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Preface to ”Crystal Structures of Compounds
Containing Ions Selenite”

The chemistry of materials containing Se oxyanions in the +4 oxidation state, such as selenite,
hydrogenselenite, and oxoselenate, are of increasing interest in the research community for several
reasons. First, the lone pair on the selenium atom can behave as structure-directing agent towards
the formation of materials characterized by the presence of hollows or channels in their intimate
structures, moreover, the weakly coordinative capability of the Se(IV) electron lone pairs could give
rise to interesting supramolecular interactions, and finally, it is known that the incorporation of
selenite anions can lead to non-centrosymmetric structures and, consequently, to materials displaying
remarkable physicochemical properties.

The most important feature is that the full comprehension of the properties of this type of
materials cannot be exhaustively understood unless the complete solid state crystal structure is
available. In this Special Issue, entitled “Crystal Structures of Compounds Containing Ions Selenite”,
a series of new selenite-containing compounds synthesized by different methodologies and fully
caracterized in the solid state is reported. Moreover the fundamental role of detailed structural
analysis in understanding the interactions in the solid state that are responsible for the peculiar

chemical-physical properties of such materials is discussed.

Claudia Graiff
Special Issue Editor
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Abstract: Single crystals of Na[VO(SeO3)(HSeO3)]-1,5H,0 have been prepared by solvent slow
evaporation from an equimolar aqueous mixture of sodium selenite and vanadyl sulfate. The overall
arrangement consists of VOg octahedra, [SeO3]%~ and [HSeO3]™ anions forming a strong backbone
with channel-like voids, while sodium cations participate in the framework, ensuring the overall
charge balance. The crystal packing of the material features channels with a star-shaped section
showing a mean aperture of 6.10 A with the oxygen atoms of the V=0 moieties pointing towards
the interior of the cavities. Their dimensions are the narrowest reported until now in vanadium
selenite compounds. Disordered sodium cations with occupancy factor of 0.5 are found in the
star-shaped section cavities together with disordered water molecules, interacting with each other
via hydrogen bonds.

Keywords: vanadyl selenite; vanadyl hydrogen selenite; crystal structure; crystal packing; layered
structure; channels

1. Introduction

Compounds containing selenite or hydrogen selenite anions are of great interest within the
scientific community, from synthetic, structural and chemical points of view.

The bridging properties of selenites for connecting to transition metal cations allow magnetic
exchange between paramagnetic centers in oligonuclear transition metal selenite complexes [1].
Recently, the weakly coordinative capability of the Se(IV) electron lone pair has been found
to give rise to supramolecular interactions, as observed for the polyoxoselenitepalladate anions
[Pd15(p3-5e03)10(13-0)10Na]’~ in the solid state [2]. Regarding the chemistry of extended solids,
the stereochemically active lone pair of electrons in Se(IV) may cause the inorganic selenites to
crystallize into non-centrosymmetric structures exhibiting interesting physical properties such as
nonlinear optical second harmonic generation (SHG) [3,4]. Moreover, it has been observed that some
selenites show a highly robust 3D open framework structure, which is retained upon the removal of
guests or coordinated small molecules. Selenite and hydrogen selenite anions allow the formation of
solid-state structures characterized by the presence of open channels and/or cavities able to house the
selenium electron pair [5]. The porous structures of selenite derivatives open the possibility of using
such compounds for the synthesis of Metal-Organic Frameworks (MOFs) or Porous Coordination
Polymers (PCPs). The formation of either open-framework or non-centrosymmetric materials has
been the focus of intense research for many years, since the combination of both an open-framework
and non-centrosymmetry within a single compound is especially attractive. Templated vanadium

Crystals 2018, 8,215; doi:10.3390/ cryst8050215 1 www.mdpi.com/journal/crystals
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selenites are considered interesting systems owing to the presence of multiple asymmetric building
units. This includes the possibility of using chiral organic amines, out-of-center octahedral distortions
on vanadium cations, and stereoactive lone pairs on the Se(IV) centers [6-9].

Hydrothermal techniques have been applied to metal selenite systems in order to obtain different
crystal phases [6,9]. These reaction conditions are especially attractive for exploratory work because
they promote the growth of large single crystals and can be tuned to accommodate nearly any metal
center [10]. Metal oxides have been widely used, owing to their structural diversity and technologically
advantageous properties [11].

Pursuing our interest in the chemistry of selenite transition metal complexes to be used as
precursor for the preparation of the corresponding metal selenides, we reacted sodium selenite with
transition metal salts in water solution at room temperature. In the case of the reaction between vanadyl
sulfate and sodium selenite in acidic conditions, we observed the formation of a microcrystalline
powder. This was unambiguously identified as Na[VO(SeO3)(HSeO3)]-1,5H,0. Its crystal structure
is here discussed and compared with selenite and hydrogen selenite vanadyl phases reported in
the literature.

2. Materials and Methods

2.1. General Techniques

All manipulations were carried out at room temperature in the air; vanadyl sulfate (97% purity),
sodium selenite (98% purity), and solvents (Analytical Grade) were purchased and used as received
(Aldrich, St. Louis, MO, USA). FTIR spectra (4000400 cm~1) were recorded on a Nicolet Nexus
spectrophotometer equipped with a Smart Orbit HATR accessory (diamond).

2.2. X-ray Data Collection, Structure Solution, and Refinement

The intensity data of the compound were collected on a Bruker APEX II single crystal
diffractometer [12,13] equipped with an area detector using a graphite monochromated Mo K«
radiation (A = 0.71073 A). Crystallographic and experimental details of the reported structure are
summarized in Table 1. The structure was solved by direct methods and refined by full-matrix
least-squares procedures (based on F,?) using SHELXL.-2014/7 (version 2014/7) [14,15], first with
isotropic thermal parameters and then with anisotropic thermal parameters in the last cycles of
refinement for all the non-hydrogen atoms. The hydrogen atom of the hydrogen selenite anion was
introduced into the geometrically calculated position. The sodium cation was found disordered in two
positions with occupancy factor of 0.69 and 0.40 respectively. The structure has been deposited in the
Inorganic Crystal Structure Database (ICSD) with CSD number 434385.

