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Abstract: We report on high-pressure angle-dispersive synchrotron X-ray diffraction data of a natu-
ral Zng 78(2)Cuy 22(2)(CO3)2(OH)g aurichalcite mineral up to 7.6 GPa and ab initio total energy calcu-
lations of the aurichalcite structure with three different Zn-Cu stoichiometries (Zn:Cu ratios = 10:0,
8:2 and 6:4). A monoclinic-to-triclinic displacive second-order phase transition was found ex-
perimentally at 3 GPa. The experimental bulk modulus of the initial P2;/m aurichalcite is
By = 66(2) GPa, with a first-pressure derivative of By’ = 9(2). A comparison with other basic
copper and zinc carbonates shows that this By value is considerably larger than those of malachite
and azurite. This relative incompressibility occurs despite the fact that aurichalcite features a
layered structure due to the number of directed hydrogen bonds between carbonate groups and
the cation-centered oxygen polyhedra forming complex sheets. The existence of different bond
types and polyhedral compressibilities entails a certain anisotropic compression, with axial com-
pressibilities x,0 = 3.79(5)-1073 GPa™1, x;0 = 5.44(9)-1073 GPa~! and x.o = 4.61(9)-1073 GPa~ ..
Additional density-functional theory calculations on the C2/m hydrozincite-type structure with
different Zn:Cu compositional ratios shows that the aurichalcite structure is energetically more
stable than the hydrozincite one for compositions of Zn:Cu = 10:0, 8:2 and 6:4 at room pressure.
The pure Zn aurichalcite phase, however, was predicted to transform into hydrozincite at 18 GPa,
which suggests that the experimentally observed hydrozincite structure is a metastable phase.

Keywords: aurichalcite mineral; basic carbonate; high-pressure; phase transition; structure;
hydrozincite; DFT calculations

1. Introduction

Carbonate minerals are the most abundant carbon phases on the Earth’s surface. In
the subduction processes, carbonates enter into the Earth’s mantle and are progressively
subjected to increasing pressures and temperatures as the subduction slab sinks [1].
Consequently, the determination of the influence of these thermodynamic parameters
on the stability and structural behavior of carbonates, together with the interaction
of these minerals with different compositional environments, is key for geophysics.
Nowadays, it is possible to recreate high-pressure (HP) and high-temperature (HT)
conditions in the laboratory, and the sample can be characterized in situ by a battery
of spectroscopic and diffraction techniques. Thus, numerous laboratory structural
studies of simple and double carbonates at HP-HT have been reported in the last two
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decades [2-14]. The investigation of the HP-HT structural behavior of carbonate minerals
bearing additional anion groups such as [PO4?~ in phosphate-carbonates [15], [SiO4]*
in silicate-carbonates [16—18] or [OH] ™ in basic carbonates [19-21] is, however, rather
limited. In particular, the understanding of the effect of hydroxyl groups on the HP
properties of carbonates has direct implications in geophysics, as [OH] ™ released from
hydrous minerals impacts decarbonation, dissolution and phase relations of carbonate
minerals [22]. Compounds of the system [CO3]-[OH] could provide insight into the
synergistic relationship between deep carbon and water cycles.

