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Thermal behaviour of libethenite

from room temperature up to dehydration
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ABSTRACT

The structural modifications with temperature of libethenite, Cu,(PO4)(OH), were determined by
single-crystal X-ray diffraction up to dehydration and consequent decomposition of the crystal under
investigation. In the temperature range 25—475°C, libethenite shows positive and linear expansion. The
axial thermal expansion coefficients, determined over this temperature range, are: o, = 6.6(1)-107°
K™ o, =121(2)0107° K', 0. = 9.02)10 ¢ K, oy = 2.78(3)-10° K~'. Axial expansion is then
anisotropic with o000, = 1:1.83:1.33.

Structure refinements of X-ray diffraction data collected at different temperatures allowed us to
characterize the mechanisms by which the libethenite structure accommodates variations in
temperature. Increasing temperature induces expansion of both Cu polyhedra and no significant
variation of the PO, tetrahedron, which acts as a rigid unit. Cu(l) octahedra expand mostly as a
consequence of the increase of the axial bonds, and become more distorted. Starting from 7" = 500°C,
precursor signs of incoming dehydration are visible: two adjacent OH groups approach each other and
cause dramatic changes in the whole structure. Concomitantly, the libethenite crystal begins to
deteriorate and, at 7 = 600°C, broad and weak diffraction effects of polycrystalline material are
observed.
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Introduction

means of single crystal X-ray diffraction (SC-

LIBETHENITE, Cuy(PO4)(OH), is a member of the
olivenite group, and occurs as a secondary
mineral in the oxidized zones of copper ore
deposits. Members of the group generally crystal-
lize in the orthorhombic space group Pnnm
(Huminicki and Hawthorne, 2002; Mills et al.,
2010, and references therein), with a structure
derived from that of andalusite, although olivenite
has recently been confirmed as monoclinic P2,/n
(Li et al., 2008).

The libethenite crystal structure was solved by
Heritsch (1940) and subsequently detailed by
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XRD) on natural (Cordsen, 1978; Keller et al.,
1979) and synthetic (Belik et al., 2007) samples.
In the libethenite crystal structure (Fig. 1), Cu
ions are located in two independent crystallo-
graphic sites, named Cu(l) and Cu(2), having
octahedral and trigonal bipyramidal geometries,
respectively. Cu(1) octahedra form straight chains
along ¢ by edge-sharing (alternately O2—02 and
04—-04), the chains are cross-linked by isolated
PO, tetrahedra via corner-sharing, thus forming
an open network with channels extending in the ¢
direction. Cu(2) trigonal bipyramids share the
03—03 edge and form dimers which lie in these
channels. Dimers are connected to octahedra
chains and to PO, tetrahedra by sharing corners.
Each hydroxyl group (O4 site) is shared by two
octahedral and one trigonal bipyramidal Cu ions.
Hydrogen atoms lie on a mirror plane and form
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FiG. 1. Perspective view of crystal structure of libethenite plotted along ¢. Thermal ellipsoids are plotted at 50%

probability level. Light blue: Cu(l) octahedra forming straight chains along c; green: Cu(2) trigonal bipyramids

forming isolated dimers occupying channels running along c; purple: P tetrahedra. Hydrogen atoms are reported in

grey. Inset: detail of the crystal structure highlighting the possible H-bonding network. Symmetry codes refer to
hydrogen position: (i) —x, —y, £z; (i) 2—x, Yaty, £(Yo—2).

bifurcated hydrogen bonds with O1 oxygen
atoms. The presence of the Jahn-Teller active
Cu?" ions induces distortion in the geometrical
arrangements of the polyhedra. Differential
thermal analysis (DTA) and thermogravimetric
analysis (TG) analyses indicated that libethenite is
stable up to ~650°C (Xiao et al., 2001), when
dehydration occurs, and libethenite is expected to
transform into Cuy(PO4),0, which is known to
crystallize either in a triclinic (Brunel-Latigt et
al., 1978) or in an orthorhombic (Schwunck et al.,
1998) polymorph.

