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Abstract: Single crystals of the new modification of copper pyrovanadate, 5-Cu2V207, were prepared
using the chemical vapor transport reaction method. The crystal structure (monoclinic, P21/n, a =
5.0679(3), b = 11.4222(7), ¢ = 9.4462(6) A, p =97.100(6)°, V = 542.61(6) A%, Z = 4) was solved by direct
methods and refined to Ri = 0.029 for 1818 independent observed reflections. The crystal structure
contains two Cu sites: the Cul site in [4+2]-octahedral coordination and the Cu2 site in [4 + 1]-te-
tragonal pyramidal coordination. There are two V> sites, both tetrahedrally coordinated by O at-
oms. Two adjacent V10s and V204 tetrahedra share the O4 atom to form a V207 dimer. The crystal
structure of 9-Cu2V207 can be described as based upon layers of V207 dimers of tetrahedra parallel
to the (001) plane and interlined by chains of the edge-sharing CulOs and Cu20s polyhedra running
parallel to the a axis and arranged in the layers parallel to the (001) plane. The crystal chemical
analysis of the three other known Cu2V207 polymorphs indicates that, by analogy with 5-Cu2V20y,
they are based upon layers of V207 groups interlinked by layers consisting of chains of CuOn coor-
dination polyhedra (n = 5, 6). The crystal structures of the Cu2V207 polymorphs can be classified
according to the mutual relations between the Cu-O chains, on the one hand, and the V207 groups,
on the other hand. The analysis of the literature data and physical density values suggests that, at
ambient pressure, a- and p-Cuz2V20r are the low- and high-temperature polymorphs, respectively,
with the phase transition point at 706710 °C. The -phase (ziesite) may form metastably under
temperatures below 560 °C and, under heating, transform into the stable a-phase (blossite) at 605
°C. The d- and y-polymorphs have the highest densities and most probably are the high-pressure
phases. The structural complexity relations among the polymorphs correspond to the sequence a =
B <y <d;ie, the d phase described herein possesses the highest complexity, which supports the
hypothesis about its stability under high-pressure conditions.

Keywords: copper pyrovanadate; crystal structure; polymorphism; metastability; structural com-

plexity

1. Introduction

Copper pyrovanadate (Cu2V20y) attracts considerable attention due to its photocata-
lytic properties, with possible applications in photoelectrochemical water oxidation, size-
tunable photoconversion efficiency, chemical sensors, etc. [1-13]. The magnetic properties
of a- and 3-Cu2V207 have been the subject of numerous theoretical and experimental stud-
ies [14-24]. The a-Cu2V207 phase is noncentrosymmetric with remarkable multiferroic
properties [25-27]. Both the a- and -modifications of copper pyrovanadate display neg-
ative thermal expansion (NTE), which is rarely observed for orthorhombic and monoclinic
crystals, respectively [28,29]. Last but not least, a- and p-Cu2V207 are known as the min-
eral species blossite and ziesite, respectively, discovered in fumaroles of the Isalco Vol-
cano, Salvador [30-32].
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The polymorphism of Cu2V20r is currently a rather confused issue. The CuO-V20s
system was studied in [33-35] and it was established that the low-temperature a-modifi-
cation transforms slowly into the 3-modification at 712 °C. The subsequent crystal chem-
ical studies revealed basic structural features of both polymorphs, either of synthetic or
natural origin [32,36-38]. It was established that the high-temperature 3-phase may form
metastably if crystallized fast below the « — {3 transition temperature, which is considered
a major reason for its occurrence as a mineral species in nature. Clark and Garlick [39]
reported that, upon heating, the metastable 3-phase at 605 °C transforms into the a-phase,
which, at 705 °C, transforms into the third phase, y-Cu2V207. The same sequence of phase
transformations was reported by Petrova et al. [40], who demonstrated that the high-tem-
perature phase at 740 °C is also monoclinic, C2/c, with unit cell parameters similar to those
of the -phase, which prompted the authors to identify this phase as [3’-modification.
There are almost no doubts that the 3’-phase reported by Petrova et al. [40] is identical to
the y-modification described in [39]. The nomenclature by Clark and Garlick [39] was used
in subsequent works [41,42].