Aurichalcite (Zn,Cu)5(CO3)2(OH)g, in which carbonate and hydroxyl groups coex-
ist, is a naturally-occurring mineral commonly found in association with hemimorphite
Zny(SipO7)(OH),-H,O and other basic carbonates such as hydrozincite Zns(COs3)2(OH)g,
rosasite (Zn,Cu),(CO3)(OH),, malachite Cu,(CO3)(OH), or azurite Cuz(CO3),(OH), in
oxidized zones of zinc and copper deposits. The Zn:Cu ratio in natural aurichalcite samples
is known to vary between 5:1 zinc-rich composition and 4:5 [23]. Aurichalcite is also im-
portant as a synthetically produced intermediate in the preparation of copper/zinc oxide
catalysts for a variety of industrial hydrogenation processes, such as methanol produc-
tion [24,25]. It is considered that the aurichalcite phase in the precursor plays a key role
in improving the physicochemical properties and activities of the final catalysts [25]. The
crystal structure of this mineral was first determined by synchrotron single-crystal X-ray
diffraction (XRD) in 1994. At room conditions, aurichalcite is monoclinic, space group
P2, /m, with lattice parameters a = 13.82(2) A, b= 6.419(3) A, c =5.29(3) A, B = 101.04(2)°
(V=461(3) A3 7= 2) for the chemical composition Zn3Cuy(CO3)2(OH)g [24]. The crystal
structure of an aurichalcite specimen with a different composition, Zn; 3Cu; 7(CO3)2(OH)g,
was later refined [23] with comparable unit-cell parameters. The structure consists of
complex layers of cation-centered polyhedra in which the Zn and Cu atoms are in four
coordination environments: two octahedral sites with different distortion, a trigonal bipyra-
midal site and a tetrahedral site (described in detail later). These layers are held together by
hydrogen bonds. The Zn and Cu ordering in aurichacite samples was only postulated from
XRD measurements due to the fact that scattering factors of Cu and Zn are very similar.
X-ray absorption spectroscopy measurements confirm that copper might be distributed
across more than one metal site [26]. However, Cu atoms preferentially occupy Jahn-Teller
elongated octahedral and trigonal bipyramidal sites, with Zn atoms occupying the more
regular octahedral and tetrahedral sites. Interestingly, the Zn end member Zns5(COs3),(OH)g,
named hydrozincite, is reported to have a different but intimately related structure, with
similar unit-cell dimensions as aurichalcite but described in the monoclinic space group
C2/m [27]. Moreover, DFT calculations indicate that the hydrozincite-type structure with
composition ZnzCu;,(CO3),(OH)g is thermodynamically the most stable [28]. These studies
evidence the complex chemistry of this system. Several other groups have characterized
aurichalcite spectroscopically [29,30] and studied its thermal stability [31].

In this work, we conducted high-pressure synchrotron XRD experiments on a naturally
occurring aurichalcite Zn3 7g2)Cuy 22(2)(CO3)2(OH)g mineral and first-principles calcula-
tions on three different Zn:Cu stoichiometries to study the structural behavior and the
evolution of the atomic interactions upon compression.

2. Materials and Methods
2.1. Experimental Details

A naturally occurring aurichalcite mineral specimen from the Gelbe Birke Mine,
Beierfeld, Erzgebirge (Saxony, Germany) was provided by Gunnar Farber Mineralien
(see photograph in the inset of Figure 1). A light blue powder was carefully isolated,
crushed with a mortar and pestle and characterized at room conditions by means of
energy-dispersive X-ray spectroscopy (EDX, Hitachi 54800 scanning electron microscope)
and XRD. Quantitative chemical analyses indicate that the Znj 752)Cu.22(2)(CO3)2(OH)g
chemical composition is quite uniform through the sample. From XRD measurements, we
obtained the lattice parameters of aurichalcite: 2 = 13.809(7) A, b=6.412(2) A, c=5.315(3) A,
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B = 100.74(5)° (V = 462.3(3) A3), which are in good agreement with those previously
reported in the literature [23,24]. Unfortunately, the sample is not perfectly homogeneous
and does not correspond to a randomly oriented powder. Therefore, powder diffraction
data present intensities that could not be used for structural Rietveld refinements, but only
for unit-cell indexations and profile Lebail refinements (see Figure 1).
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Figure 1. Observed, calculated and difference XRD patterns for Zng 7g()Cuy 22(2)(CO3)2(OH)g au-
richalcite at room conditions. Vertical marks indicate Bragg reflections. Light blue aurichalcite crystals
in our naturally occurring specimen (inset).

