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Abstract: In this paper, we report the details of the synthesis, single crystal X-ray diffraction
study, comparative crystal chemical analysis, and magnetic behavior of a new phosphate
variation of the arsenate mineral zubkovaite. The title compound was obtained as a
high-temperature flux product in the form of a partly ordered solid solution and was
studied using scanning electron microscopy and microprobe analysis. It possesses a
monoclinic symmetry with a P2, /n space group; the unit cell parameters are a = 8.8040 (2),
b =4.8970 (1), c =14.5772 (3), and [.J) = 93.993(2)0. The Ca2.62CU1.94C01.44(PO4)4 crystal
structure exhibits some statistical disorder. Our refinement showed that two positions are
mixed, being occupied by Cu/Co (M1) and Ca/Co (M2) atoms. Two types of layers that
are nearly parallel to the (101) plane can be distinguished in the structure. One of them
is built by sharing corners of CuOy squares, M10s square pyramids, and PO, tetrahedra.
The second type of layer formed from Ca?*- and M2*-centered polyhedra alternates in the
[101] direction to construct a tri-periodic framework. Cap 6oCuy.94C01.44(POy)4 experiences
long-range antiferromagnetic ordering at low temperatures, as evidenced by both dc— and
ac—magnetic susceptibilities, as well as by the specific heat measurements.

Keywords: mineralogically probable phosphate; flux method; single crystal; X-ray diffraction;
crystal structure; structural relations; thermodynamic properties

1. Introduction

Research over the past decade has convincingly shown that the discovery of new
minerals can be predicted based on chemical composition, crystal chemical parameters,
and mineral paragenesis [1-5]. Adding to our knowledge, the term “mineralogically
probable” was first proposed by Yu. A. Pyatenko [6] in connection with the problem of
searching for new technologically promising inorganic materials. As shown in [6], the most
technologically advantageous compounds are mineralogically probable compounds, that
is, solid phases with the least stressed local balance on atoms in crystal structures. The
latest data demonstrate that the study of mineral evolution based on crystal chemistry has
a large potential in the predictable discovery of minerals in nature [7].

Sulfur cobalt ores generally belong to the nickel, copper, and iron complex ore type.
Among the igneous copper—nickel ores of an ultrabasic and basic nature, pentlandite is
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found, while among the copper—pyrite and skarn—-magnetite ores, pyrite with cobalt impu-
rities is known. The content of cobalt in sulfur ores usually does not exceed 3%; however,
with large areas of deposits, its extraction turns out to be economically justified. Actually,
cobalt sulfides (cobalt—pentlandite, linneite, carrolite, and cattierite) are much less common.
However, the primary sulfide of copper and cobalt carrollite, CuCo,54, is recognized in
127 localities of hydrothermal vein deposits [8]. Co and Cu minerals that have been identi-
fied from oxidized ores include arsenates pradelite (CoCus(AsO4)(AsO30H),-9H,0) and
hlousekite ((Ni,Co)Cus(AsO4)2(AsO30H),); hydrocarbonate kolvezite (CuCo(CO3)(OH),);
and hydrate chloride leverettite (CuzCoCly(OH)g).

Copper is mainly divalent in its oxo-compounds. The d° configuration of copper
atoms in the 2+ oxidation state causes a strong distortion of Cu-centered octahedra due
to the Jahn-Teller effect. This results in the formation of distinctive crystal structures
with square planar, pyramidal, or elongated octahedral coordination and, thus, increases
the amount of Cu minerals, preventing Cu from entering into solid solution with other
divalent cations. Accordingly, the number of known copper minerals, particularly phos-
phates, is significantly higher than would be expected based on the copper content of the
Earth’s crust [1]. Conversely, only one natural cobalt phosphate is known, the mineral
pakhomovskyite (Co3(POy);-8H,0) [9], while various synthetic Co phosphates have been
described, which point towards potential diversity if a deposit enriched in Co+P were to be
found. In addition, phosphates with alkali and several transition metals demonstrate the
potential richness of these as-yet-undiscovered phases [8].

In the context of the technological significance of synthetic mineral analogs, a large
number of compounds from various chemical classes have been obtained in laboratories
and have been comprehensively studied. Thus, a synthetic analog of the mineral minyulite
(K[ALF(H,0)4(POy4);]) was obtained at 95 °C under autogenous pressure conditions. Its
thermal behavior, studied using thermogravimetric analysis and X-ray powder diffraction
during heating, showed that the resulting product is amorphous, confirming the predicted
collapse of the structure by dehydration [10].

