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Abstract: Single crystals of two novel shchurovskyite-related compounds, K2Cu[Cu3O]2(PO4)4 (1)
and K2.35Cu0.825[Cu3O]2(PO4)4 (2), were synthesized by crystallization from gaseous phase and
structurally characterized using single-crystal X-ray diffraction analysis. The crystal structures of
both compounds are based upon similar Cu-based layers, formed by rods of the [O2Cu6] dimers of
oxocentered (OCu4) tetrahedra. The topologies of the layers show both similarities and differences
from the shchurovskyite-type layers. The layers are connected in different fashions via additional
Cu atoms located in the interlayer, in contrast to shchurovskyite, where the layers are linked by
Ca2+ cations. The structures of the shchurovskyite family are characterized using information-based
structural complexity measures, which demonstrate that the crystal structure of 1 is the simplest one,
whereas that of 2 is the most complex in the family.

Keywords: shchurovskyite; synthesis; X-ray diffraction; crystal structure; oxocentered tetrahedra

1. Introduction

The last two decades are marked by the increased interest in mineralogical data
from the field of material sciences. Since the discovery of a quantum spin liquid state
in herbertsmithite [1,2], the number of mineralogically inspired studies in this field has
grown exponentially: from the investigation of magnetic properties of the atacamite-group
minerals [3–7], to other Cu minerals such as lindgrenite [8], libethenite [9], dioptase [10,11],
volborthite [12], vesigneite [13,14], etc. [15–17]. The most important common feature
of all these mineral structures is the presence of Cu2+ cations in variable coordination
geometries, a consequence of the Jahn–Teller effect [18–20] that results in the existence of at
least four most common coordination geometries [21–23] with a diversity of transitional
forms. Such a flexibility of Cu2+-centered coordination polyhedra leads to the occurrence
of a multitude of structure types with interesting physical properties tunable through an
interplay between structure and chemical composition.

A number of mineral-related structures are characterized by the presence of ‘addi-
tional’ oxygen atoms that do not participate in the formation of strongly bonded “acid
residue” complexes (sulfate, vanadate, phosphate, arsenate, selenite groups, etc.). These
structures can be described in terms of anion-centered tetrahedra and attract special at-
tention due to their magnetic properties controlled by the local structure of oxygen-based
copper polycations [24–26]. For example, magnetic studies were performed for such
anion-centered-based minerals as ilinskite [27], averievite [28,29], yaroshevskite [30], at-
lasovite [31], etc.
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An important trend in the study of magnetic phases is the synthesis of novel mineral-
inspired compounds, revealing the dynamics of structural changes and crystal chemical
relations in various mineral groups. Recently, we discovered new structure types in the
averievite family, (MX)Cu5O2(TO4)2 (T5+ = P, V; M+ = K, Rb, Cs, Cu; X = Cl, Br) [32], which
demonstrate significant changes in the first coordination spheres of Cu2+ cations with
the changes induced by the size of alkali metal ions, resulting in significant geometrical
changes within the kagomé arrangements of magnetic Cu2+ centers.

Aksenov et al. [33] reported on the synthesis and magnetic properties of Rb2CaCu6(PO4)4O2,
belonging to the shchurovskyite family, originally discovered by Pekov et al. [34] in
the fumaroles of the Great fissure Tolbachik eruption, Kamchatka peninsula, Russia.
Herein, we report on the synthesis and crystal structures of two novel compounds of
the shchurovskyite family. Despite the fact that both structures significantly differ from the
original shchurovskyite structure, both of them possess shchurovskyite-type Cu-based layers.

2. Materials and Methods
2.1. Synthesis

Single crystals of 1 (K2Cu[Cu3O]2(PO4)4) and 2 (K2.35Cu0.825[Cu3O]2(PO4)4) were
prepared via gas phase crystallization, successfully employed for the simulation of fu-
marolic mineral formation in a number of previous experiments [30,35,36]. Stoichiometric
amounts of copper oxide (CuO, 99%, Vekton, St. Petersburg, Russia), copper pyrophos-
phate (Cu2P2O7, 99%, Vekton) and potassium chloride (KCl, 99%, Vekton) taken in the 6:2:3
molar ratio were ground in an agate mortar. Due to the hygroscopic nature of potassium
chloride [37,38], the resulting mixture was loaded into a porcelain boat and annealed at
250 ◦C for ~24 h in air. The mixture was further loaded into a fused silica ampule, evacu-
ated to 10−2 mbar, sealed and placed horizontally in a furnace and heated to 800 ◦C over a
period of 6 h. After two days, the furnace was cooled to 350 ◦C over a period of 72 h and
switched off. The resulting sample contained single crystals of K2Cu[Cu3O]2(PO4)4 (1),
K2.35Cu0.825[Cu3O]2(PO4)4 (2), Cu5O2(PO4)2 [39] and copper oxide. All the compounds
were found in a source zone of the ampule.