2.3. Preparation of Na[VO(SeO3)(HSeO3)]-1,5H,0

A water solution (10 mL) of NaySeOj3 (0.706 g, 4.1 mmol) was prepared and acidified by adding
an equimolar amount of a sulfuric acid solution (96%) [d = 1.84 g/mL]. A pale blue water solution
(15 mL) containing VOSOy, (0.665 g, 4.1 mmol) was added dropwise to the first solution at room
temperature. The clear blue solution was stirred for 20 min. Then the solvent was left to evaporate,
and small amount of deep green crystals suitable for X-ray analysis were obtained. FTIR (Diamond
crystal HATR): v (SeO3%7) = 693 cm !, v (VO?*) = 958 cm 1.
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Table 1. Summary of crystallographic data for Na[VO(SeO3)(HSeO3)]-1,5H,0.

Na[VO(SeO3)(HSeO5)]-1,5H,0

Formula H4NaOg55e,V
FW 371.88
crystal system Monoclinic
space group C2/c
a, A 18.5779(16)
b A 7.5662(7)
o, A 12.5844(11)
B, deg 111.612(1)
vV, A3 1644.6(3)
z 8
T(K) 298
Dealed, g cm ™2 3.004
F(000) 1352.0
u,em ! 10.125
rflns collected 9710
rflns unique 1697
rflns observed [I > 20(I)] 1365 [Rint = 0.0618]
Parameters 134
R indices [T > 20(1)] R1 = 0.0382; wR2 = 0.1001
R indices (all data) R1 =0.0504; wR2 = 0.1064

R1=2I1F,| — IF.I 1 /Z1F,|. wR2 = [E[w(F,? — F2)2]/Z[w(F,2)2]].

3. Results and Discussion

3.1. Chemistry and Crystal Growth

The exchange reaction between Na;SeO3 and VOSOy salts in water solution and at room
temperature led to the formation of a vanadyl selenite hydrogen selenite phase, whose crystalline
structure was fully elucidated by means of X-ray diffraction analysis on suitable single crystals obtained
by slow evaporation of the solvent. A relatively small number of vanadium selenite compounds with
analogous arrangement are present in the literature, although their syntheses have been carried out
in hydrothermal conditions. In the phase here reported, the overall charge balance of the extended
[VO(SeO3)(HSeO3)] network is ensured by sodium cations. According to the study by Olshansky et al.,
the acidic pH environment is necessary for the attainment of similar phases, and this can be extended
also to the present case [16]. The overall chemical reaction equation is reported in Scheme 1.

0
0 |
\\V Se
o Y. —0”" "o
2NaSe0; + VOSOy ~ HySOp ——= Y + Na)SO; + NaHSO,
Se~ Na™
0

Scheme 1. Chemical reaction equation.

3.2. Crystal Structure Description

The asymmetric unit of Na[VO(SeO3)(HSeOs)]-1,5H, 0 consists of 11 non-hydrogen atoms, among
them one vanadium and two crystallographically independent Se atoms, namely Sel and Se2, as shown
in Figure 1. A list of the most important bond distances and angles is reported in the caption of the
figure. A sodium atom is also present, disordered in two positions (Nal and Na2) with occupancy
factor of 0.5.
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Na2

Figure 1. ORTEP view of the asymmetric unit of Na[VO(SeO3)(HSeO3)]-1,5H,O. Ellipsoids are depicted
at their 30% probability level. List of the most important bond distances [A] and angles [deg]: Se1-O1
1.712(4), Sel-O3 1.698(4), Se1-O2 1.695(4), Se2-O5 1.656(4), Se2-O4 1.687(4), Se2-06 1.7560(7), V-O1
1.993(4), V-O4 1.990(5), V-O7 1.596(5); 03-Se1l-O1 99.3(2), 02-Sel-O1 100.5(2), 02-Sel-O3 97.6(2),
05-Se2-04 100.5(2), 05-Se2-06 97.08(17), O4-Se2-O6 98.83(19), 04-V-O1 162.2(2), O7-V-O1 97.2(2),
O7V-04 100.5(2), Se1-O1-V 120.4(2), Se2-O4-V 123.9(3).

The vanadium atom lies in a distorted octahedral environment with six oxygen atoms: the terminal
V=0, two make V-O-Se2 linkages, and the remaining three form V-O-Sel linkages. The short V=0
distance of 1.596(5) A and the V-O bond distances ranging from 1.982(4) to 2.209(5) A are in agreement
with the mean values observed in similar moieties reported in the Crystallographic Data Bank [17].
In particular, as reported in Figure 2, the distorted octahedron presents the shortest and the longest
V-O distances in trans to one another, with the remaining four V-O bond lengths on the equatorial
plane. Moreover, the vanadium atom is out of the mean plane defined by the equatorial bonded
oxygen atoms of 0.297(5) A.

Figure 2. ORTEP diagram of the distorted vanadium octahedron, bond distances are reported in A.
Ellipsoids are depicted at their 30% probability level. Symmetry codes for atoms: =2 —x,2 —y, 1 — z;
"=25-x,-05+y,15-27"=2-x,y,1.5 -z
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The two Se atoms exhibit a trigonal pyramidal geometry with a stereoactive lone pair. The three
oxygen atoms around Sel are connected to the neighboring VOg octahedra with bond angles of 120.4(2),
120.3(2) and 122.7(3)° (mean value 121.1(2)°). The selenium lone pair occupies the tetrahedral site.
In the case of Se2; however, only two of the oxygen atoms form such linkages, while the third is
protonated. The V-O-Se2 bond angles involving the non-protonated oxygen atom are 115.8(2) and
123.9(2)°. The presence of a longer Se2-O6 bond distance of 1.756(1) A and the absence of interactions
of this oxygen with the vanadium atom are coherent the presence of a terminal OH group.