Natrochalcite (NaCup(SO4)2[(H2O)(OH)])-type Co and Ni counterparts were syn-
thesized under low-hydrothermal conditions. These compounds are of particular inter-
est due to the occurrence of formal H3O,~ units forming very strong intramolecular
hydrogen bonds—O---O = 2.429 (2) A in NaCo,(SO,),[(H,O)(OH)] and 2.420 (2) A in
Niz(SO4)2[(H2O0)(OH)] [11].

The molecular mechanism of Pb?* incorporation into the ivanyukite structure accord-
ing to the substitution scheme 2Na* + 20%~ < Pb2t + [0 +20H", leading to an increase
in symmetry from R3m to P43m, has been revealed. It was also shown that the presence
of extra-framework Na™ ions in the structure of titanosilicate sorbents plays a key role
in Pb sorption. Accordingly, the maximal sorption capacity for Pb up to 400 mg/g was
established for synthetic ivanyukite (Na4(TiO)4(SiO4); -nH,O) with extra-framework Na*
ions, and the extraction of Pb from various solutions in the amount of 90%—-99% was also
discovered [12].

Synthetic analogs of the minerals itelmenite (Na,CuMg,(5O4)4) and glikinite (ZnzO(SO4),)
were obtained using solid-state syntheses in Na;SO4—CuSO4-MSOy4 (M = Mg, Zn) systems.
It was suggested that Zn and Cu?" impurities may control the formation of itelmenite- and
glikinite-type phases. The experimental results allowed the authors to derive possible scenarios
for itelmenite formation processes. The study showed that the mineralogical diversity of the
fumaroles of Tolbachik cinder cones is not only due to formation from gas-enriched transition
metals, but also due to intensive exchange with the host basaltic cinder. Similar processes
also appear to be responsible for the recrystallization of many other mineral species found in
high-temperature fumaroles from recent eruptions [13].
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The rare minerals versiliaite (Fe125b1203,5;) and apuanite (Fe;0Sb1604854) were syn-
thesized by means of a simple sealed-tube approach. The successful synthesis of Mg-
substituted versiliaite confirmed that the synthetic method allows for easy chemical ma-
nipulations to explore how the low-dimensional structure can be used to provide specific
functional properties. The found arrangement of magnetic ions is characteristic of a new
class of compounds containing a Cairo-lattice motif, which was ordered as expected accord-
ing to theoretical models. In both structures, the Cairo layers are much more isolated, with
interlayer distances of ~12 A and ~9 A, respectively, compared to ~3A in Bi;Fe4Og. The
study demonstrated that chemical substitutions can lead to a greater magnetic isolation
between Cairo layers and comprise a useful method for studying frustrated magnetism on
a non-triangular lattice [14].

The importance of the structural studies of synthetic analogs of organic minerals
was emphasized by the investigation of synthetic novgorodovaite (Cay(Cy04)CI2-2H,0)
and its heptahydrate variety (Cay(C204)Cly-7H,0), as well as the isotypic stepanovite
(NaMg[Fe(C;04)3]-9H;0) and zhemchuzhnikovite (NaMg[AlxFe;_(C204)3]-9H,0) [15].

In our laboratory search for mineralogically plausible compounds, a range of which
were synthesized by modeling the chemistry of geothermal brines in natural geological
solutions [16-21], we obtained a structural phosphate variation of the arsenate mineral
zubkovaite (CagCuz(AsOy)s). The present paper reports the details of the new phase
synthesis, its single crystal X-ray diffraction study, comparative crystal chemical analysis,
and its thermodynamic properties.

2. Materials and Methods
2.1. Flux Synthesis

To obtain phosphates of mixed composition, we explored a system with Cu and Co
metals. Accordingly, pure chemical substances CaCOj3, CuCl,-2H,0O, CoCl,-6H;0, and
(NH4),HPO, were used in a molar ratio of 1:1:1:2. The mixture of components was ground
and pressed into a porcelain crucible, which was then placed in a furnace. The temperature
was slowly increased at a rate of 17 °/h to 820 °C, and the crucible was kept in the furnace
at 820 °C for 53 h. The crucible was successively cooled at a rate of 5 ° /h till 300 °C, before
being cooled naturally to room temperature. Deep purple prismatic crystals (Figure 1) were
found in the vessel.

Figure 1. Secondary-electron SEM image (left) showing the sample morphology; photograph (right)
of the crystals.
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2.2. X-Ray Energy-Dispersive Analysis

The synthesized crystals were analyzed with a scanning electron microscope (SEM),
i.e., aJeol JSM IT-500 equipped with a combined system of electron-probe microanalysis
and a device for direct measurements of the electron probe current. For semiquantita-
tive analysis, we used an X-MaxN energy-dispersive spectrometer (Oxford Instruments,
Abingdon, UK) with an ultra-thin window and a crystal active area of 50 mm?. Analytical
measurements of unpolished crystals coated with a carbon film with a thickness of about
25 nm were performed at an accelerating voltage of 20 kV and an electron probe current of
0.7 nA, with an exposure time of 100 s. Under these conditions, the sample was stable. We
used the following measurement standards, representing stoichiometric compounds and
natural minerals: diopside (CaMgSi,Og) for Ca and O; GaP for P, as well as metallic Co and
Cu. An X-ray spectral analysis of the title compound gave a semiquantitative result with a
Ca/Cu/Co/P/O ratio of 2.5:2:1.5:4:16. The empirical formula calculated on the basis of 4 P
atoms per formula unit looks like Cap 5CuyCoq 5(PO4)s.