2.2. Single-Crystal X-ray Diffraction Study

Single crystals of both compounds were selected for data collection under an optical
microscope, coated in an oil-based cryoprotectant and mounted on cryoloops. Diffraction
data for 1 were collected using a Bruker APEX II DUO X-ray diffractometer (Bruker Co., Bil-
lerica, MA, U.S.A.) operated with a monochromated microfocus MoKα tube (λ = 0.71073 Å)
at 50 kV and 0.6 mA and equipped with a CCD APEX II detector. Diffraction data for 2
were collected using a Rigaku XtaLAB Synergy S X-ray diffractometer (Rigaku Co., Tokyo,
Japan) operated with a monochromated microfocus MoKα tube (λ = 0.71073 Å) at 50 kV
and 1.0 mA and equipped with a CCD HyPix 6000 detector. Exposures were 10 and 74 s
per frame for 1 and 2, respectively. CrysAlisPro software [40] was used for the integration
and correction of diffraction data for polarization, background and Lorentz effects as well
as for an empirical absorption correction based on spherical harmonics implemented in
the SCALE3 ABSPACK algorithm. The unit cell parameters (Table 1) were refined using
the least-squares technique. The structures were solved by a dual-space algorithm and
refined using the SHELX programs [41,42] incorporated in the OLEX2 program pack-
age [43]. The final models include coordinates and anisotropic displacement parameters
(Tables A1 and A2).
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Table 1. Crystallographic data and refinement parameters for 1 and 2.

Compound 1 2

Formula K2Cu[Cu3O]2(PO4)4 K2.35Cu0.825[Cu3O]2(PO4)4
Space Group P-1 P21/n

a, Å 5.7787(3) 16.7138(4)
b, Å 8.2612(4) 11.2973(3)
c, Å 8.3717(4) 16.8031(4)
α, ◦ 95.813(4) 90
β, ◦ 103.239(4) 90.775(2)
γ, ◦ 96.821(4) 90

V, Å3 382.85(3) 3172.47(13)
µ, mm−1 10.601 10.137

Z 1 8
Dcalc, g/cm3 4.055 3.925

Color Light green Intense green
Total reflections 4126 37428

Unique reflections 1759 7219
Reflection with |Fo|≥4σF 1491 5761
Angle range 2θ, ◦, MoKα 5.01 to 54.998 6.492 to 55

Rint, Rσ 0.0286, 0.0359 0.0368, 0.0303
R1, wR2 (|Fo| ≥ 4σF) 0.0285, 0.0602 0.0394, 0.0847

R1, wR2 (all data) 0.0368, 0.0634 0.0535, 0.0901
GOOF 1.078 1.032

ρmin, ρmax, e/Å3 0.69 / −0.64 1.57 / −1.94
CSD 2092265 2092266

3. Results
Crystal Structure Descriptions

The crystal structure of 1 contains four symmetrically distinct Cu2+ cations, three
of which (Cu1, Cu2 and Cu3) form the shchurovskyite-type layer as shown in Figure 1a.
Considered in terms of the cation-centered polyhedral, the basic unit of the structure is a
rod of edge-sharing Cu3O5 square pyramids (Cu3 · · · Cu3 = 2.856 Å), extended along [100].
The orientation of apical vertices (Oap) of square pyramids alternates up (U) and down (D)
relative to the (010) plane, giving the UDUDUD sequence within the rod, with the Cu–Oap