3.3. Analysis of Molecular Packing

The overall framework structure of the compound is built up of VOg, SeO3, and HSeO3 units.
All three oxygen atoms of SeOs are shared by three neighboring vanadium-oxygen octahedra in such a
manner as to form a ladder developing along the c-axis, consisting of edge-shared eight membered
rings, each ring composed of two Se and two V atoms and four bridging oxygen atoms, as shown in
Figure 3.

WA,

Figure 3. Partial framework structure of Na[VO(SeO3)(HSeO3)]-1,5H,0 evidencing the formation of a
ladder developing along the c-axis consisting of edge-shared eight membered rings.

These ladders are connected to one another by HSeO3 groups along the a-axis to form a layer in
the ac-plane as shown in Figure 4. This connectivity leads to the formation of a sixteen-membered
bifurcated aperture with the dimensions 8.664 A and 9.058 A (vanadium to vanadium distance).
The Se-O-H pendant moiety dandling above and below the aperture.

Figure 4. Extension of the ladders in Na[VO(SeO3)(HSeO3)]-1,5H,0 along the g-axis to form a layer in
the ac-plane. Sodium atoms and water molecules have been omitted for clarity.
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3.4. Crystal Packing of Disordered Na* Cation in the Channels

The chain and layer motif observed in compound Na[VO(SeO3)(HSeO3)]-1,5H,0 is similar to
that in earlier reported vanadium selenite compounds organically templated with nitrogen containing
cations and is considered to be a building unit in the vanadium selenite, whose progressive building
up process, from the one-dimensional structure to two and three-dimensional complex structures has
been demonstrated [6,9].

Viewing the crystal packing along the c-axis, as depicted in Figure 5, it is evident to observe the
formation of channels with a star-shaped section with a mean aperture of 6.10 A (O to O distance),
with the oxygen atoms of the V=0 moieties pointing towards the interior of the cavities.

Figure 5. Crystal packing viewed along the c-axis, evidencing the formation of channels with a

star-shaped section in which disordered Na™ cations (purple) and water molecules can insert.

Both the V and Se atoms are in the +4 oxidation state, so that the framework charge is —1,
[(VO)(HSeO3)(SeO3)]~ balanced by metal cations. In fact, disordered sodium cations are found in
the star-shaped section cavities (Figure 5) together with water molecules, interacting each other via
hydrogen bonds.

As far as the 16-member star-shaped apertures are concerned, similar types of channels are also
observed in reported vanadium selenite compounds organically templated with nitrogen-containing
cations [7-9,16].

The mean dimension of the diameter of the cavities can vary depending on the size of the cationic
moiety located into the channel and the presence of crystallization solvent molecules. Figure 6 shows
the crystal packing of structures containing vanadium selenite hydrogen selenite compounds reported
in the literature, in which channels developing along one of the crystallographic axes are present.

The dimensions of the mean diameter of the channels are reported in Table 2. All deposited structures
present a dimension greater than the one observed in the case of Na[VO(SeO3)(HSeO3)]-1,5H,0. This is
due to the greater hindrance of the nitrogen-containing organic cations—sometimes cocrystallized
together with solvent molecules—with respect to the dimension of the sodium atom. Moreover,
the nitrogen-containing cations inserted into the channels reported in the literature are involved in
a strong network of hydrogen bonds with the oxygen atoms of the selenite or hydrogen selenite anions.
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Figure 6. Channels developing in the crystal packing of reported vanadium selenite compounds
organically templated with nitrogen containing cations.

Table 2. Mean diameter [A] of the cavities found in the literature compared with the one observed in
Na[VO(SeO3)(HSeO3)]-1,5H,0.

Na[VO(SeO3)(HSe05)]-1,5H,0 1 2 3 4 5 6 7 8 9
6.10 650[9] 7.83[16] 7.38[16] 7.89[16] 7.95[16] 7.83[7] 827[7] 757[7] 640[7]

In the crystallographic data bank of inorganic compounds, the crystal structures of the
K[VO(SeO3)(HSeO3)] [18] and of NH4[VO(SeO3)(HSeO3)] [19] are described. In those cases, the crystal
structure and the morphology, shape and dimensions of the channels are very different from those of
the presented phase. In fact, in both potassium and ammonium containing structures, very similar
to one another, the overall crystal packing is composed of chains built up by VOs5 square pyramids
pointing up and down alternatingly with respect to the direction of the chains and SeOj3 trigonal
pyramid units. These chains are connected to one another by very strong hydrogen bonds. Moreover,
each VOs interacts with adjacent VOs through the long V---O interaction. In the crystal packing of
[NH4][H(VO)(SeO3),] and [K][[H(VO)(SeO3);], narrow channels with an average diameter of 4.35 A
are formed, and the potassium atom or NHy* cations, with analogous steric hindrance, can insert.
Both cations strongly interact with the oxygen atoms of the selenite and hydrogen selenite anions by
hydrogen bonds.