Using chemical vapor transport techniques, Krivovichev et al. [43] synthesized an-
other polymorph of Cuz2V207 and determined its crystal structure, which appears to be
triclinic and structurally different from those of the a- and -phases. This triclinic phase
was identified as a y-polymorph, thereby creating the possibility of its confusion with the
high-temperature phase reported by Clark and Garlick [39]. The thermodynamic nature
of the triclinic polymorph was unclear until 2022, when Turnbull et al. [44] reported the 3
— 7y phase transition induced by rather low pressures (< 0.4 GPa). This observation ex-
plained the formation of y-Cu2V207 in chemical vapor transport experiments in evacuated
silica tubes, where additional pressure may be created by the small amount of water vapor
present in the starting chemicals (see, e.g., [45]).

The aim of the present work is threefold. First, we report on the synthesis and crystal
structure determination of a novel Cu2V207 polymorph (termed d-modification; the phase
was synthesized accidentally in a small amount when studying the K-Cu-V-O-Cl system).
Second, we analyze the crystal chemical relations between the known Cu2V207 modifica-
tions with particular attention paid to their structural complexity. Third, we attempt to
identify the proper relations between the known Cu2V207 polymorphs, their relative sta-
bility, and the recommended nomenclature.

2. Materials and Methods
2.1. Synthesis

Single crystals of 6-Cu2V207 were prepared using the chemical vapor transport reac-
tion method. Stoichiometric quantities of copper oxide (0.08 g, CuO, 99%, Vekton, St. Pe-
tersburg, Russia), vanadium oxide (0.182 g, V205, 99%, Vekton) and potassium chloride
(0.075 g, KCl, 99%, Vekton) were ground together in an agate mortar and the resulting
mixture was heated at 250 °C for 24 h in air. The sample was further loaded into a fused
quartz ampoule (~12 cm long, a ~0.8 cm inner diameter and a 0.1 cm wall thickness), which
was evacuated to a pressure of 102 mbar and sealed. The ampoule was placed horizontally
into a two-zone furnace and heated to 650 °C over 4 h, with a temperature difference of
~50 °C between the source and deposition zones. After 72 h, the ampoule was slowly
cooled to 200 °C over the course of 99 h, and then the furnace was turned off. The inner
walls of the ampoule were covered by fine crystals of a- and $-Cu2V207. The source zone
contained single crystals of a synthetic analogue of stoiberite, CusO2(VOas)2. The walls be-
tween the center of the ampoule and the deposition zone contained small and rare, thin,
black needles of K(V3Os). Additional phases from the K-Cu-V-O-Cl system were discov-
ered via a powder X-ray diffraction study (see below). The end of the ampoule was
cracked but unbroken and filled with a mixture of different Cu2V207 polymorphs, both a-
and 3- Cu2V20y, with the addition of the y-polymorph. After close examination under an
optical microscope, small, laminar, orange-red crystals were found as intergrowths with
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crystals of different Cu2V207 polymorphs. The single-crystal X-ray diffraction analysis was
conducted, which confirmed the novelty of the phase.

2.2. Powder X-ray Diffraction

In order to verify the phase composition of the sample, the crystals from the inner
walls of the ampoule were ground in an agate mortar. The resulting polycrystalline pow-
der was then studied using powder X-ray diffraction using a Rigaku Miniflex II diffrac-
tometer equipped with a CoKaus2 X-ray tube (A(CoKau) = 1.78896 A; A(CoKaw) = 1.79285
A). The diffractogram was recorded over a 20 range of 3-80° with a 0.02¢ step size and a
scan speed of 2 °/min. The sample was rotated during the data collection at a speed of 20
RPM. A phase identification procedure was performed using PDXL 2 software [46] with
the implemented ICDD’s PDF-2 (release 2020) powder database [47]. The presence of each
phase was confirmed by fitting its structural data, imported from ICSD ver. 4.8.0 using the
TOPAS 5 software via the Whole Powder Pattern Fitting method [48,49]. The final profile
fitting (Figure 1; Rwp = 5.55%) included all four polymorphs of Cu2V207, KosV20s [50],
K4CuVsOis [51] and VOCI [52]. It should be noted that several peaks were not indexed
(asterisks in Figure 1) and, therefore, the proper quantitative powder X-ray diffraction
analysis could not be carried out. The presence of the new polymorph of Cu2V20y in the
mixture was therefore confirmed by the powder X-ray diffraction study.