High-pressure angle-dispersive XRD experiments were conducted at room tempera-
ture at the MSPD beamline of the ALBA synchrotron source with an incident monochro-
matic wavelength of 0.4246 A focused to 30 x 30 pm? [32]. Measurements up to 7.6 GPa
were performed in a membrane diamond-anvil cell with diamond culets of 500 um. Au-
richalcite powder was loaded in a 250 pm diameter hole of an inconel gasket preindented to
a thickness of about 50 pm. Silicone oil was used as the pressure-transmitting medium [33],
and the pressure was determined using the equation of state (EOS) of copper [34], which
was included in the pressure chamber. Detector calibration, correction of distortion and in-
tegration to conventional 26-intensity data were carried out with the Dioptas software [35].
The indexing and refinement of the powder patterns were performed using the Unitcell [36],
Fullprof [37] and Powdercell [38] program packages.

2.2. Computational Details

We considered two phases corresponding to the experimental structures of aurichal-
cite and hydrozincite. In the latter, the hydrogen positions were not available from the
experimental diffraction data, and we placed them manually based on the oxygen distances
prior to the geometry relaxation. In addition, for each of the two phases, we considered
three compositions: pure Zn, Zn:Cu ratio = 6:4, and the Zn:Cu ratio that most resembles
the experimentally determined atomic ratio. Since there are ten atoms of Cu plus Zn in
the unit-cell in both phases, we opted for an 8:2 ratio of Zn:Cu, which adequately fits our
measured value while maintaining the relative simplicity of the DFT calculations.
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Density functional theory (DFT) calculations were performed using the projector-
augmented wave (PAW) method [39] implemented in Quantum ESPRESSO [40], version 6.5.
The B86bPBE [41,42] functional was used in combination with the exchange-hole dipole
moment (XDM) dispersion model [43-45]. Even though DFT has difficulties modeling
electronic excitation properties such as band gaps [46], it has been tremendously success-
ful in describing ground-state properties such as the relative stabilities of polymorphs
under pressure. The PAW datasets came from the pslibrary [47] and had 1 (H), 4 (C),
6 (0), 11 (Cu) and 12 (Zn) valence electrons. We used cutoffs of 80 Ry for the orbital and
800 Ry for the electron density expansions. A uniform k-point grid of dimensions 2 x 3 x 4
was used for both phases, ensuring a convergence of around 0.1 mRy in the energy and
0.01 GPa in the calculated pressure.

In this system, the Cu atom has a d° valence electronic structure, and therefore,
the calculations were run with spin-polarization. Cold smearing [48] was used with
a smearing parameter of 0.01 Ry. Cursory single-point calculations at the aurichalcite
experimental geometry of the Zn:Cu 8:2 composition revealed that the ferromagnetic (FM)
and antiferromagnetic (AFM) orderings are very similar in energy, with the FM order being
slightly favored. Because of this, and also because the calculations are simpler, the FM
order was used in all calculations.

In the case of the Zn:Cu 8:2 composition, we examined the question of how to dis-
tribute the Zn and Cu atoms over the 10 available positions. Since the Cu(I) is likely to
deform the coordinating oxygen atoms in its vicinity, we relaxed the geometries of the
45 possible arrangements of 8 Zn and 2 Cu atoms over the 10 positions in the unit-cell
for the aurichalcite and hydrozincite phases. In the aurichalcite case, the Cu atoms prefer
occupying the 4f Wyckoff positions of the P2, /m space group (1/4,0,z) forming atomic
chains along the b axis. We use the most stable zero-pressure atomic configuration of
aurichalcite and hydrozincite to calculate the equation of state. Tables S1 and S2 with the
relative energies, volumes and space groups of all atomic arrangements for the aurichalcite
and hydrozincite phases are shown in the Supporting Information. Using the procedure
described below, we calculated the equation of state of two other arrangements per phase,
in addition to the minimum-energy one. It is shown in the Supporting Information that,
although there are minor differences in the energy—volume and enthalpy—pressure curves
depending on atomic configuration (see Figures S1 and S2), the relative stability of the
aurichalcite/hydrozincite phases is captured by the minimum-energy atomic arrangement.
Therefore, we will discuss only the latter in the rest of the manuscript.