bond distance equal to 2.239 Å (Figure 1c). Each rod is decorated by Cu1O6 octahedra and
Cu2O5 triangular bipyramids from both sides in the (010) plane. The Cu1O6 octahedron
shows a typical [4+2] distortion with four short (1.887–2.097 Å) and two long (2.706 and
2.768 Å) Cu–O bonds. It is noteworthy that the Cu1 site has one more elongated (2.936 Å)
Cu–O distance to the O atom located near one of the apical ligands (O · · · O = 2.500 Å),
which corresponds to the edge of the (PO4)3− tetrahedron. Such a coordination geometry
of Cu2+ cations is rather rare and, as far as we know, among all the natural Cu2+-containing
oxysalts, it was observed in the crystal structures of cesiodymite, cryptochalcite and
saranchinaite, which are the products of fumarolic activity of the Tolbachik volcano [44,45].
The Cu1O6 octahedron shares a common edge with the Cu2O5 triangular bipyramid.
The equatorial plane of the Cu2O5 bipyramid is formed by one short (1.944 Å) and two
elongated (2.237 and 2.299 Å) Cu-O bonds. The apical Cu2–Oap bond lengths are equal
to 1.884 and 1.920 Å. The Cu2O5 bipyramid is slightly distorted due to the Berry twist
mechanism [46,47]: the Oap–Cu2–Oap and Oeq–Cu2–Oeq angles are equal to 166.6 and
124.4◦, respectively.
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Cu2 atoms (Figure 1a). The Oadd–Cu bond lengths are the shortest among all Cu–O bonds 
and span the range of 1.881–1.913 Å. Two OCu4 tetrahedra share a common Cu3 · · ·Cu3 
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The crystal structure description of 2 is far more difficult to describe due to its disor-
dered nature and the enlarged unit cell, which is a consequence of the increased number 

Figure 1. The key features of the crystal structure of 1: (a) the linkage of coordination polyhedra of
the Cu1, Cu2 and Cu3 atoms; (b) the Cu-based layer; (c) the rods of Cu3O5 square pyramids and
Cu4O6 octahedra, connecting the Cu-based layers; (d) lateral view of the crystal structure. Legend:
Cu = cyan, O = red, P = yellow, K = purple.

The rods are linked into the Cu-based polyhedral layer parallel to (010) due to the edge-
sharing of two adjacent Cu2O5 triangular bipyramids belonging to the neighboring rods
(Figure 1b). The connection between the layers in the shchurovskyite-related compounds
proceeds via the PO4 tetrahedra. In the crystal structure of 1, each P2O4 tetrahedron shares
common vertices with the Cu3O5 square pyramid and Cu2O5 triangular bipyramid of
one layer, and with the Cu1O6 octahedron of the adjacent layer. In opposition, the P1O4
tetrahedron is located within the layer, and shares common vertices with two Cu2O5
triangular bipyramids and one Cu1O5 square pyramid. There is one additional Cu4 site
located in between the layers (Figure 1c) and coordinated by six oxygen atoms, belonging
to the PO4 tetrahedra, to form [4+2]-distorted octahedron with four short (1.977 (×2) and
1.984 (×2) Å) and two long (2.823 (×2) Å) Cu4-O bonds. Two opposite vertices of the
equatorial plane of the Cu4O6 octahedron are common with two Cu3O5 square pyramids
of adjacent Cu-based layers. The resulting framework has channels filled by K+ cations
(Figure 1d). There is one symmetrically distinct K atom, coordinated by six oxygen atoms
(2.633–2.959 Å), with the <K1 · · · K1> distance equal to 3.865 (3) and 3.732 (3) Å. The
calculation of the effective width (e.c.w.) of the channels, by subtracting the ionic diameter
of O2− (2.7 Å) from the shortest and longest O · · · O distances across the channel [48], shows
that the channel in the structure of 1 is much smaller than in the structure of shchurovskyite:
1.3 × 4.6 Å2 in 1 versus 2.8 × 5.9 Å2 in shchurovskyite.

As with all known shchurovskyite-type minerals and compounds, the crystal structure
of 1 contains so-called ‘additional’ oxygen atoms (Oadd), allowing it to be described in
terms of anion-centered tetrahedra [24,25]. The structure of 1 contains one symmetrically
distinct ‘additional’ oxygen atom tetrahedrally coordinated by two Cu3, one Cu1 and one
Cu2 atoms (Figure 1a). The Oadd–Cu bond lengths are the shortest among all Cu–O bonds
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and span the range of 1.881–1.913 Å. Two OCu4 tetrahedra share a common Cu3 · · ·Cu3
edge to form a [O2Cu6]8+ dimer.