Intensity [a.u.]
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Figure 1. X-ray powder diffraction pattern of the synthesis mixture consisting of all four polymorphs
of Cu2V207, KosV20s, KaCuVs015 and VOCI. The red line shows calculated X-ray diffraction pattern

of the whole mixture; the contribution from d-Cu2V207 is shown by the blue line; open black circles
indicate experimentally measured pattern; asterisks shows peaks of unidentified phases.

2.3. Single-Crystal X-ray Diffraction

A single crystal of 5-Cu2V207 was selected for the data collection under an optical
microscope. For the diffraction experiment, the crystal was coated with an oil-based cry-
oprotectant and mounted on a cryoloop. The X-ray diffraction study was conducted using
a Rigaku XtaLAB Synergy-S X-ray diffractometer operated with a monochromatic micro-
focus MoKa tube PhotoJet-S at 50 kV and 1.0 mA and equipped with a CCD HyPix
6000HE hybrid photon-counting detector. CrysAlisPro software [53] was used for the in-
tegration and correction of the diffraction data for polarization, for background and Lo-
rentz effects, for a numerical absorption correction based on Gaussian integration over a
multifaceted crystal model, and for an empirical absorption correction based on spherical
harmonics implemented in the SCALE3 ABSPACK algorithm. The unit cell parameters
were refined using a least-squares technique. The structure was solved by a dual-space
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algorithm and refined using SHELX programs [54] incorporated in the OLEX2 program
package [55]. Crystal data, data collection information and structure refinement details
are given in Table 1, and atom coordinates and selected interatomic distances are given in
Tables 2 and 3, respectively. Table 4 provides the results of the bond valence analysis that
shows that all atoms have bond valence sums according to their expected oxidation states.

Table 1. Crystal data and structure refinement for 5-Cu2V20y.

Crystal Data
Chemical formula Cu2V20y
M: 340.96
Crystal system, space group Monoclinic, P21/n
Temperature (K) 296(2)
a,b,c(A) 5.0679(3), 11.4222(7), 9.4462(6)
B 97.100(6)
V (A3 542.61(6)
Z 4
u (mm) 11.05
Crystal size (mm?) 0.04 x 0.03 x 0.01
Data collection parameters
Diffractometer Rigaku XtaLAB Synergy-S
Radiation type MoKa
Absorption correction Gaussian
Tmin, Trmax 0.856, 0.943

Nos. of measured, independent and

290, 1818, 1472
observed [I > 20(I)] reflections 5290, 1818,

Rint 0.037
(sin O/A)max (A1) 0.777
Refinement parameters
R1[F2>20(F?)], wR(F2), S 0.029, 0.059, 1.03
No. of reflections 1818
No. of parameters 100
AQmax, Agmin (¢ A9) 0.80, -0.85

Table 2. Atomic coordinates and equivalent isotropic displacement parameters (104 A2) for -
Cu2V20y.

Atom xla y/b z/c Uiso
Cul 0.14483(7) 0.30752(3) 0.43693(4) 0.01026(10)
Cu2 0.87981(7) 0.65745(3) 0.05332(4) 0.01229(10)