Geometry relaxations were carried out at constant zero and 50 GPa pressures of the
aurichalcite and hydrozincite phases with pure Zn and Zn:Cu 8:2 and 6:4 compositions.
In all geometry relaxations, energy and force cutoffs of 107> Ry and 10~ Ry/bohr were
used, respectively. The resulting equilibrium geometries were then used to build a uniform
volume grid with 41 points spanning the corresponding pressure range. Constant volume
geometry relaxations were carried out at each of these 41 points for every phase and
composition, and the resulting energy—volume curves were fitted with a polynomial strain
average using gibbs2 [49,50] to find the relative stability of each phase.

3. Results and Discussion

The indexation of the XRD pattern at room conditions yields lattice parameters consis-
tent with those of the previously published aurichalcite structure, the peak intensities are
in good agreement with the reported structure despite the non-homogeneous particle-size
sample, and our DFT calculations confirm that the aurichalcite structure is thermodynami-
cally stable. The crystal structure of aurichalcite at room conditions consists of complex
sheets perpendicular to the (100) direction, which are interconnected by hydrogen bonds
(see Figure 2). Each of these sheets is composed of double layers of close-packed O atoms
that contain metal atoms in two slightly different octahedral coordination environments.
According to previous single-crystal XRD results [23], four Zn/Cu atoms per unit-cell are
located in tetragonally Jahn-Teller distorted octahedral sites with four short metal-oxygen
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distances (2 x 1.98 A +2 x 2.01 A) and two long distances (2 x 2.33 A), whereas two Zn/Cu
atoms per unit-cell are centering other octahedra with a smaller range of metal-oxygen
distances (1.98-2.21 A). Diffraction and especially spectroscopic results suggest that the
Cu atoms preferentially occupy the first of these octahedral types, which are connected by
common edges forming chains along the b axis. These distorted Jahn-Teller octahedra share
other edge with more regular octahedra, and they are corner-linked to both metal-centered
O tetrahedra and trigonal bipyramids situated at opposite sides of the octahedral-based
layer. The sides of these complex sheets where the tetrahedra are located face each other
and are connected by carbonate groups and hydrogen bonds. The sides of these complex
sheets where the trigonal bipyramids are located face each other and are only connected by
weak hydrogen bonds.

Figure 2. The structure of DFT-calculated ZnsCu(CO3),(OH)4 aurichalcite projected roughly along
the (001) direction. Green, magenta, red, gray and white spheres correspond to the Zn, Cu, O, C
and H atoms, respectively. Cation-centered oxygen polyhedra are depicted. Hydrogen bonds are
represented as dashed blue lines.

Diffraction patterns measured at different pressures are shown in Figure 3. Upon
compression, the diffraction peaks shift to higher 26 angles as expected, but there are
no significant variations in relative diffraction intensities of the XRD peaks and no
appearance of new diffraction peaks up to the maximum pressure reached in this study,
7.6 GPa. Up to 3 GPa, the XRD patterns could be indexed in the monoclinic cell, similar
to that at room pressure. The experimental unit-cell parameters and volumes of the
monoclinic P21 /m Zn3 732)Cuy 22(2)(CO3)2(OH)g aurichalcite at different pressures are
collected in Table 1. Above 3 GPa, the indexation process suggests a triclinic unit-cell,
a fact that agrees with a better LeBail fit using a slightly distorted P-1 structure (see
Figure S3 of the Supplementary Information). The experimental unit-cell parameters
and volumes of the triclinic P-1 Znj3 752)Cuy 22(2)(CO3)2(OH)g aurichalcite at different
pressures are collected in Table 2. Remarkably, a structure with comparable lattice
dimensions was predicted by our DFT calculations for a Zn:Cu 8:2 composition. The
DFT-calculated lattice parameters and atomic coordinates at 2.76 GPa can be found within
a cif file in the Supplementary Information. Above 6 GPa, the XRD patterns could not be
successfully indexed due to their deterioration under non-hydrostatic compression.
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Figure 3. Room-temperature angle-dispersive XRD data of Zn3 7g(2)Cu 22(2)(CO3)2(OH)g aurichalcite