The crystal structure description of 2 is far more difficult to describe due to its disor-
dered nature and the enlarged unit cell, which is a consequence of the increased number of
symmetrically distinct positions of all atoms. There are two symmetrically distinct rods
of CuO5 square pyramids in 2. The first rod consists of the Cu3O5 and Cu4O5 pyramids,
alternating along [010], whereas the alternation of the Cu8O5 and Cu9O5 pyramids builds
the second rod (Figure 2a,c,e). The equatorial Cu–Oeq bond lengths within square pyramids
are in the range of 1.898–1.966 Å. The apical oxygen atom of the Cu8O5 square pyramid is
split into two positions, resulting in the Cu8-Oap bond lengths of 2.579 and 2.739 Å; the
apical bond lengths in the other square pyramids vary from 2.386 to 2.469 Å. The apical
vertices of the square pyramids within the rods are oriented according to the UUDDUU
sequence, which is different from the sequence UDUD observed in 1.
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Figure 2. The key features of the crystal structure of 2: (a) the fragment of the Cu9···Cu8 rod; (b) the
arrangement of anion-centered tetrahedra (shown in red); (c) two symmetrically distinct rods linked
via the Cu12O6 octahedra; (d) lateral view of the crystal structure; (e) the fragment of the Cu3···Cu4
rod; (f) the disordered arrangement of the Cu14 and Cu15 sites, and associated K4A site. Disordered
oxygen atoms are shown at most probable positions. Legend: as in Figure 1.

The local coordination of the Cu atoms, involved in the orthogonal connection of
the polyhedral rods, is different from those observed in the crystal structure of 1: instead
of one symmetrically distinct Cu2+-centered triangular bipyramid, there are four distinct
Cu2+ polyhedra, forming two types of bridges. The bridge of the first type is formed by
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the dimer of edge-sharing Cu2O5 and Cu10O5 square pyramids. The average <Cu–Oeq

> bond distances are equal to 1.953 and 1.966 Å for the Cu2O5 and Cu10O5 pyramids,
respectively, whereas the apical bond lengths are 2.597 and 2.305 Å, respectively. Note
that the Cu2O5 square pyramid can be considered as a [4+1+1]-distorted octahedron due
to the presence of an additional elongated Cu–Oap bond equal to 2.939 Å. The bridge of
the second type consists of the Cu5O5 square pyramid and Cu6O5 triangular bipyramid,
sharing a common edge. The Cu5O5 square pyramid is similar to the Cu2O5 and Cu10O5
pyramids, with the average <Cu5–Oeq> bond length equal to 1.947 Å and the Cu–Oap

bond of 2.528 (6) Å. The triangular–bipyramidal coordination geometry of the Cu6 atom is
similar to that in 1, with one short and two elongated (1.88, 2.305 and 2.188 Å) equatorial
bonds, and two short (1.965 and 1.880 Å) apical bonds. Taking the crystal structure of 1 as
an archetype, the Cu1O6 octahedron in 1 is replaced in 2 by four symmetrically distinct
Cu atoms, attached to the rods. The Cu7O6 and Cu11O6 octahedra share common vertices
with the Cu8O5 and Cu9O5 square pyramids of the rods (Figure 2a). While the Cu7O6
octahedron shows a typical [4+2]-distortion, the coordination geometry of the Cu11 atom
is difficult to assess due to the disorder of one equatorial and one apical ligands. We
suppose the overlap of two possible coordination geometries—octahedral and triangular–
bipyramidal. The presence of one or another geometry depends on the rotation of the
P5O4 tetrahedron that has three split oxygen positions with the site-occupancy factors
(S.O.F.) equal to 0.663:0.337. Equatorial bond lengths of the Cu11O5 triangular bipyramid
are equal to 1.93, 2.212 and 2.474 Å, whereas the apical bonds are 1.905 and 1.912 Å long.
The octahedral coordination geometry of the Cu11 atom shows the [3+1+2]-distortion, with
three short (1.905–2.051 Å) and one elongated (2.212 Å) equatorial bonds and two long
apical bonds (2.474 and 2.809 Å). The second rod is decorated by the the Cu13O6 octahedra
and Cu1O5 triangular bipyramids (Figure 2e). The Cu13O6 octahedron is [4+1+1]-distorted
with four short equatorial (1.897–2.052 Å) and two long apical bonds (2.476 and 2.897 Å).
The bond distribution in the Cu1O5 polyhedron is different from those in other triangular
bipyramids in 1 and 2: there are two apical bonds (1.906 and 1.911 Å) slightly shorter than
the equatorial bonds (2.070–2.172 Å).