2.3. Single-Crystal X-Ray Diffraction and Crystal Structure Determination

A single crystal of the new phase, selected on the basis of its optical properties (e.g., the
simultaneous extinction of the sample under applied polarized light), was investigated for
the determination of unit cell parameters and data collection. X-ray diffraction data were
collected on an Xcalibur diffractometer (Rigaku Oxford Diffraction, Tokyo, Japan) with a
Sapphire3 CCD detector at room temperature, using MoK« radiation. The intensities were
integrated and corrected for background noise, as well as Lorentz and polarization effects,
and a numerical absorption correction was applied based on Gaussian integration over a
multifaceted crystal model [22].

Most calculations for structural studies were performed within the WinGX program
system [23]. Atomic scattering factors and anomalous dispersion corrections were taken
from the International Tables for Crystallography [24]. The crystal structure was solved
using direct methods and was refined against F2 data using SHELX programs [25,26] in the
space group P21/n. Crystal data and details of data collection and refinement are presented
in Table 1.

The determined structure was characterized as having some statistical disorder. Our
refinement showed that there are two mixed-occupied positions, with Cu/Co (M1) and
Ca/Co (M2) atoms. No experimental indication of superstructure reflections has been
observed; consequently, we consider the Co atoms as being statistically distributed in M1
and M2 sites together with Cu and Ca atoms.

In Table 2, we report the final results of the atom positions and equivalent isotropic
displacement parameters.

We deposited structural data via the joint CCDC/FIZ Karlsruhe deposition service as
CSD 2428382, where it can be obtained free of charge. Characteristic distances are given
in Table 3. The crystal chemical formula of the compound, which is consistent with the
microanalysis data, was established as CapCu?* (Co?*5Cu*(5),M (Cag ¢Co%* g.4)M2(PO,)4
for Z = 2. The simplified formula can be written as Cay 6pCu1 94C01 44(PO4)4. Bond-valence
calculations were made using the algorithm and parameters from [27,28]; the outcome
(Table 4) clearly confirms the 2+ valence state of Cu and Co. In addition, the results
of the bond-valence sum data prove the mixed occupancy of the M1 (Cu/Co) and M2
(Ca/Co) positions. All figures displaying crystal structures were made using the Diamond
program [29].
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Table 1. Crystal data and details of X-ray data collection and refinement.
Crystal Data
Chemical formula Cas25C07.89Cu3.86(POy)s
M, 1385.75
Crystal system, space group Monoclinic, P2y /n
a,b,c(A) 8.8040 (2), 4.8970 (1), 14.5772 (3)
B(°) 93.993 (2)
V (A%) 626.94 (2)
Z, calculated density, g/ cm? 1, 3.670
i (mm—1) 6.81
Crystal size (mm) 0.31 x 0.13 x 0.04
Data collection
Radiation type MoK, graphite monochromator
Temperature (K) 293
cberved (1> 20()] sehecions. 53971625, 1694
Rint 0.027
(sin 8/A)max (A1) 0.703
Refinement
Refinement method Full-matrix least-squares on F?
Absorption correction, Trin/ Tmax Gaussian, 1.0/0.77
R[F? > 20(F?)], wR(F?), S 0.038, 0.074, 1.28
No. of reflections/parameters 1825/124
Extinction coefficient 0.0020 (3)
APmax, APmin (€ A73) 0.77, —0.77
Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A2).
xla y/b zle Ueq Occ. (<1
Col 0.32038 (6)  0.47909 (11)  0.62037 (4)  0.01357 (18) 0.53 (3)
Cul 0.32038 (6)  0.47909 (11)  0.62037 (4)  0.01357 (18) 0.47 (3)
Cu2 0.5 0.0 0.5 0.01053 (18)
Cal 0.04023 (9)  0.53530 (17)  0.23560 (6)  0.01270 (19)
Ca2 0.5 0.0 0.0 0.0117 (3) 0.62 (1)
Co2 0.5 0.0 0.0 0.0117 (3) 0.38 (1)
P1 0.34151 (11)  0.49025 (19)  0.40507 (7) 0.0074 (2)
P2 0.37855 (12) 0.4895 (2) 0.84517 (8) 0.0120 (2)
o1 0.4000 (3) 0.7875 (6) 0.39869 (19) 0.0116 (6)
02 0.2570 (3) 0.3997 (6) 0.3174 (2) 0.0129 (6)
03 0.4886 (3) 0.3084 (6) 0.41840 (19) 0.0093 (5)
o4 0.2486 (3) 0.4496 (6) 0.48902 (19) 0.0138 (6)
05 0.2121 (3) 0.5751 (6) 0.8572 (2) 0.0155 (6)
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Table 2. Cont.
xla y/b zlc Ueq Occ. (<1)
06 0.3936 (4) 0.1799 (6) 0.8634 (2) 0.0189 (7)
o7 0.4144 (4) 0.5377 (7) 0.7437 (2) 0.0213 (7)
08 0.4925 (4) 0.6575 (7) 0.9030 (3) 0.0248 (8)