at different pressures. Background was subtracted. The XRD patterns of the initial P2; /m and the

high-pressure P-1 phases are represented as black and blue solid lines, respectively. Calculated and

difference XRD profiles for the P-1 phase at 5.4 GPa and room temperature are depicted as red and

green lines. Magenta vertical marks indicate Bragg reflections at these conditions.

Table 1. Lattice parameters and unit-cell volumes of the initial P21 /m Zn3 7g2)Cuy 22(2)(CO3)2(OH)g

aurichalcite phase at different pressures and room temperature.

Pressure (GPa) a Axis (A) b Axis (A) ¢ Axis (A) BC©) Volume (A3%)
0.00 13.809(7) 6.412(2) 5.313(3) 100.70(5) 462.3(3)
0.00 13.806(7) 6.410(2) 5.315(3) 100.65(5) 462.3(3)
0.10 13.806(7) 6.413(2) 5.315(3) 100.68(5) 462.5(3)
0.15 13.800(7) 6.408(2) 5.310(3) 100.64(5) 461.6(3)
0.25 13.794(7) 6.401(2) 5.309(3) 100.60(5) 460.8(3)
0.40 13.787(7) 6.399(2) 5.304(3) 100.58(5) 460.1(3)
0.6 13.774(7) 6.388(2) 5.300(3) 100.52(5) 458.5(3)
0.75 13.767(7) 6.386(2) 5.293(3) 100.50(5) 457.7(3)
0.9 13.759(7) 6.379(2) 5.293(3) 100.45(5) 456.9(3)
1.05 13.750(7) 6.374(2) 5.286(3) 100.42(5) 455.8(3)
125 13.741(7) 6.368(2) 5.281(3) 100.39(5) 454.7(3)
1.35 13.731(7) 6.361(2) 5.280(3) 100.33(5) 453.7(3)
1.55 13.721(7) 6.356(2) 5.273(3) 100.31(5) 452.6(3)
1.70 13.715(7) 6.350(2) 5.272(3) 100.26(5) 451.8(3)
1.90 13.706(7) 6.344(2) 5.266(3) 100.23(5) 450.7(3)
2.1 13.698(7) 6.337(2) 5.262(3) 100.18(5) 449.6(3)
235 13.685(7) 6.331(2) 5.258(3) 100.14(5) 448.5(3)
2.60 13.674(7) 6.323(2) 5.251(3) 100.06(5) 447.1(3)
2.80 13.663(7) 6.316(2) 5.248(3) 100.04(5) 446.0(3)
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Table 2. Lattice parameters of the high-pressure P-1 Zng3 732)Cuy 25(2)(CO3)2(OH)g aurichalcite phase

at different pressures and room temperature.

Pressure (GPa) a Axis (A) b Axis (A) ¢ Axis (A) o (°) B ) v (©) Volume (A3)
3.3 13.663(8) 6.307(3) 5.244(4) 90.28(7) 100.05(6) 89.52(8) 444 9(5)
35 13.653(8) 6.298(3) 5.240(4) 90.30(7) 100.03(6) 89.44(8) 443.6(5)
4.0 13.638(9) 6.287(3) 5.232(4) 90.30(7) 100.00(6) 89.37(8) 441.7(5)
4.6 13.622(9) 6.275(3) 5.224(4) 90.30(7) 99.97(7) 89.31(8) 439.8(5)
49 13.607(9) 6.266(3) 5.219(4) 90.29(7) 99.93(7) 89.25(8) 438.3(5)
5.4 13.599(9) 6.258(3) 5.214(4) 90.28(7) 99.94(7) 89.20(8) 437.0(5)
6.0 13.583(10) 6.246(3) 5.206(5) 90.25(7) 99.96(7) 89.09(9) 435.0(6)