Libethenite is known for some peculiar proper-
ties and applications. For example, even showing
small surface area, it has been found to have a
high catalytic activity in oxidation processes and,
in particular, to be one of the best catalysts for the
hydroxylation of phenol by H,O, (Xiao et al.,
2001). Cu-containing minerals, due their peculiar
crystal structures and magnetic ion sub-lattices,
often show interesting magnetic properties. In
particular, synthetic libethenite has been found to

554

be a spin-gap system with weak spin-exchange
Cu—Cau interactions both within the Cu(2) dimers
and within the Cu(1) chains, but strong interac-
tions between dimers and chains (Belik et al.,
2007).

Here, we present a structural investigation
performed by in situ high-temperature single
crystal X-ray diffraction (SC-XRD) of a natural
libethenite in the range 25-575°C, i.e. up to
decomposition of the crystal consequent to
starting of the dehydration process.

Experimental
Sample

A natural libethenite from Banska Bystrica region
(Slovakia) was used in the present study. The
chemical composition of this sample is close to
the nominal one, as revealed by SEM/EDS
analyses performed on four different crystals;
only minor Al and Fe impurities (<1%) are in fact
present. The SC-XRD study was carried out on a
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transparent, light green crystal having dimensions
0.36 mmx0.35 mmx0.08 mm and showing
sharp and narrow diffraction profiles.

SC-XRD at room temperature

Single-crystal diffraction data were collected at
room temperature by means of a Bruker-AXS
APEX diffractometer equipped with a CCD
detector. Data collection was carried out with
operating conditions 50 kV and 30 mA and
graphite-monochromatized Mo-Kao radiation (A =
0.71073 10\). The Bruker SMART system of
programs was used for preliminary crystal-lattice
determination and X-ray data collection. A total
of 3360 frames (resolution: 512 x 512 pixels)
were collected with four different goniometer
settings using the m-scan mode (scan width:
0.2°0; exposure time: 5 s/frame; detector—
sample distance: 40 mm). Completeness of
measured data was achieved up to 38.2°0. The
Bruker program SAINT+ was used for the data
reduction, including intensity integration, back-
ground and Lorentz-polarization corrections.
Final unit-cell parameters were obtained by the
Bruker GLOBAL least-squares orientation matrix
refinement procedure, based on the positions of all
measured reflections. The semi-empirical absorp-
tion correction of Blessing (1995), based on the
determination of transmission factors for equiva-
lent reflections, was applied using the Bruker
program SADABS (Sheldrick, 2003). Details on
room-temperature data collection by the CCD
diffractometer are reported in Table 1.

SC-XRD at high temperature

In situ high-temperature single-crystal diffraction
investigations were carried out using a Philips
PW1100 four-circle diffractometer with point-
counter detector. Operating conditions were
55 kV and 30 mA and graphite-monochromatized
Mo-Kuo radiation (A = 0.71073 A). Horizontal and
vertical apertures were 2.0° and 1.5°, respectively.
A home-made U-shaped microfurnace with a
K-type thermocouple was used. Temperature was
previously calibrated by known melting points,
and reported temperatures are precise to within
+5° The selected crystal was inserted into a
sealed quartz capillary (0.5 mm @) and kept in
position by means of quartz wool. Unit-cell
parameters were measured from room temp-
erature up to 575°C in steps of 25°C. At each
working temperature, the orientation matrix was

updated by centering 24 reflections selected in the
range ~7.7—15.6°0, and accurate lattice para-
meters (reported in Table 2) were derived from a
least-squares procedure based on the Philips LAT
routine over 43 to 54 d'spacings, each measured
considering all the reflections in the range 3°< 6 <
26°. At the highest working temperatures (7' >
550°C), due to lowering of diffracted intensities,
only 16—18 d"spacings could be measured.
Complete datasets of diffracted intensities were
collected at 7= 25, 100, 200, 300, 400, 450, 500,
and 550°C using the same operating conditions as
reported above. The equivalent reflections skl and
hkl were measured in the 2—26.5°0 range by the
®/20 scan mode (2.0°0 scan width; 0.1°0/s scan
speed). The microfurnace itself limits the angular
region to these values. Three standard reflections
were collected every 200 measured reflections.
The XRD intensities were obtained by measuring
step-scan profiles and analysing them by the
Lehman and Larsen (1974) o1/ method, as
modified by Blessing et al. (1974). Intensities
were corrected for absorption using the semi-
empirical \-scan method of North et al. (1968).
Relevant parameters on data collections