Table 3. The characteristic bond distances (A) of Cay 6 Cuy 94C01 44(PO4)s *.

P1—Tetrahedron P2—Tetrahedron

Cu2—Square Planar

P1—02 1.500 (3) P2—08 1.509 (3)

041.532 (3) 06 1.543 (3)
01 1.549 (3) 05 1.546 (3)
031.572 (3) 07 1.551 (3)

<P1—O> 1.538 <P2—0> 1.537

Cu2—031.921 (3) x 2
011.964 (3) x 2
<Cu2—0> 1.943

Ml—five-vertex M2—octahedron

Cal—polyhedron

polyhedron
M1—071.947 (3) M2—082.192 (3) x 2 Cal—022.278 (3)

04 1.980 (3) 042219(3) x 2 07 2.374 (3)
052.029 (3) 062.315(3) x 2 012.393 (3)
03 2.089 (3) <M2—0> 2.242 06 2.566 (3)
06 2.152 (3) 05 2.576 (3)
<M1—0>2.039 032.610 (3)
022.676 (3)
08 2.922 (4)
073.022 (3)

<Cal—0O> 2.602

* M1 = Cug47Coq53; M2 = Cap62C0p.38-

Table 4. Bond-valence data for Cap gpCuq.94C07 44(POy)4 *.

Atom M1 Cul Cal M2 P1 P2 Y
o1 0.463 |, 0.298 1.202 1.96
02 0.394; 0.149 1.372 1.92
03 0.342 0.520|, 0.175 1.129 2.17
04 0.453 0.374|, 1.258 2.09
05 0.371 0.190 1.212 1.77
06 0.288 0.195 0.294, 1.218 2.00
o7 0.494 0.312; 0.064 1.195 2.06
08 0.082 0.399, 1.339 1.82

Y 1.95 1.97 1.86 2.13 4.96 4.96

* M1 = Cug47Coq53; M2 = Cag 62Cop 3. Symbol |, indicates a multiplication of the corresponding contribution in
the columns due to symmetry.

To confirm the purity of the bulk sample, powder X-ray diffraction (PXRD) analysis

was performed using a TONGDA TDM-20 diffractometer (Dandong Tongda Science &
Technology Co., Ltd, Dandong, China) equipped with a copper anode. The obtained
experimental pattern is in full agreement with the calculated one, as shown in Figure S1.
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3. Results and Discussion
3.1. Interatomic Distances and Crystal Structure Description

The main structural units of the title compound are shown in Figure 2. Cu?* cations
occupy two non-equivalent positions in the structure. One, in the symmetry center, has
a square planar coordination with two Cu2-O bond lengths of 1.921 (3) and two others
of 1.964 (3) A. Another general position is “diluted” with Co atoms in equal quantities
in the framework of standard deviations (Table 2). In this M1Os polyhedron, the bond
lengths lie in the interval between 1.947 (3) and 2.152 (3) A. Likewise, the Co atoms for 38%
“dilute” the centrosymmetric M2 position that is mainly populated by Ca atoms with three
pairs of equivalent M2-O distances of 2.192 (3), 2.219 (3), and 2.315 (3) A (Table 3). In the
CalQOg polyhedron centered by Ca atoms in a general position, the Cal-O bond lengths
vary between 2.278 (3) and 3.022 (3) A. This large interval of distances is proved by the
valence requirements of Cal (Table 4).

Figure 2. Basic structural units with an atom labeling scheme. Displacement ellipsoids are represented
at the 90% probability level. Symmetry code: ()1 —x, —y,1 —z; (") 0.5 — x, 1.5 — y,z; (*) 0.5 — x,
05+y,15 -2z (*)05—x, —05+y,15—-z("1-x2-y2 -z (*)05+x,15 -y, 05+z
N1 -x1-y2-z""x1+y,z(x, —1+y,z

The P-O bond lengths in two independent orthophosphate tetrahedra with C; symme-
try range from 1.500 (3) to 1.572 (3) A and from 1.509 (3) to 1.551 in the P1- and P2-centered
polyhedra, with almost equal average P-O distances of 1.538 and 1.537 A, accordingly.