The Cu2+-centered polyhedra in 2 form the Cu-based layer parallel to the (001) plane.
The comparison with the structure of 1 reveals the significant difference between two
structures: instead of the CuO6 octahedra connecting the layers in 1, the crystal structure
of 2 shows an alternation of the Cu and K atoms along [010] (Figure 3c). There are two
symmetrically distinct fully occupied Cu12 and K1 sites. The Cu12 site is coordinated by
five oxygen atoms to form a [4+1]-distorted square pyramid. Taking into account that
positions of two neighboring oxygens in the equatorial plane of the Cu12O5 polyhedron are
disordered, the average < Cu12–Oeq> bond length is 1.972 Å. The coordination geometry of
the Cu12 site can also be considered as transitional from square-pyramidal to square-planar
due to the long Cu12–Oap bond length (2.731 Å). The K1 atoms are coordinated by eight
oxygen atoms of the phosphate groups, with five relatively short (2.711–2.857 Å) and three
long (3.375–3.318 Å) K1–O bonds.

The enlargement of the unit cell results in the presence of the second symmetrically
distinct intra-framework channel. Both types of channels are filled by highly disordered K
atoms (Figure 2d). The first channel contains K2 and K3 atoms, each split into two and three
symmetrically distinct partially occupied positions, respectively. The displacement of the
K atoms, placed in average positions, is similar to that observed in the structure of 1 due to
the zigzag arrangement within the channel, with the K2av···K3av and K3av···K3av distances
equal to 3.992 and 4.124 Å, respectively. The effective channel width (1.3 × 5.8 Å2) is close
to that observed in the crystal structure of shchurovskyite [34]. The content of the second
symmetrically distinct channel is significantly different from that observed in any other
shchurovskyite-type structures. Herein, along with the disordered K atoms, additional Cu
atoms are present. The Cu site within the channel is split into two symmetrically distinct
positions, Cu14 and Cu145, with S.O.F. of 0.5 and 0.15, respectively (Figure 3f). While the
most occupied Cu14 position exhibits a typical square-pyramidal coordination geometry
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(2.012–2.735 Å), the Cu15 site shows a different bond distribution, having one short (2.033 Å)
and four elongated (2.212–2.490 Å) bonds, a consequence of the low occupancy of the
disordered configuration. The K atoms are concentrated near to the center of the channel
with the K–O bond lengths in the range of 2.564–3.40 Å. Due to the presence of the
additional Cu atoms, the effective width of channels is reduced to 1.5 × 3.0 Å2.
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The crystal structure of 2 contains four symmetrically distinct ‘additional’ oxygen
atoms, tetrahedrally coordinated by copper atoms, with the Oadd–Cu bond lengths varying
from 1.881 to 1.928 Å (Figure 2b).

4. Discussion

The crystal structures of shchurovskyite, K2Ca[Cu3O]2(AsO4)4, dmisokolovite,
K3[Cu5AlO2](AsO4)4, and synthetic Rb2Ca[Cu3O]2(PO4)4 are based upon Cu-based oxo-
layers, linked via (PO4)3− tetrahedra [33,34]. The hetero-polyhedral framework contains
channels, filled by K+ cations, and one additional position between the copper layers,
occupied by Ca2+ and K+ atoms in shchurovskyite and dmisokolovite, respectively. Unlike
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the structure of both minerals, these additional positions in the crystal structures of 1
and 2 are occupied by Cu2+ cations, connecting the Cu-based layers, which results in
the formation of a Cu-based porous framework, decorated by (PO4)3− tetrahedra and
containing potassium atoms within the channels.

As was mentioned above, all the shchurovskyite-type structures can be described as
consisting of Cu-based layers. The simplest way to distinguish the main features of each
structure is a topological analysis, which can be performed by means of representation
of the connectivity of copper atoms in terms of nets. In order to reduce the influence of
chemical composition on crystal chemical comparative analysis, only phosphate members
of the shchurovskyite family will be discussed below.

The core of the layers in each structure is a Cu6 cluster, representing a [O2Cu6] dimer
of two edge-sharing (OCu4) tetrahedra, with their bases approximately parallel to the
planes of the layers. The dimers form linear rods along a in 1, and along b in 2 and other
shchurovskyite-type structures, with the shortest Cu···Cu distances between the adjacent
dimers varying from 2.866 (in Rb2Ca[Cu3O]2(PO4)4), to 2.908 and 2.933 (in 2), and 2.941 Å
(in 1).

Figure 3a shows the projection of the Cu-based layer onto the (010) plane in 1, with
green lines aligned along terminal Cu atoms of dimers of the neighboring rods. The
distance between the lines is 2.202 Å. The rods in the structure of 2 are aligned along
two-fold screw axis, which results in the different arrangement (Figure 3b). Herein, each
rod is surrounded by two symmetrically related rods shifted by 1.654 Å relative to each
other. The shift is maximal in the crystal structure of Rb2Ca[Cu3O]2(PO4)4, where each rod
is shifted by 2.820 Å relative to the adjacent rod (Figure 3c).