V1 0.63692(9) 0.41149(4) 0.20780(5) 0.00787(11)
V2 0.28194(9) 0.62031(4) 0.34339(5) 0.00739(11)
o1 0.8207(4) 0.31193(17) 0.3096(2) 0.0114(4)
02 0.8307(5) 0.50883(19) 0.1396(3) 0.0215(5)
03 0.4445(4) 0.34412(17) 0.0733(2) 0.0140(4)
04 0.4170(4) 0.48002(18) 0.3227(3) 0.0164(5)
05 0.5059(4) 0.70625(16) 0.4489(2) 0.0114(4)
06 0.2050(4) 0.68621(16) 0.1763(2) 0.0107(4)
07 0.0105(4) 0.60076(16) 0.4206(2) 0.0112(4)
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Table 3. Selected interatomic distances (A) for the crystal structure of d-Cu2V20y.
Cul-01 1.913(2) V1-01 1.692(2)
Cul—05 1.962(2) V1—-02 1.665(2)
Cul—06 1.961(2) V1-03 1.689(2)
Cul-07 1.947(2) V1-04 1.825(2)
Cul—-03 2.452(2) <V1—-0> 1.718
Cul—-04 2.705(2)
<Cul—0O> 2.157 V2—-04 1.763(2)
V2—05 1.722(2)
Cu2—-02 1.913(2) V2—06 1.748(2)
Cu2—-03 1.909(2) V2—-07 1.650(2)
Cu2—-05 1.990(2) <V2—-0O> 1.721
Cu2—06 1.924(2)
Cu2-01 2.480(2)
<Cu2—-0> 2.043
Table 4. Bond valence analysis (v.u.: valence units) for the crystal structure of 5-Cu2V207 *.
Atom 01 02 03 04 05 06 07 S
Cul 0.53 0.12 0.06 0.46 0.46 0.48 211
Cu2 0.11 0.53 0.54 0.43 0.51 2.11
Vi1 1.32 141 1.33 0.94 4.99
V2 1.10 1.22 1.14 147 4.93

S 1.96 1.94 2.09 2.10 2.11 2.11 1.95

* Calculated using bond valence parameters from [56].

3. Results
3.1. Cation Coordination

The crystal structure of 5-Cu2V207 contains two Cu sites (Figure 2a). The Cul site is
in [4 + 2]-octahedral coordination with four short (1.913-1.962 A) and two long (2.452 and
2.705 A) Cu1-O bonds. This kind of distortion is typical for Cu* ions coordinated by oxy-
gen and is due to the Jahn-Teller effect [57-59]. The Cu2 site forms four short (1.909-1.990
A) Cuz-O bonds and one longer (2.480 A) Cu2-O bond, thereby forming a CuOs [4 + 1]-
tetragonal pyramid. There is one longer Cu>-Oz contact of 3.121 A, which complements
the pyramid toward the [4 + 1 + 1]-distorted Cu20s octahedron. However, the bond va-
lence of the Cu2-O2 bond is rather low (0.02 v.u.), which is below the limit of 0.05 v.u.
outlined for meaningful cation—anion bonds [60]. Therefore, this bond is not considered
as important for the crystal structure organization.

There are two V** sites in the crystal structure, both tetrahedrally coordinated by O
atoms. Two adjacent V104 and V20s tetrahedra share the O4 atom to form a V207 dimer
(Figure 2b). The VOu tetrahedra are considerably distorted; the degree of distortion is dif-
ferent for the two symmetrically independent tetrahedra, which is quite remarkable. The
V104 tetrahedron has three shorter V1-O bonds (1.665-1.692 A) and one longer V1-O bond
(1.825 A), with the longer bond being the O4 atom bridging the V1 and V2 sites. In con-
trast, the V204 contains three comparable V2-O bonds of 1.722-1.763 A (with the longest
bond to the bridging O4 site) and one short V2-O7 bond (1.650 A). Tt is of interest to com-
pare the observed distortion of vanadate tetrahedra with those in other Cu2V207 poly-
morphs. In blossite, a-Cu2V20y7 [38], there is one symmetrically independent VOs tetrahe-
dron that has the same type of distortion as the one observed for the V2 site in 8-Cu2V207:
there are three comparable V-O bonds (1.709-1.743 A) (with the longest to the bridging O
atom) and one shorter V-O bond (1.648 A). The crystal structure of 3-CuzV20r (ziesite [32])
also contains one V site. The V-O bonds are separated into two groups: two longer bonds
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(1.774 A (to the bridging O atom) and 1.745 A) and two shorter bonds (1.646 and 1.687 A).
The situation in the crystal structure of y-Cu2V20y is very similar to that observed in the
O-polymorph: there are two V sites that have different degrees of distortion: the V104
group contains three short V1-O bonds (1.665-1.705 A) and one longV1-O bond (1.837 A),
whereas the V20 group contains one short V2-O bond (1.648 A) and three longer V2-O
bonds (1.727-1.779 A), with the longest one to the bridging O atom.