The variation in volume with pressure is represented in Figure 4. No volume discon-
tinuity occurs at the phase transition, which points to a displacive second-order phase
transformation. Importantly, despite the fact that the silicone oil used as a pressure-
transmitting medium is considered quasi-hydrostatic up to 12 GPa, the pressure onset
of the phase transition coincides with the pressure at which gradients were reported
to appear in this pressure medium [33,51]. Therefore, a possible explanation would be
the formation of a metastable P-1 phase as a consequence of the appearance of internal
stresses in the sample due to non-hydrostatic conditions. A Murnaghan equation of
state (EOS) was fitted to the P-V data in the hydrostatic range (below 3 GPa), leav-
ing the zero-pressure volume (Vy), the bulk modulus (By) and its first derivative with
respect to pressure (B'y) to vary freely. The best-fit values were Vy = 462.52(12) A3,
By = 66(2) GPa and B’y = 9(2) GPa. The high B’y value indicates that the bulk modulus By
increases considerably with increasing pressure, and it was proposed in the literature
to be likely correlated to the evolution of metal coordination polyhedra, as a conse-
quence of the electronic change with increasing pressure in the basic carbonate malachite
CupCO3(OH); [19]. These experimental results are in relatively good agreement with
DFT calculations that predict Vo = 455.47(3) A3, B = 84.6(7) GPa and B/ = 4.5(3) GPa
(see Figure 4). A comparison with other basic copper and zinc carbonates shows that
the aurichalcite By value is considerably larger than those of Cuy;CO3(OH); malachite
(Bg = 48(4) GPa, B’y = 7.0(16)) and Cu3(CO3),(OH), azurite (By = 40(2) GPa, By = 5.5(6)).
This difference in compressibility occurs despite the fact that octahedral (CuOg) and
trigonal planar (COg3) groups of malachite and azurite are interconnected, forming a
three-dimensional framework, and aurichalcite is a layered structure. This result evi-
dences the importance of hydrogen bonds in aurichalcite, which strengthen the structure
by means of three hydrogen bond connections between the octahedral framework and each
carbonate group. The structure’s compressibility is, for instance, similar to the rosasite-type
high-pressure polymorph of Cu,CO3(OH), (By = 80(2) GPa, B'j fixed to 4) [19].

An interesting observation concerns the calculated values of the unit-cell volume and
the bulk modulus for a compositionally variable Zn:Cu aurichalcite system. Figure 4 shows
that the larger the Zn content, the larger the unit-cell volume. This is consistent with the
smaller radius of Cu®* cations. Our DFT calculations for aurichalcite structures with Zn:Cu
ratios of 10:0 and 6:4 were described with the monoclinic P2, /m, whereas for the 8:2 ratio
with Cu atoms in half of the tetragonally distorted octahedral sites, the mirror planes and
the 21 screw axes disappear (S.G. P-1). Our pure Zn and Zn:Cu = 6:4 results show that
aurichalcite becomes slightly more incompressible with increasing Cu content.