TABLE 1. Details of data collection by the CCD

diffractometer and structure refinement of libethe-
nite at room temperature.

a (A) 8.0614(2)
b (A) 8.3972(2)
c (A) 5.8870(1)
V (A% 398.51(2)
Trans i/ Trans pax 0.45

0 max 38.2
Reflections measured 7399
Unique reflections 1164
Average I/o; 63.29
Rine (%) 245
Reflections with / >2c 1117

R\ (%) 2.17

R (%) 2.30

wR, (%) 5.22
GooF . 1.094
max, min Ap (e: A7) 2.00, —1.61

R =Z||F,| — |FJl/Z|F,| (R, is calculated on reflections

with 7> 20y

® GooF = S = [ [W(F2 — F2?*/(n — p)1°°, where n is
the number of reflections and p is the total number of

parameters refined.
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TABLE 2. Unit-cell parameters of libethenite at different temperatures.
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T (°C) a (A) b (A) ¢ (A) V(A%

25 8.0600  (5) 83949  (3) 5.8858  (4) 39824 (4)
50 8.0603  (5) 83962  (5) 5.8846  (5) 39825  (5)
75 8.0615  (4) 83998  (4) 5.8863  (4) 398.59  (4)
100 8.0626  (5) 8.4031  (6) 58882  (5) 39893 (5)
125 8.0645  (6) 8.4051  (4) 5.8894  (4) 399.20  (5)
150 8.0664  (6) 8.4074  (4) 58916  (5) 399.55  (5)
175 8.0664  (5) 8.4108  (5) 58915 (4) 399.70  (4)
200 8.0687  (6) 8.4134  (6) 5.8929  (6) 400.04  (5)
200 8.0680  (6) 84124  (5) 5.8931  (6) 399.97  (5)
225 8.0700  (6) 8.4155  (6) 58942 (5) 400.30  (6)
250 8.0708  (6) 84181  (7) 5.8957  (6) 400.56  (6)
275 8.0727  (6) 8.4204  (6) 58969  (7) 400.85  (6)
300 8.0740  (7) 8.4240  (6) 58982 (7) 401.17  (7)
325 8.0761  (6) 8.4257  (7) 5.9000  (6) 401.48  (6)
350 8.0777  (7) 8.4275  (7) 59010  (6) 401.71  (6)
375 8.0778  (7) 8.4320  (6) 5.9036  (6) 402.10  (6)
400 8.0796  (8) 8.4350  (8) 59034  (7) 40233 (7)
400* 8.0793  (7) 8.4330  (8) 59045  (6) 40229  (7)
425 8.0811  (7) 8.4366  (9) 59049  (7) 402.58  (7)
450 8.0813 (11) 8.4358 (12) 5.9068 (10) 402.68 (11)
475 8.0818 (12) 8.4383  (19) 59085  (9) 402.94 (13)
500 8.0838 (17) 8.4442 (21) 59072 (14) 40323 (16)
525 8.0932  (14) 8.4429 (15) 5.9087 (16) 403.74 (15)
550 8.0996 (41) 8.4467 (52) 5.9063 (23) 404.08 (36)
575 8.1120 (41 8.4800 (31) 5.8933  (12) 405.40 (27)

Standard deviations are given in parentheses
* Measured after data collection and used for structure refinement

performed at high temperature are reported in
Table 3. Some reflections, representative of
different classes, were also scanned periodically
(®/26 scan mode; 2.0°0 scan width; 0.1°0/s scan
speed) to check for the crystallinity of the sample.