4. Conclusions

Carrying out a reaction between vanadyl sulfate and sodium selenite with a water solvent
at room temperature and under acidic conditions, a novel selenite hydrogen selenite phase was
formed. The formula is Na[VO(SeO3)(HSeO3)]-1,5H,0, and its structure is composed of chain and
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layer crystallographic motifs, similar to those observed in previously reported vanadium selenite
compounds organically templated with nitrogen-containing cations. The crystal packing of the material
features channels with a star-shaped section with a mean aperture of 6.10 A. The dimension of the
cavities is, to our knowledge, the narrowest that has been reported until now for vanadium selenite
compounds. Other selenite phases containing simple inorganic cations have been reported in the
literature, such as with potassium or ammonium. In the present case, the overall crystal network is
more similar to the one observed in reported organically templated vanadium selenite compounds
than to the potassium- or ammonium-containing selenite structures. We suggest that the dimensions
of the sodium cations, which are remarkably smaller than those of ammonium or potassium cations,
makes it possible to keep the formation of main channels, as observed in reported vanadium selenite
compounds, available to host disordered sodium cations together with disordered solvent molecules.
This size effect can be exploited to obtain open framework compounds, where the structural presence
of the cations does not prevent the accessibility of the cavities.
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Abstract: The Se-Cl interactions in five selenite chlorides (x,3-Zn,(SeO3)Cl, (sofiite and its
polymorph), &,3-CusO,(SeO3),Cl, (georgbokiite and parageorgbokiite), and KCdCu;O,(SeO3),Cly
(burnsite)) have been investigated by means of the analysis of their theoretical electron density
distributions. The analysis reveals the existence in the structures of two basic types of interactions:
intermediate interactions with essential covalent contribution and closed-shell interactions.
In Zny(SeO3)Cl, polymorphs and burnsite, all metal-oxide and metal-chloride interactions are of
the first type, whereas in georgbokiite and parageorgbokiite, the Jahn-Teller distortion results in the
elongation of some of the Cu-X bonds and their transition to the closed-shell type. All anion-anion
interactions are of the closed-shell type. The energy of the closed-shell Se—Cl interactions can
be estimated as 1.4-2.6 kcal'mol~!, which is comparable to weak hydrogen bonds. Despite their
weakness, these interactions provide additional stabilization of structural architectures. The Se*t—Cl~
configurations are localized inside framework channels or cavities, which can be therefore be viewed
as regions of weak and soft interactions in the structure.

Keywords: selenite; chloride; crystal structure; copper; zinc; electron density; closed-shell
interactions; halogen bond; sophiite; georgbokiite

1. Introduction

According to the last version of the Inorganic Crystal Structure Database (ICSD) [1], there are
about 130 structurally characterized inorganic compounds containing Se, O, and Cl, and more
than 95 of them are selenite chlorides, i.e., the compounds containing both (Se**03)2~ and Cl™
anions. No selenate chlorides have been reported in the literature to the present date. The high
affinity of selenite and chloride anions is obvious and requires a chemically reasonable explanation.
The problem is also important from the viewpoint of interesting physical properties of transitional
metal selenite chlorides [1-11] and their mineralogical occurrences [12-23]. Indeed, many transitional
metal selenite chlorides display diverse magnetic properties, due to the presence in their structures
of low-dimensional arrays of magnetic ions such as Cu?*, Ni?*, Co?*, and Fe?* [11]. The eruption
of Tolbachik volcano (Kamchatka peninsula, Russia) in 1975-1976 was followed by the extensive
fumarolic activity, which was accompanied, in particular, by the formation of selenite chloride mineral
associations dominated by Cu2+-containing species [12,14-16,18-20,22,23].

Johnsson et al. [24] noted that the tendency of lone-electron pair cations such as Se** and Te** to
associate with halide ions results in the agglomeration of halides and lone pairs into separate regions
in the crystal structure, which act as ‘chemical scissors’, subdiving the structure space into relatively
hard and covalently bonded metal-oxide parts and relatively soft halide-lone-pair parts. However,
the chemical nature of the halide-lone-pair association remained unclear. The aim of the present paper
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is to investigate interactions between Se** and C1~ ions in selenite chlorides from a theoretical point of
view, using the “Atoms-in-Molecules’ (AIM) theory [25] in order to shed some light on the existence of
these compounds and their abundance compared to selenate chlorides.

2. Materials and Methods

According to this approach, the presence of a (3, —1) bond critical point (bcp) along the interatomic
line (bond path) in the electron-density distribution, p(r), unambiguously manifests the existence of
a bonding interaction between the respective pair of atoms. The properties of the bcps provide a
unique set of descriptors that can be used to understand the nature of interatomic interactions [26].
In particular, the following parameters are of importance: (1) electron density at the bep, p(r.) (here
and in the following r is a radius vector of the bep); (2) Laplacian of the electron density, V2p(rc);
(3) electron energy density, H(r.), which is defined as a sum [G(xr) + V()] of kinetic (G(r.)) and
potential (V(r.)) energy densities. All chemical interactions can be classified into different groups
according to the values of these or derivative parameters. Herein we adopt the classification proposed
by Espinosa et al. [27], which is based on the signs of the V?p(r.) and H(r.) parameters. According
to this approach, chemical interactions can be classified as: (1) shared interactions with V?p(rc) < 0
and H(r.) < 0; (2) closed-shell interactions with Vzp(rc) >0 and H(r¢) > 0; (3) intermediate or transit
interactions with V2p(r.) > 0 and H(r.) < 0. It should be noted, however, that this classification was
originally suggested for F--- H interactions, and its transfer to other interactions is rather conditional.

The laplacian is related to the electron energy densities through the following equation:

V2p(re) = 4 [2G(xc) + V(ro)], 1)

which means that V2p(r.) < 0 only if | V(rc) 1 /G(rc) > 2, since G(r.) is always positive, whereas V(r.) is
always negative. Consequently, | V(rc) | /G(r.) > 2 for shared interactions, 2 > | V(rc) | /G(r.) > 1 for
intermediate interactions, and | V(r.) | /G(r.) < 1 for closed-shell interactions.

Espinosa et al. [27] and Gatti [26] proposed to use the H(r.)/p(rc) parameter or bond degree (BD)
to measure the degree of covalency of a particular interaction. The lower the BD value, the higher is
the covalency of an interaction. The BD value is negative for shared and intermediate interactions and
positive for closed-shell interactions.