Two types of layers that are nearly parallel to the (101) plane can be distinguished in
the structure. One of them is built by sharing corners with CuOy squares, M10O5 square
pyramids that are statistically occupied by Cu and Co atoms in almost equal amounts, and
PO, tetrahedra. Two distinct chains aligned in the [010] direction alternate within this layer;
one is formed from CuO, squares and P10y tetrahedra, whereas another double chain is
built by M10s5 and P20, polyhedra (Figure 3a). The Ca?* and Co?* cations are located
between the anionic layers of the [CuZ*(Cu?t5C0% 5)M15(POL)4]0~ composition, uniting
them in a framework (Figure 3b). Each CaOg polyhedron is linked via oxygen bridging
contacts with two neighboring polyhedra to form double chains that run parallel to the
b axis of the unit cell. The M2Og octahedra bond these chains in the layers, as shown in
Figure 3c¢,d.
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Figure 3. The layer of vertices sharing CuOy4 squares, M105 square pyramids, and POy tetrahedra,
constructed from two types of chains (a). The same layers, separated by M22* and Ca?* ions,
shown in xz projection (b). The layer built by CaOg polyhedra and (Ca,Co)Og octahedra, displaced
between two anionic [Cu?* (Cu®*(5Co%*(5)M1,(POy)4]°~ layers (c), and its structure (d). Structural
drawings are presented in the P2; /a setting of space group C°y, to ensure consistency of the data
with related compounds.

3.2. Crystal Chemical Relations

The title crystal structure is a new member in the phosphate-arsenate family of compounds,
which includes one natural representative—mineral zubkovaite (CazCusz(AsOy)s)—found in
the Arsenatnaya fumarole of the Great Tolbachik Fissure Eruption, Kamchatka, Russia. It oc-
curs as coarse prismatic crystals up to 0.01 mm x 0.01 mm X 0.2 mm, combined in radiating
aggregates or crusts and associates with anhydrite, svabite, hematite, johillerite, tilasite, fluo-
rophlogopite, sanidine, and aphthitalite [30]. Two synthetic phases—CazCu3(AsOy)4 [31] and
CazCu3(POy)4 [32]—are isostructural and crystallize in the same C2y, space group (No. 14)
inherent to the title phosphate. All the family members are monoclinic; however, the zubkovaite
crystal structure is considered by the authors as obeying an alternative space group (Table 5).
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Table 5. Crystal data for Cap 4Cu1.94C0144(POy)4 * and related compounds (Z = 2).
Unit Cell Space Group V, Cati(?r‘llir(a)gxe en Synthesis
Compound Parameters (a, b, c) A3 Distances Ayin d technique/ Ref.
A and Angles, ° Pealc., glcm3 Anglés 4 Natural Genesis
<Cul—O> 1.953 Deposited directly
<Cal—O>2.641  from volcanic gas as
<Cu2—0> 2.032 a sublimate or
16.836 (3) 2 <Ca2—0> 2.330 crystallized as a
Zubkovaite, 5.0405 (8) 687.0 <Asl—O> 1.679 result of the [30]
CazCuz(AsOy)y 9.1173 (17) i1 6'1 <As2—0O> 1.666 interaction between
(=117.39 (1) ' 0O-As1-O range: fumarolic gas and
76.1-134.3 basalt scoria at
0O-As2-0O range: temperatures not
73.3-129.3 lower than 400 °C.
<Cul—0O> 1.945
<Cal—0O> 2.632
<Cuz—0>2025  _lreparedby the
16.609 (9) <Ca2—O0>2202 ~ Sondsstatereaction
5.056 (4) P2, /a <Asl—O> 1693  ©f CuO, CaCOs, and
Ca3Cu3(ASO4)4 8.950 (6) 669.16 <As2—O> 1.689 3A8205'5H20 [31]
O 4.30 o pressed into tablets,
3 =117.08 (5) 0O-As1-O range: N
at 980 °C (below the
105.2-113.5 melting point)
0O-As2-0O range: &P ’
104.7-113.2
<Cul—O> 1.943 Synthesized under
<Cal—0> 2.607 hydrothermal
<Cu2—0>2.029  conditions at 420 °C
17.619 (2; P24/ <Ca2—OO> 2333  and 3.8 kbar usfing a
4.8995 (4 <P1—0O> 1.538 mixture o
CasCus(POy)s 8.917 ((1) 23579’2 <P2—O0O> 1.539 hydroxyapatite and [52]
3 =124.08 (1) ' O-P1-O range: Cu3z(POy),
106.1-112.2 suspended in
O-P2-O range: 0.1 M H3POy4
105.2-113.6 mineralizer solution.
<Cul—0O> 1.943
<Cal—0O> 2.602
<M1—0> 2.039 Flux from a mixture
17.5465 (4) P2, /a <M2—0> 2.242 of CaCOs3,
Ca2.62Cu1.94C01.44 4.8970 (1) 6261 94 <P1—0O> 1.538 CuC12~2H20, Our data
(POy)4 8.8040 (2) 3 6'68 <P2—0O> 1.537 CoCl,-6H,0, and
3 =124.03 (1) ' O-P1-O range: (NHy),HPO4
105.4-112.4 at 820 °C.
O-P2-O range:
106.2-113.2