04 (a)

o1

(b)

07 O1
04

05 V1 V2 (OK]

06 02

03

Figure 2. Coordination of Cu?* cations (a) and configuration of the V207 group (b) in the crystal
structure of 0-Cu2V20y. Legend: Cu: green; V: orange; O: red. The Cu-O bonds with the Cu-O dis-
tances in the ranges of < 2.2, 2.2-3.0 and 3.0-3.2 A are shown as dual-band cylinders, single lines
and dashed lines, respectively.

3.2. Structure Description

The polyhedral representation of the crystal structure of 5-Cu2V20y is shown in Fig-
ure 3a. The crystal structure is based upon layers of V207 dimers of tetrahedra parallel to
the (001) plane and interlinked by chains of edge-sharing CulQOs and Cu20s polyhedra.
The chains are parallel to the 4 axis and are arranged into layers also parallel to the (001)
plane. Figure 3b shows the arrangement of the chains in a ball-and-stick representation.
The CuOs squares formed by short (<2.0 A) Cu-O bonds share O-O edges to form the
[Cu20¢] dimers that are further linked by sharing O-O edges that involve apical O atoms
in both CulOs octahedral and Cu20s tetragonal pyramids. The adjacent chains are linked
by long and weak Cu2-O2 interactions (3.121 A), so that double chains or ribbons are
formed. The formation of dimers of strongly bonded CuQOs squares is an important feature
of 0-Cu2V207, which is also shared by the 3- and y-polymorphs, but not by the a-poly-
morph (see below).

Figure 3. The crystal structure of 8-Cu2V20y7 in polyhedral representation (a) and the arrangement
of the chains of CulOs and Cu20s polyhedra within the (001) plane (b). Legend as in Figure 2.
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4. Discussion
4.1. Structure Comparison of the Cu2V207 Polymorphs

The crystal structure of d-Cu2V20r is closely related to those of three other poly-
morphs. The general feature of the four crystal structures is that they are based upon lay-
ers of V207 groups interlinked by chains of CuOn coordination polyhedra (n =5, 6). How-
ever, the details of the interlinkage differ from structure to structure. Below, we outline
the basic principles underlying the structural architectures of the three other Cu2V207 pol-
ymorphs in their comparison with 5-Cu2V20y.

In the crystal structure of blossite, a-Cuz2V207 [38], there is one independent Cu site
that forms four strong (1.880-1.971 A) Cu-O bonds complemented by a longer (2.542 A)
Cu-O bond (Figure 4a). The CuOs configuration consisting of short Cu-O bonds is a
strongly compressed tetrahedron with the O-Cu-O angles between the opposite Cu-O
bonds equal to 146 and 159° (the ideal tetrahedron assumes the value of 109.5°). The [4+1]
coordination polyhedron is intermediate between a tetragonal pyramid and a trigonal bi-
pyramid and has another long Cu-O contact of 3.025 A. In blossite, the CuOs polyhedra
share edges to form chains arranged in layers parallel to the (100) plane (Figure 4b). The
chains in the adjacent layers run parallel to [011] and [011] (i.e., the chains in the adjacent
layers are oriented crosswise) (Figure 4c). Within the chains, the strong CuOs tetrahedral
configurations share corners so that the Cu-Cu distances are all equal to 3.146 A.