It has long been recognized that in some ionic crystals (such as Lil [28]), there exist specific
anion—-anion interactions that stabilize the structure. On the other hand, quantum-chemical calculations
of some salts (such as AIX3 (X = F, Cl, OH) [29]) revealed the presence of bcps along the Al-+ Al lines,
implying the existence of weak cation-cation Al Al interactions. At first glance, the stabilizing role
of such interactions contradicts a traditional crystal-chemical intuition [30], however, the presence of
bcps unequivocally indicates that there is a bond path between the corresponding pairs of atoms [31].
Nelyubina et al. [32] and Gibbs et al. [33] provided useful reviews on the subject of anion—anion
interactions in various chemical compounds. In particular, Gibbs et al. [33] analyzed the O-O
interactions along the shared edges of cation coordination polyhedra in silicates and demonstrated
that these weak bonds indeed stabilize the structure, though the stabilizing effect might be considered
as marginal relative to the metal-oxygen interactions.

In a series of papers, Gibbs et al. [34-36] investigated secondary van der Waals bonding in
inorganic molecular crystals such as AsyS, (n = 3, 4, 5) [36], arsenolite, As;O3 [34], and orpiment,
As)S3 [35], and reported on the existence of intermolecular closed-shell As-X interactions (X = O, S).
The As—X bonds are directed and are of the Lewis acid-base type, i.e., they link locally concentrated
(nucleophilic, Lewis-base) electron density regions on the As atoms to locally depleted (electrophilic,
Lewis-acid) electron density regions on the X atoms. In addition, in some structures, there are also
As - Asand O O interactions.

For a long time, we have been interested in the crystal chemistry of inorganic oxysalts containing
lone-electron-pair cations such as Pb2* [37-40], TI* [41], and Se** [42,43]. In this report, we investigate
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a number of zinc and copper selenite chlorides from the viewpoint of the analysis of their electron
density distributions that may provide novel ideas to understand the role that weak Se-Cl closed-shell
interactions play in the structural organization of these compounds.

Table 1 provides crystallographic information on the compounds that will be considered in
the following. Among the seven compounds, three are naturally occurring selenite chlorides first
discovered in the fumaroles of the Tolbachik volcano, Kamchatka, Russia. For the purpose of structure
comparison, three pairs of polymorphic modifications have been selected, namely, two modifications
of Zn;,(SeO3)Cly, two modifications of Cusz(SeO3),Clp, and two modifications of Cus0,(Se03),Cl,.

Table 1. Crystallographic data for selected selenite chlorides analyzed using the atoms-in-molecules
(AIM) theory.

# Chemical Formula Mineral Name Space a, Al b, A/B, & Aly, Ref.
Group Deg. Deg. Deg.

1 «-Zn;y(SeO3)Cl, sofiite Pecn 10.251/90  15.223/90 7.666/90 [44]

2 B-Zny(SeO3)Cly - P21 /c 7.670/90  10.261/100.0 7.657/90 [45]

3 «-Cus0,(Se03),Cly georgbokiite P21/c 6.030/90 13.744/95.8  5.562/90 [46]

4 B-Cus0,(Se03),Cly parageorgbokiite P2y /c 5.398/90 8.054/99.3  11.128/90 [47]

5 KCdCu;0,(Se03),Clgy burnsite P63 /mmc 8.781/90 8.781/90  15.521/120  [48]

The CRYSTAL14 software package was used to perform the solid-state DFT calculations [49].
The Peintinger—Oliveira—Bredow split-valence triple- (pob-TZVP) basis sets [50] were used for all
atoms, except Cd in burnsite [51], along with the hybrid Becke-3—Lee—Yang—Parr (B3LYP) functional.
The electron-density distribution function was calculated using experimentally observed geometries
for each structure and analyzed using the TOPOND14 software [52,53] with respect to the properties
of the bond critical points in electron density distributions and scalar fields of the electron-density
Laplacian [53].

3. Results and Discussion

3.1. Zny(SeO3)Cl, Polymorphs

Sophiite, x-Zny(SeO3)Cl,, was first discovered in fumaroles of the Tolbachik volcano, Kamchatka
peninsula, Russia [12]. Its B-polymorph was synthesized by chemical transport reactions [45],
which has repeatedly been used for simulation of fumarolic mineralization [54]. It is noteworthy
that both polymorphs of Zn;(SeO3)Cl, are highly hygroscopic. Their crystal structures are very close to
each other and both are based upon the same type of electroneutral [Zny(SeO3)Cl,]° layers formed by
(ZnO,Cly) tetrahedra, (ZnO4Cly) octahedra, and (SeOs) trigonal pyramids (Figure 1a). The (ZnO4Cl,)
octahedra share common O corners to form chains running parallel to c in both polymorphs. Each
octahedron shares one O-Cl edge with an adjacent (ZnO,Cl,) tetrahedron and one O-O edge with
(SeO3) pyramid, which provide linkage of the chains into two-dimensional layers. The layers are
parallel to (010) in sofiite (Figure 1b) and to (100) in the 3-polymorph (Figure 1c). The structures of
both modifications may be considered as polytypes, since they are based upon the same type of layers.
According to the modern nomenclature, sofiite as x-Zn,(SeO3)Cl, should be regarded as 20-polytype
(orthorhombic structure with two layers per unit cell), whereas (3-Zn,(SeO3)Cl, should be considered
as 1M-polytype (monoclinic structure with one layer per unit cell). Since the layers in the structures of
both polytypes are electroneutral, the linkage between the layers is achieved through the secondary
bonds that involve Cl~ anions and Se** cations (Figure 1).