* M1 = Cug 47Coy 53; M2 = Cag 6,C0p 33. Our phosphate unit cell parameters were converted to the P2; /a setting of
the C®,;, space group for data consistency.

The main difference between the crystal structures of synthetic CazCuz(PO4)4 and
Ca3zCu3z(AsOy)4, on the one hand, and the Cap g, Cuy.94C01 44(POy)4 structure obtained
therein, on the other hand, is the presence of Co atoms in the chemical composition of the

new phase. As we have shown above, the Co? ions are statistically distributed among two

positions, which they occupy together with Cu?* (M1 position in tetragonal pyramid) or
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Ca (M2 position in the nine-vertex polyhedron) in accordance with the structural formula
CayCu?*(Co%*g5Cu(5),M1 (Cag cCo%*0.4)M2(POy),. Obviously, the same average P—O
bond lengths in the phosphate structures are shortened compared to the corresponding
As—O values in the arsenate analog (Table 5). Equal average Cul—O distances in the
square planar structures characterize all three isotype phases, while a somewhat longer
<Cal—O> distance of 2.632 A is associated with larger arsenate tetrahedra. The “dilution”
of the copper-centered pyramid with cobalt in the title structure does not significantly affect
the average M1—O bond length due to the close Cu?* and Co?* ionic radii of about 0.80 A
(for a coordination number of 5). Conversely, the <M2—O> of 2.242 A in the nine-vertex
polyhedron that is mixed-occupied by Ca?* and Co?* ions in the ratio Ca:Co = 3:2 is slightly
smaller than the average Ca2—O distance of 2.333 A in CazCu3(POy)s.

Zubkovaite differs from synthetic counterparts by its symmetry. Its crystal structure
was solved within the framework of the rare face-centered non-centrosymmetric space
group C2 (C3,). In Figure 4, we display the CapyCuy.94C01.44(PO4)s and zubkovaite
structures projected along the c-axis. Both compounds have identical cationic substructures,
whereas the geometry of the anionic polyhedra contrasts significantly. The most problematic
is the coordination geometry of arsenate tetrahedra, with O—As—O angles varying in the
ranges of 76.1°-134.3° (As104) and 73.3°-129.3° (As204). These dimensions differ from the
O—T—O0 angles in the structures of the synthetic formula analogs, where they adopt usual
values between 104.7 and 113.6 degrees (Table 5). Moreover, all the corresponding bond
angles in the PO4 and AsOy polyhedra deviate by no more than 4% from the ideal angle of
109.5° (sp> hybridization). This deviation reflects the symmetry lowering from the ideal Ty
symmetry due to the influence of the second coordination sphere. Comparable O—As—O
angles are inherent in most natural and synthetic arsenates. For example, in the structure
of Zny(HTeO3)(AsOy), they lie in the range of 106.7-113.1° [33].

According to our data, the experimental conditions (solid-state reaction, solution
melt, or hydrothermal synthesis at different temperatures and pressures) do not affect the
crystal chemical characteristics of the obtained phases, even in the case of a solid solution.
Typical O—As—O angles are also characteristic of natural copper arsenates of various
origins. Accordingly, the O—As—O angles vary from 103.9 to 113.9 degrees in the structure
of ericlaxmanite (CusO(AsQOy),), which is found in the sublimates of the Arsenatnaya
fumarole, Tolbachik volcano, Kamchatka, Russia. The mineral has been deposited directly
from the gas phase or formed as a result of the interaction of gas with rock at temperatures
of 380 °C and above [34]. Similar values of the O—As—O bond angles characterize the
crystal structure of domerockite (Cus(AsO4)2(AsO3OH)(OH)3-H;O), where they vary from
102.5 to 112.8 degrees. The mineral is mined in the Dome Rock Mine, South Australia.
It has been discovered in a suite of secondary arsenates formed as late-stage hypergene
minerals under low-temperature conditions. Cu and As are mobilized by the weathering
processes of sulfide ore minerals, principally chalcopyrite, chalcocite, and arsenopyrite [35].
Ericlaxmanite and domerockite are mentioned here as examples of numerous arsenates
described in the literature that have normal bond angles within the AsOy tetrahedra. In
our opinion, the crystal structure of zubkovaite requires additional effort to obtain the
appropriate geometry of the AsOy4 polyhedra.
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Figure 4. The title crystal structure shown in xy projection; M1 = Cug 47Coq 53; M2 = Cag 6pCog 33. The
unit cell parameters and atomic coordinates were converted to the P2; /a setting of the C%,, space
group for data consistency (a). The xy projection of the zubkovaite crystal structure (space group
C2) [30] (b).