Structure refinements

All structure refinements were carried out in space
group Pnnm by full-matrix least-squares using
SHELXL-97 (Sheldrick, 1998). Equivalent reflec-
tions were averaged, and the resulting internal
agreement factors Rj, are reported in Table 1 for
CCD data and in Table 3 for the HT datasets. The
atomic scattering curves for neutral atoms were
taken from the [International Tables for X-ray
Crystallography (Ibers and Hamilton, 1974). For
all structure refinements, structure factors were
weighted according to w = 1/[c*(F2 + 2F?) +
(AP)* + BP], where P = (F2 + 2F%)/3, and 4 and B
were chosen for every crystal to produce a flat
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analysis of variance in terms of F2 as suggested
by the program. An extinction parameter x was
refined to correct the structure factors according
to the equation: F, = F, k [1 + 0.001x F2)%/
sin 20] " (where k is the overall scale factor).
Structure refinement from data collected at
room temperature on the CCD diffractometer was
performed starting from the model of Cordsen
(1978) with origin in 2a (0,0,0). All non-hydrogen
atoms were refined anisotropically. The hydrogen
position was located in the difference-Fourier
map and inserted in the refinement with isotropic
displacement parameter. All parameters were
refined simultaneously. Possible hydrogen bonds
resulting from refined positions are highlighted in
the inset of Fig. 1. A residual peak at 0.59 A from
Cu(2) was observed in the final difference-Fourier
map. Inclusion of such a peak in the refinement
did not help in improving the agreement factor.
Such a peak is not evident when structure
refinement is limited to 30°0. Details on structure
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TABLE 3. Details on HT data collections and structure refinements for libethenite.

T (°C) 25 100 200 300 400 450 500 550
Reflections measured 838 842 844 844 846 847 843 845
Unique reflections 401 463 404 464 465 466 466 467
Average I/o; 32.79 33.33 30.77 24.94 30.67 27.40 10.22 5.17
Rin (%) 3.38 3.19 3.50 4.58 347 4.05 12.87 26.89
Reflections with > 2oy 394 383 382 375 370 375 352 330
R* (%) 2.35 2.35 2.36 2.51 2.64 3.00 4.45 6.88
Ray (%) 322 3.38 3.54 3.72 4.18 4.53 6.80 9.44
wR, (%) 6.45 6.51 5.10 5.88 5.16 7.23 11.08 15.06
GooF . 1.213 1.144 1.150 1.112 1.114 1.118 1.132 1.122
max Ap (euﬁ’}) 0.55 0.56 0.53 0.58 0.73 0.72 1.16 1.27
min Ap (e:A™3) —0.55 —0.58 —0.74 —0.83 —0.93 —1.11 —1.17 —1.14

R =X ||Fo — |Fl/Z |Fo (Ry is calculated on reflections with 7 > o)
> GOF =8 = [Z [W(F2 — F2)*)/(n — p)]°°, where n is the number of reflections and p is the total number of

parameters refined

refinement from room-temperature data collected
by the CCD diffractometer are given in Table 1.

Structure refinements of data collected by the
diffractometer with a point-counter detector were
carried out starting from the model refined from
CCD data at room temperature, and for the high-
temperature datasets using the model obtained at
the immediately lower temperature. Despite the
lower resolution of these datasets, the hydrogen
position was still evident in the difference-Fourier
maps up to 450°C. In these cases, hydrogen was
added in the structural model, with coordinates
fixed to position found in difference-Fourier maps
and isotropic displacement parameters propor-
tional (x 3, on the basis of RT high-resolution
refinement) to that of the neighbouring O4 atom,
and not refined. At greater temperatures it was
maintained fixed at the position found at 450°C.
All parameters were refined simultaneously. No
significant peaks were present in the final
difference-Fourier maps.

The values of the conventional agreement
indices, R; and R,y, as well as the goodness of
fit (S) are reported in Table 1 for the CCD data at
room temperature and in Table 3 for the HT
datasets. Fractional coordinates and anisotropic
displacement parameters, Uy, are reported in
Table 4 for all the datasets, whereas interatomic
distances and selected geometrical parameters are
reported in Table 5. Observed and calculated
structure factors have been deposited with the
Principal Editor of Mineralogical Magazine and
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are available from www.minersoc.org/pages/
e _journals/dep-mat.html.