The lists of beps found for sofiite and 3-Zn,(SeO3)Cl, are given in Tables 2 and 3, respectively.
It can be clearly seen that the interatomic interactions in the two structures can be subdivided into
two groups: interactions with H(r.) < 0 and interactions with H(rc) > 0. The first kind of interactions
is observed for the Se-O, Zn-O, and Zn—Cl bonds. These interactions correspond to the intralayer
bonding and can be characterized as belonging to the intermediate type (since V2p(x) > 0 for all
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interactions in the two structures). According to the p(r.) values, these bonds can be separated into
Se—O bonds (p(rc) = 0.18-0.20 a.u.) and Zn-X bonds (o(rc) = 0.02-0.08 a.u.).

(a) (b) (©

Figure 1. The crystal structures of the Zn;(SeO3)Cl, polymorphs: (a) the structure of the
[Zn(Se03)C1,] layer in sofiite; (b) the projection of the structure of sofiite parallel to the ¢ axis;
(c) the projection of the structure of 3-Zny(SeO3)Cl, parallel to the ¢ axis. Legend: Zn, Se, Cl, and O
atoms are shown as gray, orange, green, and red spheres, respectively.

The most interesting are the bcps, for which V2p(rc) > 0 and H(rc) > 0. These bond paths
correspond to the Se—Cl, C1-Cl, and O-O closed-shell interactions, which we shall analyse in more
detail. The geometrical environments around the atoms participating in weak closed-shell interactions
in sofiite are shown in Figure 2. There are three Se-Cl interactions (Figure 2a), from which two
interactions (Se-Cl1 and Se—Cl2) are intralayer and one Se—-CI2 interaction is interlayer. The same
situation is also observed in B-Zny(SeO3)Cl, (Figure 3a). In sofiite, the interlayer interaction
corresponds to the shortest Se—Cl distance of 3.317 A, whereas, in p-Zn,(SeO3)Cl,, the respective Se—Cl
distance is the longest among three Se-Cl contacts with its length equal to 3.514 A. Taking into account
weak interactions, the coordination of Se atom in both polymorphs can be considered as a distorted
trigonal (SeO3Cl3) prism with the O3 and Cl; triangular bases. The Se-O interactions are more than one
order stronger than the Se-Cl interactions. The number of Cl-Cl interactions in the two Zn,(SeO3)Cl,
is notably different, despite the fact that the number of symmetrically independent bcps is the same
(Tables 2 and 3). The point is that two CI-Cl beps in sofiite are located on the twofold axes, whereas
similar beps in $-Zny(SeO3)Cl; are in general positions. In general, the structure of 3-Zn,(SeO3)Cl,
contains 12 CI-Cl beps per interlayer, whereas the structure of sofiite contains only 8. The difference
results in different coordinations of the Cl atoms in the structures of the two polymorphs.

The Cl1 atom (Figure 2b) is linked to two Zn atoms and participates in three CI-Cl and one
Se—Cl interactions. The overall coordination of the Cl1 atom can be described as distorted octahedral.
From four weak closed-shell interactions, only one CI-Cl interaction has an interlayer character.
In 3-Zn;(SeO3)Cl,, the analogue of the Cl1 position in sofiite is the CI2 site (Figure 3c). Its intralayer
coordination (by two Zn, one Se, and two Cl atoms) is very similar to that observed in sofiite. However,
there are two interlayer CI-Cl interactions versus one in sofiite. Thus, the total coordination of the CI2
site in the 3-polymorph is sevenfold. The coordination of the CI2 site in sofiite is shown in Figure 2c.
There are two intralayer Cl-Zn bonds and one intralayer Cl-Se interaction. The interlayer interactions
are characterized by one Cl-Se and one CI-Cl bond paths. The situation in 3-Zn,(SeO3)Cl; is again
different (Figure 3b). The number of intralayer interactions is the same as in sofiite, but there are
three interlayer interactions, one Cl-Se and two CI-Cl. In total, the coordination of the Cl1 site in the
-polymorph is sixfold versus fivefold in sofiite.
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(a) ’clz

Figure 2. Geometrical environment of bond critical points of weak closed-shell interactions in sofiite,
«-Zny(SeO3)Cly: (a) the beps around the Se site; (b) the beps around the Cl1 site; (c) the beps around
the CI2 site; (d) bcp between the O2 and O2 atoms. Legend as in Figure 1.

Table 2. Bond critical points in the crystal structure of sofiite, «-Zny(SeO3)Cl,, and their properties.

Aq A,  dIA] pltd) V)  Glro) Vire) H(r.) BD
Se-O and Zn—X bonds (X = O, Cl)

Se o1 1.688 0.1940 0.4591 0.2357 —0.3566 —0.1209  —-0.624

Se o3 1.697 0.1922 0.4144 0.2247 —0.3458 —0.1211  —-0.630

Se 02 1.701 0.1883 0.4108 0.2196 —0.3364 —0.1168  —0.620
Znl o1 1.993 0.0758 0.3908 0.1109 —0.1242 —-0.0133  —0.175
Znl o2 2.057 0.0667 0.3232 0.0908 —0.1007 —0.0099  —0.148
Znl Cl12 2.205 0.0784 0.2664 0.0849 —0.1033 —0.0184  —-0.235
Znl cn 2.244 0.0732 0.2346 0.0746 —0.0905 -0.0159  —-0.217
Zn2 o1 1.993 0.0781 0.3984 0.1144 —0.1292 —0.0148  —0.190
Zn2 o2 2115 0.0558 0.2667 0.0717 —0.0766 —0.0049  —0.088
Zn2 o3 1.955 0.0837 0.4391 0.1267 —0.1435 —0.0168  —0.201
Zn2 O3 2.147 0.0551 0.2511 0.0687 —0.0747 —0.0060  —0.109
Zn2  CI2 2.685 0.0298 0.0783 0.0220 —0.0245 —0.0025  —0.084
Zn2 Cl1 2.753 0.0256 0.0652 0.0180 —0.0197 —0.0017  —0.066

Se—Cl, CI-Cl, and O-0O interactions

Se C12 3.317 0.0121 0.0349 0.0078 —0.0069 0.0009 0.074
Se Cl2 3.444 0.0103 0.0312 0.0069 —0.0060 0.0009 0.087
Se Cc11 3.533 0.0080 0.0268 0.0057 —0.0046 0.0011 0.138
(@lh] Cc11 3.898 0.0039 0.0143 0.0028 —0.0021 0.0007 0.179
cn C11 3.955 0.0029 0.0115 0.0022 —0.0015 0.0007 0.241
Cl12 Cl12 3.567 0.0071 0.0208 0.0046 —0.0041 0.0005 0.070
o2 o2 3.362 0.0055 0.0181 0.0038 0.0030 0.0008 0.145
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Figure 3. Geometrical environment of bond critical points of weak closed-shell interactions in
B-Zn;(SeO3)Cly: (a) The beps around the Se site; (b) The beps around the CI1 site; (c) The beps
around the CI2 site. Legend as in Figure 1.