Magnetically, the CapgyCuj94Co0144(POy4)s phase consists of (Cu,Co)-Cu-(Cu,Co)
trimers, which are built from the central CuOy square, sharing vertices with square pyra-
mids of mixed (Cu,Co) composition. These trimers can further connect through Co cations
to form zigzag chains or chain fragments extended along the [011] and [011] directions
(Figure 5). The source of the (Cu, Co)-Cu-(Cu,Co)-(Co)« chain interruption is the statis-
tical occupation of the M2 position by Co atoms and non-magnetic Ca atoms. Interchain
interactions are expected to be possible via phosphate tetrahedra.



Minerals 2025, 15, 645

12 of 16

Cu2
. Gl cup 4779 cuz A=

S = =

Figure 5. Magnetic subsystems in CapgCuj94C0144(POy)s. (Cu/Co)-Cu-(Cu/Co)-(Co/Ca)-
(Cu/Co)w zigzag chains or their fragments are shown (a); CazCuz(POy)4 chains of Cu2-Cul-Cu2
trimers are exposed along the b axis (b). Solid lines between cations represent polyhedra sharing
vertices; dashed lines indicate bonding through phosphate tetrahedra. The unit cell parameters
correspond to the setting of the C space group in CazCuz(POy),4 for a structural comparison.

3.3. Thermodynamic Properties

The thermodynamic properties of the title compound were studied using various
options of “Quantum Design” PPMS-9T in the temperature range of 2-300 K in a magnetic
field up to 9 T. Figure 6 shows the temperature dependence of the magnetic susceptibility
Xdc taken at 0.1 T in both the FC and ZFC regimes. These curves coincide over most of
the temperature range, except for temperatures below 5 K. At lower temperatures, the
ZFC curve exhibits a peak and deviates towards lower magnetization values compared
to the magnetization measured in the FC mode. This difference reflects the smeared
antiferromagnetic order in the system. At higher temperatures, the x(T) curve follows the
Curie—-Weiss law, as follows:

X =x0 +C/(T — ©) @

with xg =4.3 X 10~% emu/mol, Curie constant C = 4.4, and Weiss temperature © = —24 K
in the fitting range of 200-300 K. The negative value of ® points to the predominance of
antiferromagnetic exchange interactions. The value of C allows us to estimate the effective
magnetic moment ¢ = (8C)1/2 = 5.93 pp. This quantity can be put in correspondence
el = 7 up, assuming that the g-factors g = 2 for both Cu?* ions with spin-only value
S =1/2 and Co?* ions with spin-only value S = 3/2. The downward deviation of the exper-
imental value of the effective magnetic moment from the calculated one can be attributed
to the fact that at lower temperatures, the spin-only moment of Co?* is substituted by the
effective moment | = 1/2. This fact reflects the orbital moment contribution.

The dependence of the magnetization on field M, obtained at 2 K, is shown in Figure S2.
At poH = 9 T, the magnetization reaches roughly 3 ug/f.u. This value is far from the
estimated saturation magnetization ~7.1 pg, calculated using the following formula:

Mgyt = ngSVB ()

The specific heat capacity measured down to 2 K is shown in Figure 7. No sharp
anomaly is observed at the Neel temperature due to disorder in the magnetic subsystem.
However, a broad hump with a maximum at about 4.4 K is visible in the Cp(T) curve.
This feature correlates with the peak found in the x,.(T) curves, as shown in the inset of
Figure 6. The independence of the position of this peak from frequency excludes significant
spin-glass effects.



Minerals 2025, 15, 645 13 of 16

0.50} o aarss,
= ° sgdetiiiaces,
o 0%000°
0.15 | £ R0 4,
S 209 L'“ﬂ
S & 4
= 8 045} 3 i)
[*) o B8q
e N "uaﬂ
3 —
£ 0.10
@
3
=
0.05
000 1 N 1 N 1 N 1 N 1 N 1 N 1
0 50 100 150 200 250 300

T (K)

Figure 6. Temperature dependences of the dc magnetic susceptibility x4.(T) in Cap gpCu1.94C07 44
(POy)y, taken at poH = 0.1 T in the FC and ZFC modes. The Curie-Weiss fit is shown by the solid line.
The inset displays the xac(T) dependences recorded at various frequencies.