The results presented above show the highly flexible nature of the shchurovskyite-type
structures. Indeed, at least four different structure types are present: triclinic archetype
(1), monoclinically distorted 1 × 1 × 1 shchurovskyite and its phosphate synthetic ana-
logue with the C2 space groups, monoclinically distorted 1 × 1 × 2 superstructure of
dmisokolovite with the C2/c space group, and monoclinically distorted 2 × 2 × 2 super-
structure. Both the archetype (1) and 2 × 2 × 2 superstructure (2) reported herein were
obtained in the same experiment, whereas the phosphate analogue of shchurovskyite
does not exhibit any significant difference from its parent structure. At the same time, the
1 × 1 × 2 superstructure of dmisokolovite is due to the partial substitution of Cu by Al
cations. Thus, the broad variety of shchurovskyite-type structures most likely depends
on the flexibility of the Cu-based framework, and the arrangement of the Cu-based rods
in particular. We suppose that the flexibility of the Cu-based framework will lead to the
discovery of other novel compounds of the series, including novel mineral species.

Another important feature of the shchurovskyite-type structures is the interlayer space
that can accommodate different cations, from K+ (in the structures of dmisokolovite and 2),
to Ca2+ (in shchurovskyite and Rb2Ca[Cu3O]2(PO4)4) and Cu2+ (in 1 and 2). The interlayer
sites are responsible for the connection of adjacent Cu-based layers, and it can be assumed
that the substitution of non-magnetic cations by Cu2+ will lead to significant changes in
the magnetic properties of the respective materials.

The differences between the shchurovskyite-related structure types can be easily
demonstrated by information-based measures of structural complexity [49–51] (Table 2). In
the framework of this approach, the complexity is estimated as the amount of Shannon
information contained in a crystal structure according to the following formulas:

strIG = −∑k
i=1 pi log2 pi (bits/atom) (1)

strIG = −v∑k
i=1 pi log2 pi (bits/cell) (2)

where k is the number of different crystallographic orbits (independent crystallographic
Wyckoff sites) in the structure and pi is the random choice probability for an atom from the
ith crystallographic orbit, which is:

pi = mi/v (3)
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where mi is a multiplicity of a crystallographic orbit (i.e., the number of atoms of a specific
Wyckoff site in the reduced unit cell), and v is the total number of atoms in the reduced
unit cell.

The crystal structure of 1 (archetype) is the simplest one (3.986 bits/atom and
123.58 bits/cell), whereas the crystal structure of 2 is the most complex in the series
(5.974 bits/atom and 1493.446 bits/cell) and belongs to the category of very complex
structures [52,53]. The complexity parameters of the crystal structures of shchurovskyite
and Rb2Ca[Cu3O]2(PO4)4 are almost as simple as those for the 1 (4.051 bits/atom and
125.58 bits/cell), whereas the crystal structure of dmisokolovite with the doubled c param-
eter is twice as complex (4.051 bits/atom and 251.16 bits/cell).

Table 2. Selected crystallographic and structural complexity parameters for shchurovskyite-type structures.

Compound K2Cu[Cu3O]2(PO4)4 K2.35Cu0.825[Cu3O]2(PO4)4 Rb2Ca[Cu3O]2(PO4)4 K2Ca[Cu3O]2(AsO4)4 K3[Cu5AlO2](AsO4)4

Space Group P-1 P21/n C2 C2 C2/c
a, Å 5.779 16.714 16.891 17.286 17.085
b, Å 8.261 11.297 5.641 5.670 5.719
c, Å 8.372 16.803 8.359 8.573 16.533

α, β, γ, ◦ 95.81, 103.24, 96.82 90, 90.77, 90 90, 93.92, 90 90, 92.95, 90 90, 91.72, 90
V, Å3 382.8 3172.5 794.6 839.2 1614.7

Z 1 8 2 2 4
v, atoms/cell 31 250 31 31 62
IG, bits/atom 3.986 5.974 * 4.051 4.051 4.051

IG, total, bits/cell 123.58 1493.446 * 125.58 125.58 251.16
Reference This work This work 33 34 34

* All the disordered atoms were placed in their average positions.
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Appendix A

Table A1. Fractional atomic coordinates and isotropic displacement parameters (Å2) for 1.