Table 3. Bond critical points in the crystal structure of 3-Zn;(SeO3)Cl, and their properties.

Ar Ay dIAl pl)  Vp(x) G(r) V(ro) H(r) BD
Se-O and Zn-X bonds (X = O, Cl)
Sel 03 1.703 0.1901 0.3856 0.2163 —0.3361 —0.1198  —0.630
Sel o1 1.707 0.1879 0.3797 0.2123 —0.3297 —0.1174  —0.625
Sel 02 1.715 0.1836 0.3736 0.2065 —0.3196 —0.1131 —0.616
Zn2 o1 2.126 0.0574 0.2672 0.0733 —0.0798 —0.0065 —0.113
Znl o1 1.983 0.0779 0.4009 0.1147 —0.1291 —0.0144 —-0.185
Znl 02 2.031 0.0702 0.3492 0.0984 —0.1096 —0.0112  —0.160
Znl Cl1 2222 0.0761 0.2519 0.0801 —0.0972 —0.0171 —0.225
Znl Cl2 2.226 0.0751 0.2519 0.0795 —0.0961 —0.0166  —0.221
Zn2 o3 2.008 0.0737 0.3733 0.1056 —0.1178 —0.0122  —-0.166
Zn2 02 2.049 0.0663 0.3304 0.0914 —0.1002 —0.0088  —0.133
Zn2 03 2.150 0.0546 0.2470 0.0676 —0.0735 —0.0059  —0.108
Zn2 CI2 2.430 0.0487 0.1555 0.0445 —0.0501 —0.0056  —0.115
Zn2 Cl1 2.765 0.0250 0.0649 0.0179 —0.0196 —0.0017  —0.068
Se—Cl, CI-Cl, and O-O interactions

Sel CI2 3.382 0.0106 0.0343 0.0075 —0.0064 0.0009 0.085
Sel Cl1 3.482 0.0096 0.0297 0.0065 —0.0055 0.0010 0.104
Sel Cl1 3.514 0.0085 0.0252 0.0053 —0.0044 0.0009 0.106
Cl1 CI2 3.534 0.0079 0.0225 0.0051 —0.0046 0.0005 0.063
Cl1 CI2 3.956 0.0029 0.0113 0.0021 —0.0014 0.0007 0.241
CI2 CI2 3.869 0.0041 0.0151 0.0030 —0.0022 0.0008 0.195
02 02 3.470 0.0048 0.0155 0.0032 —0.0026 0.0006 0.125

In both polymorphs, there is a bcp between the two O atoms located in the middle of the
eight-membered atomic ring (Figure 2d). This bcp is located in the inversion center and corresponds to
a very weak closed-shell interaction.

The higher relative number of beps in 3-Zn; (SeO3)Cl, compared to sofiite might be related to the
higher stability of the B-polymorph. Its physical density, 3.68 g'cm ™ is slightly higher than that of
sofiite, 3.65 g'cmfs, which manifests the higher efficiency of layer packing, which, in turn, may lead
to the formation of more interlayer interactions, thus stabilizing the 3-polymorph. It is noteworthy
that, among the closed-shell interactions in the two polymorphs, the Se—Cl interactions are stronger
than others, pointing out their important role in the linkage of the [Zn, (SeO3)Cl,]% in the structures.
Nevertheless, the C1-Cl interactions are also of importance, providing additional contributions to the
structural stability.

15



Crystals 2018, 8,193

3.2. Cus50,(5e03),Cly Polymorphs

In fact, a-Cus0,(SeO3),Cl, was the first selenite chloride reported by Galy et al. back in 1979 [55].
Its dark-brown crystals were prepared by the chemical vapor transport reactions method. In 1999,
it was described by Vergasova et al. [16] as a natural mineral species from fumaroles of the Great
fissure Tolbachik eruption (Kamchatka, Russia). In 2006, Vergasova et al. [20] described another
natural polymorph of Cus0,(SeO3),Cl,, which was named parageorgbokiite in order to recognize
its chemical similarity to georgbokiite. It is noteworthy that, in contrast to georgbokiite, the crystals
of parageorgbokiite are green and thus the two polymorphs can easily be distinguished. The crystal
structures of georgbokiite and parageorgbokiite are closely related and the best way to understand
these relations are to describe them in terms of structural units based upon oxocentered tetrahedra
formed around “additional’ O atoms not bonded to Se** cations. This approach was first proposed
in 1968 [56] and recently developed into a coherent crystal chemical theory (see [57,58] for reviews
and historical remarks). In general, description of certain crystal structures in terms of anion-centered
coordination polyhedra became more popular over the years, in part due to the recent reports on
interesting structural and physical properties and mineralogical importance of antiperovskites, i.e.,
materials with structures based upon anion-centered octahedra [59-66].

