp weight loss of 3.26% in the region of 300—
400 °C, which can be assigned to dehydration (3. 31%
theoretical mass loss). The mass becomes constant in
the region of 400700 C. The sublimation of Mo(Q),
accounts for the further weight loss above 700 °C. The
DTA curve exhibits two distinct endothermic peaks cen-
tered at 386 and 668 °C , corresponding to the dehydra-
tion of lindgrenite and phase transition of the remain-
der, respectively.

Table 3 Comparisaon of selected bond lengths(nm} of
Cu,(MoQ,), (OH), with Cu,Mo,0, "
Cu, { Mo, ), (OH},
Mo—01 0.1772(3} Cul—035#10 0.1978(3)
Mo—02 0. 1743(3) Cul—05411 0.1978(3)
Mo—03 0.1741(3) Cu2—01 0. 2470(3)
Mo—0d 0. 1777(3) Cu2—03#9 0.2299(3)
Cul—01 0.1942(3) Cu2—02 0.1948(3)
Cul—01#6 0.1942(3) Cu2—04#10 0.1929(3)
Cul—0347 0.2413(3) Cu2—035#3 0.1993(3)
Cul—03#8 0.2413(3) Cu2—05 0.1974(3)
Cuy Mozog[m

Mol —O7 0. 179(2) Mo2—02 0.174{2)
Mol—06 0.169(2) Ma2—03 0.172(3)
Mol—O8 0.174(3) Mo2--0d 0.173(3)
Mol —03 0. 186(3) Mo2-—09 0.183(%)
Cul—05 0.221{3) Cu2—05 0.212¢3)
Cul—08 0.227(3) Cu2—02 0.190(2)
Cul—09 0.211(5) Cu3—4 0.196(3)
Cul —04 0.224(3) Cu3—07 0.192(2)
Cul—1 0.179¢{9) Cu3—09 0.210(8)
Cul —01" 0.193(9} Cu3—06 0.239(2)
Cu2—08 0, £50(3) Cu3—03 0.253(2)
Cu2—03 0.218(3) Cu3— (.195(2)
Cu2—01 0.192¢2)

# Symmetry transformations ueed to generate equivalent atoms:
Mx-1, v, 0582 -2+172, y-172, -z2+172; #3 —x, -y, -z
Mar-1/2, —y+1/2, 1-172; #5 2 - 172, =v+ 172, 5+ 172
# -x+1, —y+l, ~2; #T x+ 1, v, z; #8 -5, -y +1, -3
Wx+l/2, —y+12, 1+172; 810 x + 172, -y + 172, 1 -1/,
#11 ~x+172, y+172, 24172,

DTA
TG
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i
=
k
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)
i
m
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Fig.2 TG-DTA curves of lindgrenite.

To further study the intermediates, metastable
phases, or praducts during the thermal decomposition
of lindgrenite and the structural relationship among
them, variable-temperature in situ XRD was carried out
at a temperature ranging from room temperature to
700 C under nitrogen atmosphere. As shown in Fig. 3,
the patten exhibited at room temperature shows the
characteristic  diffractions, which can be indexed
according to the crystal parameters of lindgrenite. At
300 °C, the pattern shows no significant changes, indi-

cating the stability of lindgrenite at this temperature.
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Fig.3 Variable-temperature in situ XRD
patterns of lindgrenite.
The peaks in curve a are aitributed to lindgrenite and those in
curve ¢ to orthorhombic phase of CuyMo, Oy with lettice constants of

a =0. 7659 nm, b =1.45613 nm, and ¢ = 0. 6875 nm (JCPDS 24-
55). The » peak comresponds to orthorhombic phase of MoO, ( JCPDS

5508, 2 =(. 3962 nm, b =1.380 nm, ¢ =0.3697 nm) and the

# peaks to monoclinic phase of CuQ (JCPDS 45937, a = 0. 4685

nm, 5 =0.3426 nm, ¢=0.5130 om, #=99.55°).
The appearance of a new set of diffraction peaks attrib-
uted to orthorhombic phase of Cu,Mo,0, (JCPDS 24-
55) in Fig.3c indicates that the dehydration of
lindgrenite occurred between 300 and 400 °C . The
pattern at 600 °C remains unchanged; however, the
pattern at 700 °C shows the thermal decomposition of
Cu,Mo, 0, leading to the formation of the mixture of
monoclinic phase of Cu0Q (JCPDS 45-937) and ortho-
thombic phase of MoQ, ( JCPDS 5-508). These results
are consistent with the TG-DTA analyses. The thermal

changes of lindgrenite are summarized as follows;

300—400 C
Cu, { MoQ, ), ( UH)z—-—_ﬁ‘-—* Cu,y Mo, 0,

—700 T
CusMo,0,~ 2 %, 3Cu0 + 2MoD,

It is of interest to note that the structural change
from lindgrenite to Cu;Mo,0, serves as an example for
the dehydration of inorganic compounds with three-di-
mesional framework. Kihlborg et al. ' has reported
previously the preparation and the crystal structure of
the copper { I ) molybdate Cu,Me,0, by thoroughly
heating the ground mixture of 3Cu® + 2Mo0, in a
sealed silica tube over 865 C for 12 days and quench-
ing the tube in water, Cu,Mo,0; contains the zigzag
ribbens made up of octahedral copper, and these rib-
bons are linked by the edge-sharing copper pyramids
and the comer-sharing tetrahedral molybdenum. In the
present study, the decomposition of Cu,Mo,0; to CuO

and MoQ, in the range of 650—700 C in the open sys-
tem suggests that Cu;Mo,()y is metastable, and there-
fore, it is necessary that its preparation has to be car-
ried out in a sealed tube at a high temperature with fast
quenching'"*!. The transformation from lindgrenite to
Cu,Mo, 0, described in Scheme 1 is based on their
structural data shown in Table 3. The dehydration of
lindgrenite resulted in a series of changes such as rup-
ture and rearrangement of Cu—O0 and Mo—G bonds.
During the dehydration, the octahedral coordination of
Cul and the tetrahedral coordination of Mol in
lindgrenite remained unchanged but Mol atoms were
divided into two types of molybdenum atoms. A signifi-
cant change was observed for Cu2 atoms, which includ-
ed two types of copper atoms with octahedral Cu2 and
square pyramidal Cu3 coordinations. From the struetu-
ral point of view, the transition from lindgrenite to
Cu, Mo, 0, phase involves the synergic reformation of
Cu; Mo, 0y with the dehydration of lindgrenite.
a4 02

\/

03 01—Cu2—03 01

| Dehydration

o7 o7 O3 P

03 07
Scheme 1 The possible pathway for dehydration of
lindgrenite Cu, (Mo0, },(OH), and
formation of Cu,Mo,0,.
‘The postfix numbers to the atoms in lindgrenite are identical
to the crystal unit in this study, whereas the postfix nurmbers to

the atoms in Cu,Mo, 0y are from ref. [15].

Furthermore, the structural similarity between
lindgrenite and szenicsite Cu;MoO, (OH ), may be used
to explain the cause of lindgrenite formation. Szenicsite
is associated with powellite as fracture fillings and as
crystals in vugs in a hydrothermally altered granitic ma-
trix! " | which indicates the similar origin of lindgrenite
in nature. Therefore, the present study implies the
ubiquity of mineral formation under geological hydro-

thermel condition in the nature and provides a novel ap-
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proach to prepare the composite metal oxides free of

organic component although the organic template is

critical in synthesis.
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