The experimentally obtained evolution of the aurichalcite unit-cell parameters at high
pressure was collected in Tables 1 and 2, and the relative compressibilities of its axes are plotted
in Figure 5. The axial compressibilities, defined as ¥ = —1/x(dx/dP) (where x =4, b, ¢), that
were estimated from our experimental P2;/m data arex,= 3.79(5)-1073 GPa™ !,
Kpo = 5.44(9)-1073 GPa~! and k.o = 4.61(9)-10~3 GPa~!, which evidence the anisotropy in
this compound. Figure 5 clearly shows that the less compressible axis is the a axis. This
response to external pressure arises from (i) the highly incompressible (CO3) carbonate
units being arranged parallel to this axis and (ii) the stacking of the aforementioned
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complex sheets of Zn/Cu-centered oxygen polyhedra, arranged in such a way that
the intersheets’ distance is relatively incompressible despite being hydrogen bonded.
The compressibility of the b and ¢ axes is directly attributable to the compression of
cation-centered polyhedra (see Figure 2). The experimental (theoretical) axial com-
pressibilities of the HP P-1 phase are x,9 = 2.13(10)-1073 GPa~! (2.80(4)-1072 GPa™!),
Kpo = 3.43(14)-1073 GPa! (4.34(5)-1073 GPa~!) and k. = 2.62(9)-1073 GPa!
(3.00(3)-1073 GPa™ 1), evidencing the compressibility reduction in the distorted dense
phase. The inset of Figure 5 shows the decrease in the monoclinic 3 angle of the P2y /m
structure, with a linear variation of —0.233(4)° /GPa. At the phase transition, the o and
v angles shift from 90° by 0.28(7)° and —0.48(8)°, respectively, the former being approxi-
mately constant upon further compression and the latter decreasing continuously.

465
B Exp. P2,/m
460 - Exp. Fit P2,/m
H  Exp. P1
455+ — Exp. Fit P-1
% ——DFT Zn:Cu 100:0
; 450 —— DFT Zn:Cu 80:20
g —— DFT Zn:Cu 60:40
O 445
>
8 440
c
D
435
430
425 T T T T T T T T

Pressure (GPa)

Figure 4. Pressure dependence of the unit-cell volume of Zn3 7g(2)Cuy 22(2)(CO3)2(OH)g aurichalcite.
P2y /m and P-1 experimental data are depicted as black and red solid squares, respectively. Fits to
experimental data in the pressure ranges 0—3 and 3—6 GPa are represented as solid black and red
lines. DFT data for 10:0, 8:2 and 6:4 Zn:Cu ratios are represented as solid blue, magenta and green
lines, respectively.

0.005 —
- 63 - g
0.000 5 °° " o
'g 02 A B-Bo
; 04 ® v,
-0.005 £ o ::)E’Rﬁ

Relative axial compressibility

-0.010 -
-0.015 -
-0.020 4
| |
A
0025 o
0 1 2 3 4 5 6

Pressure (GPa)

Figure 5. Relative axial compressibilities of the P2; /m and P-1 aurichalcite phases. Experimental
relative contractions (a — ag)/ag, (b — by)/by and (c — cg)/cy are represented as black squares, blue
triangles and red circles, respectively. Solid lines are linear fits to our experimental data. Results from
DFT calculations for a Zn:Cu ratio of 8:2 are shown as dashed lines. (Inset) Unit—cell angles change
upon compression.
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In addition to the DFT calculations of the aurichalcite structure, we also carried
out simulations of the hydrozincite structure with different Zn:Cu ratios. This structure
found experimentally for the Zn end-member Zn5(COs3),(OH)4 [27] has similar lattice
parameters as aurichalcite; it is described with the monoclinic C2/m space group, and all the
cation-centered oxygen polyhedra complex sheets are interconnected via carbonate groups,
forming a three-dimensional structure (see Figure 6, to be compared with aurichalcite
in Figure 2). We find that the aurichalcite structure is energetically more stable than the
hydrozincite one for compositions Zn:Cu = 10:0 to 6:4 at room pressure. Aurichalcite is
also more stable upon compression for Cu-bearing samples. The pure Zn aurichalcite
phase, however, was predicted to transform into hydrozincite at 18 GPa (see Figure 7). This
implies that the hydrozincite structure previously reported would be metastable [27].