300 - 50°

Cp J/mol K
N
8

100 | 45’&9

0 50 100 150 200
T, K

Figure 7. Temperature dependence of specific heat capacity measured for Cap 6Cuy.94C01 44(POy)s.

Recently, a series of spin-trimer compounds (CazCus «Nix(POy)s with x =0, 1, 2)
have been reported [36—41]. The parent phase with x = 0, namely Ca3zCuz(POy)4, features
clusters of three Cu®* ions with spin S = %, which are antiferromagnetically coupled
(J1 = 100 K), leading to a doublet ground state. These trimers—Cu2-Cul-Cu2—are arranged
in one-dimensional chains extended along the b axis (Figure 5b). The intertrimer magnetic
interactions are very weak, [, = 3 K, and occur through phosphate tetrahedra, leading to
long-range ferromagnetic ordering at T¢ = 0.91 K [36—40]. The interactions between the
1D trimer chains along the a axis are super exchanged through phosphate groups. The
interaction along the c-axis is the weakest, since the pathway includes Ca atoms, which are
magnetically inert. In the mixed spin trimer compounds (CazCu3.4Nix(POy4)s with x =1
and x = 2), the middle position of the trimer is occupied by Cu atoms. The terminal position
was found to be fully occupied by Ni atoms and, statistically, by equal amounts of Cu
and Ni for samples with x = 2 and x = 1, respectively, [41]. The magnetic susceptibility
of CazCuyNi(POy)4 (with x = 1) did not exhibit magnetic ordering up to a temperature of
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1.5 K. However, antiferromagnetic ordering was found in CazCus.«Nix(PO4)4 (at x = 2) at
a temperature of Ty = 20 K. Note that the higher Ty value in CazCuNiy(POy)4 compared
to the parent compound CazCu3(PO4)s was associated with an increase in the strength
of the dipole interaction [34]. Since Ni?** has twice the spin value compared to Cu, the
intertrimer distances between the cations of the final trimers decreased along the a- and c-
axes from 4.8 to 4.5 and from 6.5 to 6.4 A, respectively. In the case of the title compound,
the intertrimer distance between Co/Cu atoms is 4.779 A along the a-axis, which is similar
to the value found in CazCu3(PO4)s. The higher temperature of magnetic ordering in
Cayp 2Cu1.94C01 44(PO4)4 is related to the presence of intertrimer interaction along the b-axis
through the Co cations “diluting” the Ca site.

4. Conclusions

In this paper, we report the crystal structure and magnetic properties of a new com-
pound, e.g., a partly ordered solid solution of Caj 6pCuy.94C01.44(PO4)4, synthesized in the
form of single crystals, using the flux method. The crystal structure is built from anionic lay-
ers of the [Cu?*(Cu?*(5C0%*5)2(PO4)4]°~ composition, which are united in a framework
via the Ca?* and Co?* cations located between the layers. The framework includes the
Cu/Co-Cu-Cu/Co trimers with statistical disorder in the positions of the final metal atoms.

We have shown that the new phosphate variation of the arsenate mineral zubkovaite is
isotypic of synthetic CazCuz(POy)y; the series of spin-trimer phosphates CazCuz_xNix(PO4)4
with x = 0, 1, 2; and the arsenate CazCu3(AsOy4)s. In terms of magnetic properties,
Cap 62Cuy.94C01 44(PO4)4 differs from the above compounds according to the presence of
Co atoms, which “dilute” the Ca position. This causes additional magnetic interactions be-
tween the Cu/Co-Cu-Cu/Co trimers mediated by Co?* cations. It was established that the
new phase with the structural formula CapCu?*(Co?*( 5Cu5),M (Cag sCo%*o.4)M2(PO,)4
exhibits long-range antiferromagnetic order at Ty = 4.4 K. Therefore, synthetic work, crystal
structure, and physical properties may be of interest in solid-state physics to the quantum
materials research community working on correlated electron systems.

According to recent data, the study of mineral evolution based on crystal chemistry
has great potential in predicting mineral discovery in nature. In this context, our research
demonstrates that the solubility of cobalt in copper phosphate phases supports the likeli-
hood of cobalt co-occurrence with copper in phosphate and arsenate ores.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/min15060645/s1. Figure S1: Experimental and calculated powder XRD
patterns of the title compound.; Figure 52: The magnetization curve measured at 2 K.; X-Ray powder
and magnetic data, as well as Cif and Check cif files for the title compound.
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