By analogy with blossite, the crystal structure of ziesite, 3-Cu2V20y7, contains one in-
dependent Cu site coordinated by five O atoms to form a [4 + 1]-distorted CuOs tetragonal
pyramid (Figure 5a) consisting of CuOs squares complemented by a longer (2.265 A) Cu-
O bond. Two CuOs squares share an O-O edge to form [Cu20s] dimers, similar to those
observed in 0-Cu2V20y7. The dimers are further linked by sharing O-O edges involving
apical O atoms of the CuOs pyramid to form chains arranged into layers parallel to the
(001) plane (Figure 5b). As in blossite, the Cu-O chains in the adjacent layers are oriented
crosswise and run parallel to [110] and [110] (Figure 5c). Within the chains, the Cu--Cu
distances are equal to 2.955 and 3.255 A, and the shorter and longer contacts alternate.

The crystal structure of y-Cu2V207 contains two Cu sites. The Cul site is coordinated
[4 + 2]-octahedrally with the seventh Cu--O contact equal to 3.182 A (Figure 6a), whereas
the Cu2 coordination is a [4 + 1]-distorted tetragonal pyramid (Figure 6b). There are two
symmetrically independent layers of Cu-O chains based upon CulOs and Cu20s coordi-
nation polyhedra (Figure 6¢,d). In both layers, the chains are parallel to the a axis. Within
the chains, the CuOs squares formed by short Cu-O bonds share edges to form [Cu20s]
dimers in the same fashion as observed in - and d-polymorphs. The linkage of dimers
occurs via O-O edges that involve apical O atoms of the CuOn polyhedra (n =5, 6). As a
result, the Cu~Cu distances are split into two groups: shorter (2.986 and 2.969 A for Cul
and Cu2, respectively) and longer (3.200 and 3.113 A for Cul and Cu2, respectively) ones.
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Figure 4. The crystal structure of blossite, a-Cu2V207: the Cu coordination (a), the layer of Cu-O
chains (b), and the projection of the crystal structure along [011] (c). Legend as in Figure 2.

2.265
1.950
1.948
1.931 1.954

Figure 5. The crystal structure of ziesite, 3-Cu2V207: the Cu coordination (a), the layer of Cu-O chains
(b), and the projection of the crystal structure along [110] (c). Legend as in Figure 2.

The structural classification of Cu2V207 polymorphs can be obtained by considering
the mutual orientations of the Cu-O chains in the structure, on the one hand, and the mu-
tual orientations of the V207 groups, on the other hand. Figure 7 shows a representation
of the Cu2V20r crystal structures in terms of Cu-Cu and V-V graphs, where the vertices
correspond to the positions of Cu and V atoms, respectively. The two adjacent Cu atoms
are linked by dual-banded cylinder and single lines if the Cu--Cu distances are in the
ranges 2.9-3.0 and 3.1-3.2 A, respectively. The V-V links correspond to the V-V distances
in the pyrovanadate V207 groups, which are in the range of 3.2-3.4 A.
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Figure 6. The crystal structure of y-Cu2V207: the Cu coordination polyhedra (a,b), the layers of Cu-
O chains (c,d), and the projection of the crystal structure along the a axis (e). Legend as in Figure 2.

Figure 7. The crystal structures of the four Cu2V207 polymorphs viewed as consisting of the Cu-Cu
and V-V graphs. Legend as in Figure 1. The two adjacent Cu atoms are linked by dual-banded cyl-
inders and single lines if the Cu-Cu distances are in the ranges 2.9-3.0 and 3.1-3.2 A, respectively.
The V-V links correspond to the V-V distances in the divanadate V207 groups.

In all four polymorphs, the Cu-Cu chains are zigzag-like. Their relative orientations
are either parallel (all chains are parallel to one direction (d- and y-polymorphs)) or cross-
wise (the chains run in two different directions (a- and -polymorphs)). The same type of
relations are observed for the V-V dimers: they are either all parallel to each other (3- and
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vY-polymorphs) or non-parallel (oriented in two different directions (a- and d-poly-
morphs)). The two possible orientations of the Cu-Cu and V-V graphs create four different
possible combinations. Figure 8 demonstrates that all four possibilities are realized in the
crystal structures of the Cu2V207 modifications.