Figure 6. The structure of experimental Zns5(CO3),(OH)4 hydrozincite reported in the literature [27]
projected roughly along the (001) direction. Green, red and gray spheres correspond to the Zn, O and
C atoms, respectively. Cation-centered oxygen polyhedra are depicted.
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Figure 7. Cohesive energy as a function of the unit—cell volume for Zns(COs3),(OH)s P2;/m
auricalcite-type [23,24] and C2/m hydrozincite-type structures [27]. Inset: Enthalpy difference as
a function of pressure, showing the stability of hydrozincite with respect to aurichalcite above 18 GPa.

4. Conclusions

According to the literature, the aurichalcite ZnxCus_x(COz3)2(OH)g structure has
been encountered with a wide spectrum of compositions that range from x = 4.17 to
x = 2.22 [23,24]. Diffraction and spectroscopic measurements have confirmed that Cu atoms
are distributed across several metal sites of the monoclinic P2;/m layered aurichalcite
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structure, but they preferentially occupy the Jahn-Teller-elongated octahedral and trigonal
bipyramidal sites, with the Zn atoms entering the more regular octahedral and tetrahedral
sites [28,29]. The pure Zn end-member (x = 5) was reported to crystallize as another
monoclinic structure, S.G. C2/m, with similar lattice parameters but a three-dimensional
framework [27]. Our DFT results show, however, that the aurichalcite-type structure is
energetically favorable with respect to the hydrozincite-type in the compositional range
x = 5-3 at ambient pressure, which suggests that the experimentally found hydrozincite
phase is metastable.

The structural behavior of aurichalcite upon compression has been studied both ex-
perimentally in a natural sample with chemical composition Zn3 7g(2)Cuy 22(2)(CO3)2(OH)g
and theoretically by DFT calculations on stoichiometries x = 5, 4 and 3. The mineral
was found to be stable up to 3 GPa, where it undergoes a second-order phase transition
to a distorted triclinic P-1 structure. A Murnaghan equation of state was fit to the ex-
perimental P-V data set of the initial P2, /m aurichalcite, yielding a bulk modulus of
Bp = 66(2) GPa with a first-pressure derivative of B’y = 9(2). Other basic copper and zinc
carbonates such as malachite and azurite have considerably smaller bulk moduli. The
relative incompressibility of the layered aurichalcite structure has mainly been related
to the number of directed hydrogen bonds between carbonate groups and the cation-
centered oxygen polyhedra complex sheets. Its compressibility is slightly anisotropic,
with axial compressibilities x,9 = 3.79(5)-10~3 GPa~!, 0 = 5.44(9)-10~3 GPa~! and
Keo = 4.61(9)-1073 GPa~!, directly attributed to the directionality of hydrogen bonds
along the a axis and the different cation-centered polyhedral compressibilities. Beyond
the phase transition, the structure is significantly less compressible. Moreover, the DFT
results evidence that both the unit-cell volume and compressibility of the aurichalcite
structure increase with Zn content. Finally, our simulations show that the hydrozincite-
type structure is energetically more stable than the aurichalcite-type structure above
18 GPa for the Zn end-member Zns(CO3),(OH)g.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/min13050619/s1: Table S1: Energies and volumes per unit cell
of the equilibrium geometries of the various Zn8/Cu2 atomic configurations in the aurichalcite
structure, relative to the minimum-energy configuration; Table S2: Energies and volumes per unit
cell of the equilibrium geometries of the various Zn8/Cu2 atomic configurations in the hydrozincite
structure, relative to the minimum-energy configuration; Figure S1: Energy versus unit cell volume
for the three aurichalcite and hydrozincite structures considered in this work; Figure S2: Enthalpy
versus pressure for the three aurichalcite and hydrozincite structures considered in this work, relative
to the enthalpy of the minimume-energy aurichalcite structure; Figure S3: Experimental XRD pattern
and LeBail refinement at 5.4 GPa; Cif S1: cif file from DFT calculations for a Zn:Cu 8:2 composition
at 2.76 GPa.
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