Results and discussion

The unit-cell parameters and volume of libethe-
nite are plotted as a function of temperature in
Fig. 2. In the range 25—475°C, libethenite shows
positive and linear expansion. The thermal
expansion coefficients, determined over this
temperature range by least-squares regression
analysis, are: o, = 6.6(1)-10_6 K'Y o =
1.21(2)107° K!, o, = 9.02)10° K}, oy =
2.78(3)-10° K. Axial expansion is anisotropic
with o:0:0. = 1:1.83:1.33. Quantitative estima-
tion of structure-controlled thermal expansion
anisotropy was derived using the formalism of
Schneider and Eberhard (1990): A = (Jo(b) — a(c)|
+ |oub) — a(a)| + |alc) — aa)) x 107, which
yielded a value of 1.10 K™'. Anisotropy of axial
thermal expansion in the range 25—450°C can be
rationalized in terms of polyhedra connectivity.
Expansion is limited by edge-sharing Cu(2)
dimers along a and by edge-sharing Cu(l)
octahedra chains along c¢; on the other hand,
connections of polyhedra along b, the direction of
maximum expansion, is guaranteed by corner-
sharing. Starting from 7 = 500°C, dramatic
deviations from linearity, i.e. abrupt increase of
a and b lattice parameters and decrease of c,
indicate incipient dehydration. Concomitantly, the
crystal deteriorates significantly, diffraction
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profiles become broad and intensities weaken. In
Fig. 3, diffraction profiles of the 440 reflection
measured at different temperatures are reported as
an example. At 7 = 600°C, only weak and broad
diffraction effects, not indexable by a unique
phase, are observed.

Structure refinements of room- and high-
temperature diffraction data allowed analysis of
the thermal structural modifications. Hereafter,
modifications occurring in the range 25—450°C,
i.e. due to thermal expansion of hydrated
libethenite, will be discussed separately from
variations occurring at 7 > 500°C, forerunner of
incipient dehydration.

Polyhedral mean bond lengths are reported in
Fig. 4. Increasing temperature in the range
25—450°C induces expansion of both Cu poly-
hedra and no significant variation of the POy,
tetrahedron, which acts as a rigid unit. This is
clearly evident also when the P—O bond distances
corrected for thermal motion are taken into
account. It is well known from the literature that
the interatomic distances measured by XRD are
typically underestimated and appropriate correc-
tions, which imply the use of accurate estimates
of anisotropic displacement parameters (ADPs),
should be applied. To perform the correction for
thermal motion in a general case, it is necessary to

)
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4
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*M s
T T T 1
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FiG. 3. Diffraction profiles of reflection 440 at different
temperatures.

know, in addition to the ADPs, the correlation
tensors between the displacement of the bonded
atoms, which cannot be deduced directly from
Bragg diffraction measurements, but in principle
can be obtained by lattice-dynamical calculations.
Without assuming any specific model for vibra-
tion (e.g. rigid body, riding or uncorrelated
motion, etc.), bond distances cannot be corrected
for thermal motion; nonetheless an estimate of the
possible errors, i.e. an upper and a lower limit for
the corrected interatomic distances, can be
obtained (Busing and Levy, 1964; Johnson,
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FIG. 4. Mean bond lengths as a function of temperature.

(a) Cu(1)-0O; (b) Cu(2)-0; (c) P—O. Circles: un-

corrected bond distances. Solid lines: linear regressions

calculated in the range 25—450°C. Dashed lines: upper

and lower limits for the corrected P—O interatomic
distances.
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1970a,b; Scheringer, 1972). Such values are
reported in Fig. 4c for <P—O> distances and
confirm that only slight expansion of the
tetrahedron is allowed. Distortion of this poly-
hedron does not vary significantly in the
25—450°C temperature range, as indicated by
the tetrahedral distortion parameters (Robinson et
al., 1971) reported in Fig. 5.

Copper ions show severely distorted coordina-
tion due to the Jahn-Teller effect. In particular,
Cu(1) octahedra show extremely elongated axial
bonds which, in turn, cause oxygen atoms in the
[Cu(1)Oy4] basal plane to lie too far away from
Cu(2) ions to participate in their coordination,
which remains 5-fold. Displacement parameters
refined for the Cu(l) ion show a preferential
direction of elongation which corresponds to the
O1—Cu(1)-O1 axial vector [Cu(l) thermal
ellipsoid axes ratio Ry./Rumin ~3], and this is
maintained across the whole temperature range
investigated (see data in Table 4). With
increasing temperature, Cu(l) octahedra expand
(see Fig. 4a) mostly as a consequence of the

I UL L I LI I LI ] I LELEL I} I UL [
50Fa -
[ ]

45 —

40| -

TAV
T
|

3.0

250 o o ®
°
20+ ® .