The relations between the crystal structures of the - and d-polymorphs can be ra-
tionalized in terms of unit cell relations. The unit cell of the d-phase can be obtained from
that of the y-phase through the application of the [100/020/001] matrix with the subse-
quent transformation of the resulting triclinic cell into a monoclinic one. Thus, the b pa-
rameter of the d-modification is approximately doubled compared to that of the y-modi-
fication. The doubling can be explained by the different orientations of the V207 groups in
the d-phase versus their parallel orientations in the y-phase. Hypothetically, the structure
of the d-phase can be obtained from that of the y-phase by stacking together unit cells of
the latter with adjacent unit cells rotated relative to each other by 180° around the ¢ axis.
Note that the different stackings of the V207 groups in the two polymorphs result in dif-
ferent coordination environments of the Cu?* cations.

ORIENTATION OF

Cu-O CHAINS
parallel crosswise
3
3
'8
Own Q
o
&>
3
E S
wo, | o
o> =
©
) : a
&
=
Qo
c

Figure 8. The structural classification scheme for the four Cu2V207 polymorphs according to the
mutual orientations of Cu-O chains and V207 groups.

4.2. Stability and Nomenclature of the Cu2V207 Polymorphs

The earlier study of the CuO-V20s system by Brisi and Molinari [33] identified a- and
-Cuz2V20r as low- and high-temperature polymorphs, respectively, with the phase tran-
sition point at 710 °C. This conclusion was supported by subsequent structural investiga-
tions [36-38] and the discovery of ziesite in nature as a metastable phase [30]. The & < 3
phase transition is reversible, but relatively slow (especially in cooling), due to its recon-
structive character that can also be deduced from the crystal chemical analysis given
above. Table 5 contains crystallographic information on the reported Cu2V207 polymorphs
and their calculated densities. The low- and high-temperature natures of the a- and (3-
phases, respectively, are fully supported by their density values, since, in the vast majority
of cases, the physical density of the high-temperature phase is lower than that of the low-
temperature phase. The metastable character of the -polymorph was also confirmed by
Rotermel’ et al. [61].

Clark and Garlick [39] observed the formation of 3-Cu2V207 from a stoichiometric
mixture of CuO and V205 at 500 °C, whereas synthesis at higher temperatures results in
the formation of a-Cu2V20y7. These observations led Clark and Garlick [39] to conclude
that B-Cu2V207 and not a-Cu:2V207 is a low-temperature modification. The  — «
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transition was observed at 605 °C with the subsequent transition to the so-called “y-phase’
(not identical to the y-phase reported in [43]) at 705 °C. The crystal structure of this “y-
phase’ or f’-Cu2V207 was reported by Petrova et al. [40] from the powder diffraction data
collected at 740 °C as crystallizing in the same space group (C2/c) as the B-polymorph. In
some aspects, the crystal structure refinement quality for ’-Cu2V20r is questionable, but
its general features coincide with those of the -modification (ziesite). Slobodin et al. [41]
performed differential scanning calorimetry studies and followed the conclusions made
in [39] with regard to the nature of the a- and B-phases. However, it is well known that
high-temperature phases may form metastably under certain kinetic crystallization re-
gimes, since their lower densities (Table 5) result in lower surface energies and lower en-
ergy nucleation barriers in comparison with the thermodynamically stable phases [62].
The [’-phase observed above 712 °C is in fact the high-temperature form of the [3-poly-
morph and therefore should not be considered as a separate Cu2V207 polymorph.

Table 5. Crystallographic parameters of the Cu2V207 polymorphs.

Phase gfjlcl; a, A b, A ¢, A a,deg  p,deg y,deg V/Z,A3 pai,gem3  Reference
a Fdd2 ~ 20.676  8.392 6.446 90 90 90 139.8 4.049 31
20.680 8.411 6.448 90 90 90 140.2 4.038 36
20.645 8.383 6.442 90 90 90 139.4 4.062 38
B C2/c 7.686 8.034  10.121 90 110.39 90 146.5 3.865 44
7.689 8.029  10.107 90 110.25 90 146.4 3.868 32
7.698 8.031 10.113 90 110.29 90 146.6 3.861 29
B’ C2/c 7.325* 8.214* 10.190* 90 * 111.78 * 90 * 142.4* 3.997 * 40
Y P1 5.080 ** 5.810** 9.380** 100.00** 97.20** 97.18** 133.7*  4.234** 44
5.087 5.823 9.402 99.78 97.25 97.20 134.6 4.206 43

0 P2i/n 5.068 11.422 9.446 90 97.10 90 135.7 4.173 This work

* Data at 740 °C. ** Data at 0.40 GPa.