Atom x y z Ueq

Cu1 0.54313(10) 0.21854(7) 0.18319(7) 0.00826(15)
Cu2 0.62938(11) 0.54189(7) 0.35677(7) 0.01248(16)
Cu3 0.25788(9) 0.51344(7) 0.00581(7) 0.00691(14)
Cu4 1 1 1 0.01075(19)
K1 1.1877(2) −0.12671(17) 0.39996(14) 0.0251(3)

https://www.mdpi.com/article/10.3390/cryst11070807/s1
https://www.mdpi.com/article/10.3390/cryst11070807/s1
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Table A1. Cont.

Atom x y z Ueq

P1 0.5789(2) −0.14031(14) 0.18292(14) 0.0066(2)
P2 0.9306(2) 0.67348(14) 0.72047(13) 0.0053(2)
O1 0.7258(6) −0.2413(4) 0.3016(4) 0.0146(7)
O2 0.5839(6) 0.0261(4) 0.2838(4) 0.0102(7)
O3 0.3192(6) −0.2209(4) 0.1123(4) 0.0134(7)
O4 0.6982(6) −0.1156(4) 0.0350(4) 0.0106(7)
O5 0.9594(5) 0.5576(4) 0.8563(4) 0.0093(6)
O6 1.1450(5) 0.6696(4) 0.6400(4) 0.0074(6)
O7 0.6911(5) 0.6036(4) 0.5917(4) 0.0093(6)
O8 0.9150(6) 0.8492(4) 0.7897(4) 0.0120(7)
O9 0.5292(5) 0.4366(4) 0.1373(4) 0.0066(6)

Table A2. Fractional atomic coordinates, site occupancy factors (S.O.F.) and isotropic displacement
parameters (Å2) for 1.

Atom S.O.F. x y z Ueq

Cu1 1 0.84435(4) 0.42009(6) 0.88948(4) 0.01789(15)
Cu2 1 0.92922(4) 0.41660(6) 0.73252(4) 0.01725(15)
Cu3 1 0.75839(4) 0.54529(5) 0.73128(4) 0.01226(14)
Cu4 1 0.74882(4) 0.30406(5) 0.75677(4) 0.01233(14)
Cu5 1 0.57404(4) 0.39718(6) 0.75159(4) 0.01062(13)
Cu6 1 0.43001(4) 0.59447(7) 0.74471(5) 0.02626(19)
Cu7 1 0.33900(4) 0.56147(6) 0.89307(4) 0.01664(15)
Cu8 1 0.25552(4) 0.44950(5) 0.73520(4) 0.01493(15)
Cu9 1 0.24989(4) 0.69237(5) 0.76032(4) 0.01117(14)

Cu10 1 0.07531(4) 0.59072(5) 0.75522(4) 0.01117(13)
Cu11 1 0.16550(4) 0.58938(6) 0.60214(4) 0.01817(15)
Cu12 1 0.25872(5) 0.82651(7) 0.49436(5) 0.0335(2)
Cu13 1 0.34155(4) 0.58442(6) 0.39884(4) 0.01298(14)
Cu14 0.5 0.10290(9) 0.86289(12) 0.34216(9) 0.0188(3)
Cu15 0.15 0.0595(3) 0.8514(4) 0.3650(3) 0.0188(3)

K1 1 0.23938(9) 0.32812(12) 0.49506(9) 0.0313(3)
K2A 0.41 0.4229(4) 0.8501(4) 0.6448(3) 0.0718(19)
K2B 0.59 0.4599(2) 0.8680(3) 0.5471(3) 0.0613(11)
K3A 0.42 0.4539(10) 0.335(3) 0.5443(9) 0.078(6)
K3B 0.36 0.4585(5) 0.3883(10) 0.5623(9) 0.0382(19)
K3C 0.22 0.445(2) 0.346(4) 0.569(2) 0.069(9)
K4A 0.45 0.5346(3) 0.6385(4) 0.9684(4) 0.0725(17)
K4B 0.55 0.4942(3) 0.7322(5) 1.0182(2) 0.0804(19)
K4C 0.15 0.4597(14) 0.8276(19) 1.042(2) 0.125(12)
K4D 0.55 0.4772(3) 0.9217(6) 1.0477(3) 0.0828(17)
P1 1 0.90143(8) 0.16223(11) 0.83315(8) 0.0099(3)
P2 1 0.90101(7) 0.65707(11) 0.82032(8) 0.0080(2)
P3 1 0.40314(7) 0.33475(11) 0.81544(8) 0.0090(2)
P4 1 0.40152(8) 0.83626(11) 0.83808(8) 0.0111(3)
P5 1 0.34316(8) 0.61861(13) 0.57888(8) 0.0144(3)