P 0T 8 ™ SR DL BLELELEL BLRLELELE BLELELELE RURLELELI &
L

1.0012

1.0010

TQE

1.0008

L L
TS BT AT A A

?

Closa s lo v ool aalonaalssssl]

0 100 200 300 400 500 600
reC)

1.0006

T
'l

FIG. 5. Tetrahedral distortion parameters as a function of

temperature. (a) Tetrahedral angle variance (TAV);

(b) tetrahedral quadratic elongation (TQE). Linear

regressions calculated in the range 25—450°C are
reported as solid lines.

increase of Cu(1)—O1 axial bonds [the four basal
Cu(1)—O distances do not vary significantly in
extent; see data in Table 5], and hence become
more distorted, as indicated by the octahedral
distortion parameters (Robinson et al., 1971)
reported in Fig. 6. Modifications occurring on
the octahedron basal plane are of less extent and
induce little extension of the chain with increasing
temperature. The Cu(1)...Cu(1) distance in fact
increases with temperature (Fig. 7a), as a
consequence of the slight and linear increase of
the unshared O2—04 edge (Fig. 8a) and of the
02—Cu(1)—04 angle (see data in Table 5 and
inset in Fig. 1). The O2—02 and 04—04 shared
edges do not vary significantly in this temperature
range (Fig. 8b,c). With regard to the Cu(2)
dimers, a linear increase of the Cu(2)...Cu(2)
distance (Fig. 7b) as well as an increase of the
03—03 common edge (Fig. 84) are observed.
Starting from 7" = 500°C, precursor signs of
incoming dehydration are detected. The process
should involve loss of H,O, and not OH™ or H,
alone, according to 2(OH) — H,O(T) + O,
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Fi1G. 6. Octahedral distortion parameters as a function of

temperature. (a) Octahedral angle variance (TAV);

(b) octahedral quadratic elongation (TQE). Linear

regressions calculated in the range 25—450°C are
reported as solid lines.
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Fig. 7. Cation—cation distances as a function of

temperature. (a) Cu(1)—Cu(1) distance along the chain;
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(residual oxygen), hence the complete transforma-
tion can be written as:

2 CU2(PO4)(OH) d Cu4(PO4)20 + Hzo

Two hydroxyl groups belonging to an octahe-
dron are then replaced by one oxygen atom and a
molecule of HyO is released. It is likely that the
OH group that destabilizes must initially attract
the H' from the adjacent OH group for
condensation of the water molecule to be
extracted. In Fig. 8a, it is evident that the
04—04 (04 is the H-bearing site) edge decreases
sharply starting from 450°C. As a consequence of
this primary movement, the Cu(1)—04 distances
shorten while Cu(2)—0O4 elongates, thus justi-
fying the variations observed in the average
Cu—O bond distances (see Fig. 4a,b). It is also
worth noting that the apical Cu(1)-—O bond
distances do not elongate further at these
temperatures, so to ensure proper coordination
to the copper ion after one of the basal oxygen
atoms is lost with dehydration. The POy,
tetrahedron, even maintaining its polyhedral
volume virtually unaltered, becomes much more
distorted (see Figs 4c, 5) as oxygen atoms have to
compensate for the drastic changes about to occur
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FiG. 8. Variation of selected polyhedral edges with temperature. () O2—04, within each octahedron and indicative

of the elongation of the chain; (b) O2—02, shared by two octahedra along the chain; (¢) O4—04, shared by two

octahedra along the chain and bearing the H atoms; (d) O3—03, shared by two Cu(2) trigonal bipyramids. Linear
regressions calculated in the range 25—450°C are reported as solid lines.
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in Cu environments. Such structural variations
suggest an incipient transformation of libethenite
Cuy(PO4)(OH) into Cuy(PO4),0O by losing one
water molecule.
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