Thus, we suggest that the temperature stability fields of the Cu2V207 polymorphs at
ambient pressures are the same as suggested previously [33-38]: the a- and (3-phases are
the low- and high-temperature modifications, respectively.

On the basis of the density values of the d- and y-polymorphs (Table 5), it can be
proposed that both these phases are high-pressure Cu2V:07 modifications. The formation
of y-Cu2V207 was observed under the compression of 3-Cu2V207 to 0.40 GPa [44], which
supports this conclusion. The nature of the 6-polymorph remains unclear. However, it can
be hypothesized that it may form under higher pressures than y-Cuz2V20y, or through
other pathways (e.g., by the compression of the a-polymorph).

4.3. Structural Complexity

The structural complexity parameters for different Cu2V207 polymorphs were stud-
ied using the information theoretical approach introduced in [63,64]. The two basic com-
plexity parameters are the Shannon information amounts per atom (*"Ic) and per unit cell
(*Ictotat) that were calculated using the following equations:

strfg = —Z%‘zl pi logz pi (bit/atom), 1)

UG total = —vZ%‘zl pi log pi (bit/cell), )

where k is the number of different crystallographic orbits (Wyckoff sites) in the structure
and pi is the random choice probability for an atom from the ith crystallographic orbit;
that is,
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pi=milv, 3)

where miis 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 complexity parameters are provided in Table 6.

There is a tendency of decreasing structural complexity with increasing temperature
[64,65]. In the case of the Cu2V207 polymorphs, the structural information is identical for
the low- and high- temperature phases (a- and $-phases, respectively). Note that the over-
all symmetry at the critical point decreases from orthorhombic (Fdd2) to monoclinic (C2/c),
despite the general tendency of increasing symmetry under increasing temperature [66].
However, the structural complexity remains constant, which points out that the infor-
mation-based parameters are more sensitive symmetry indicators than point-group sym-
metry.

The d- and y-polymorphs are more complex than the ambient-pressure a- and (-
polymorphs, which also corresponds to the general tendency of increasing order under
increasing pressure [67]. The d-phase first reported herein is the most complex among the
known Cuz2V207 polymorphs, providing additional support for the hypothesis about its
high-pressure nature.

Table 6. Information-based structural complexity parameters for Cu2V207 polymorphs.

Polymorph System Space Group ste]g, Bit/Atom 1 totar, Bit/Cell
a Orthorhombic Fdd2 2.550 56.107
8 Monoclinic C2/c 2.550 56.107
Y Triclinic P1 3.459 76.107
3 Monoclinic P2i/n 3.459 152.215

5. Conclusions

In conclusion, we report the synthesis and crystal structure of the new Cu2V207 pol-
ymorph, the d-phase, obtained by chemical vapor transport reactions. Its crystal structure
has many similarities to those of the known modifications of copper divanadate, but it is
generally new. The crystal chemical analysis of the four known Cu2V207 phases indicates
that they are based upon layers of V207 groups interlinked by layers consisting of chains
of CuOn coordination polyhedra (n =5, 6). The crystal structures can be classified accord-
ing to mutual relations between the Cu-O chains, on the one hand, and the V207 groups,
on the other hand. The analysis of the literature data and physical density values suggests
that, at ambient pressure, a- and 3-Cu2V207 are the low- and high-temperature poly-
morphs, respectively, with the phase transition point at 705-710 °C. The -phase may form
metastably under temperatures below 560 °C and, under heating, transform into the stable
a-phase at 605 °C. The d- and y-polymorphs have the highest densities and most probably
are the high-pressure phases. The structural complexity relations among the polymorphs
correspond to the sequence a = 3 <y < 9; i.e., the d phase described herein possesses the
highest complexity, which supports the hypothesis about its stability under high-pressure
conditions.
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