P6A 0.337(6) 0.3350(19) 1.0893(18) 0.5736(18) 0.011(3)
P6B 0.663(6) 0.3349(9) 1.0612(9) 0.5739(10) 0.0129(17)
P7 1 0.16036(8) 1.05119(12) 0.42170(8) 0.0130(3)
P8 1 0.16418(8) 0.62317(12) 0.41864(8) 0.0125(3)
O1 1 0.9538(2) 0.1157(4) 0.7643(3) 0.0240(10)
O2 1 0.8989(3) 0.0726(4) 0.9004(3) 0.0289(11)
O3 1 0.9302(2) 0.2838(3) 0.8587(2) 0.0173(8)
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Table A2. Cont.

Atom S.O.F. x y z Ueq

O4 1 0.8155(2) 0.1732(3) 0.7957(2) 0.0161(8)
O5 1 0.9596(2) 0.5784(3) 0.7737(2) 0.0141(8)
O6 1 0.8775(3) 0.5963(3) 0.8971(2) 0.0192(9)
O7 1 0.8277(2) 0.6751(3) 0.7635(2) 0.0152(8)
O8 1 0.9385(2) 0.7797(3) 0.8364(2) 0.0105(7)
O9 1 0.4379(2) 0.2116(3) 0.8333(2) 0.0162(8)

O10 1 0.3249(2) 0.3197(3) 0.7645(2) 0.0167(8)
O11 1 0.4600(2) 0.4076(3) 0.7625(2) 0.0165(8)
O12 1 0.3874(3) 0.3991(3) 0.8928(2) 0.0194(8)
O13 1 0.4321(2) 0.7117(3) 0.8570(3) 0.0210(9)
O14 1 0.4578(2) 0.9000(4) 0.7807(3) 0.0239(10)
O15 1 0.3901(3) 0.9127(4) 0.9113(3) 0.0320(11)
O16 1 0.3197(2) 0.8238(3) 0.7932(2) 0.0159(8)
O17 1 0.3869(2) 0.6187(4) 0.5003(2) 0.0272(10)

O18A 0.337(6) 0.3132(7) 0.7541(10) 0.5773(7) 0.0199(12)
O18B 0.663(6) 0.2644(4) 0.6911(5) 0.5798(4) 0.0199(12)
O19A 0.337(6) 0.4069(9) 0.6053(15) 0.6410(9) 0.021(3)
O19B 0.663(6) 0.4004(4) 0.6670(8) 0.6433(5) 0.0221(17)
O20A 0.337(6) 0.2739(8) 0.5379(11) 0.5834(8) 0.0258(13)
O20B 0.663(6) 0.3189(4) 0.4881(6) 0.5983(4) 0.0258(13)
O21 1 0.4024(3) 1.0565(5) 0.6340(3) 0.0390(13)

O22A 0.337(6) 0.2806(18) 0.9835(18) 0.5575(14) 0.044(6)
O22B 0.663(6) 0.3011(7) 0.9367(8) 0.5635(7) 0.030(2)
O23 1 0.2682(3) 1.1526(5) 0.6017(3) 0.0374(12)
O24 1 0.3724(3) 1.1141(5) 0.4974(3) 0.0325(11)
O25 1 0.1884(3) 0.9209(4) 0.4246(3) 0.0269(10)
O26 1 0.2261(2) 1.1350(4) 0.3955(2) 0.0189(8)
O27 1 0.0901(2) 1.0434(4) 0.3599(2) 0.0271(10)
O28 1 0.1255(3) 1.0924(4) 0.5000(2) 0.0209(9)
O29 1 0.1786(3) 0.4971(3) 0.3940(2) 0.0228(9)
O30 1 0.1071(2) 0.6862(4) 0.3573(2) 0.0199(9)
O31 1 0.2454(2) 0.6921(3) 0.4201(2) 0.0147(8)
O32 1 0.1241(2) 0.6348(4) 0.5000(2) 0.0191(8)
O33 1 0.8264(2) 0.4268(3) 0.7770(2) 0.0094(7)
O34 1 0.6801(2) 0.4241(3) 0.7134(2) 0.0092(7)
O35 1 0.3253(2) 0.5669(3) 0.7799(2) 0.0110(7)
O36 1 0.1812(2) 0.5730(3) 0.7141(2) 0.0116(7)
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