In the crystal structures of both polymorphs of Cus0,(SeO3),Cly, there are additional O atoms not
bonded to Se and tetrahedrally coordinated by four Cu atoms thus forming (OCuy) oxocentered
tetrahedra. In both structures, (OCuy) tetrahedra share Cu-Cu edges and Cu corners to form
[O,Cus] chains shown in Figure 4a. The (SeOs) groups are attached to (OCuy) tetrahedra in a
face-to-face fashion [67,68], which means that the triangular bases of both units are parallel to each
other and have the same orientation. The complex 1-dimensional structural units with the composition
{[02Cus](SeO3),}2* shown in Figure 4b are the basic structural modules for both polymorphs and it is
the mode of their combination that generates the structural difference.

Cu 0
Cu
\80\\8\ <§ f;%\& %g
(a) (b)

Figure 4. The basic structural module for the crystal structures of the Cu;0,(SeO3),Cl, polymorphs
(georgbokiite and parageorgbokiite): (a) the [O,Cus] chain formed by alternating edge- and
corner-sharing (OCuy) tetrahedra; (b) the {[O,Cus](SeO3),} 1-dimensional module formed by the
face-to-face attachment of (SeO3) groups to (OCuy) tetrahedra.

Figure 5 shows a successive (step-by-step) construction of the crystal structure of georgbokiite,
a-Cu50,(5e03),Cly, if viewed in terms of anion-centered tetrahedra. The [O,Cus] chains are running
parallel to the c axis and grouped into layers parallel to the (100) plane (Figure 5a). The (SeO3) groups
are attached to the chains and are also responsible for the linkage of the {[0,Cu5](SeO3), )% in the
(100) and (010) directions through the formation of the Cu-O bonds (Figure 5b). The metal-oxide
bonding network based upon the Cu-O and Se-O bonds contains the strongest chemical bonds in the
structure. It can be seen, however, that this network possesses 1-dimensional channels parallel to (001)
(i.e., the direction of extension of the [O,Cus] chains) and these channels are occupied by Cl~ anions
(Figure 5¢). These channels are also remarkable by the fact that they provide spatial localization of the
weak closed-shell interactions in the crystal structure (Figure 5d).
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Figure 5. The scheme of successive (step-by-step) construction of the crystal structure of georgbokiite,
a-Cus50,(5e03),Cly: (a) the arrangement of the [O,Cus] chains of edge- and corner-sharing (OCuy)
tetrahedra; (b) the metal-oxide bonding network of the Cu-O and Se-O bonds; (c) the structure
projection showing the positions of the Cl atoms and the location of extended channels parallel to [001]
(shown in gray); (d) the location of beps corresponding to weak closed-shell interactions. See text for
details. Legend: Cu, Se, O, and Cl atoms are shown as blue, orange, red, and green spheres, respectively.
Small black spheres indicate the positions of beps.

The mode of linkage of the basic structural modules in the structure of parageorgbokiite,
B-Cus0,(Se03),Cly, is different, which is illustrated in Figure 6.

In contrast to georgbokiite, the [O,Cus] chains in parageorgbokiite have different relative
orientations (Figure 6a) and are parallel to the a axis. Their linkage through (SeOs) groups (attached to
the (OCuy) tetrahedra in the face-to-face fashion) results in the formation of a 3-dimensional framework
of relatively strong bonds (Figure 6b) with channels occupied by C1™ anions (Figure 6¢) and hosting
the beps corresponding to weak closed-shell interactions (Figure 6d).

Tables 4 and 5 provide lists of bcps found for georgbokiite and parageorgbokiite, respectively.
According to their properties, all interatomic interactions in the two minerals can be classified into
three groups:

(1)  the Cu-O, Cu~Cl and Se-O interactions with V?p(r.) > 0 and H(r.) < 0 (intermediate bonding
interactions);

(2) the Cu-O and Cu-Cl interactions with Vzp(rc) > (0 and H(r.) > 0 (closed-shell interactions);
the Cu3—Cl interaction (2.739 A) deserves special attention as this interaction lies exactly on the
border between intermediate and closed-shell interactions (H(r.) = 0);

(3) the closed-shell Se—Cl, CI-Cl, and CI-O interactions with V?p(r¢) > 0 and H(r.) > 0.

The appearance of the second group of interactions (which is absent in the Zny(SeOs3)Cl,
polymorphs) is due to the Jahn-Teller distortion of Cu?* coordination [69], which results in the
splitting of Cu—X interactions (X = O, Cl) into short and long bonds. It is noteworthy that the empirical
bond-valence theory [70] would make no distinction between the different long Cu-X bonds, whereas
the data given in Tables 4 and 5 indicate that the AIM theory classifies them into closed-shell and
intermediate interactions (taking into account the conditional character of the adopted classification
(see Section 2)). In particular, for the Cu—-Cl bonds, the border between the two types of interactions
corresponds to the Cu—Cl distance of 2.739 A. It is of interest that the p(r.) for the closed-shell Cu-X
interactions is of the same order as for other closed-shell interactions in the two structures.
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Table 4. Bond critical points in the crystal structure of x-CusO,(SeO3),Cl; and their properties.

Aq A,  dIA] p(re) V2p(re) G(r.) V(re) H(r.) BD

Cul o1 1923 0.0979 0.3812 0.1339 —0.1725 —0.0386  —0.394
Cul 04 1962 0.0855 0.3506 0.1189 —0.1501 —-0.0312  —0.365
Cul 04  2.046 0.0694 0.2766 0.0922 —0.1153 —0.0231 —0.333
Cul Cl 2282 0.0682 0.1701 0.0658 —0.0890 —0.0232  —0.340
Cul Cl 2570 0.0371 0.1248 0.0352 —0.0392 —0.0040  —0.108
Cu2 02 1944 0.0877 0.3727 0.1248 —0.1564 —0.0316  —0.360
Cu2 o1 1971 0.0857 0.3284 0.1144 —0.1467 —0.0323  —0.377
Cu2 Cl 2954 0.0164 0.0608 0.0138 —0.0123 0.0015 0.091
Cu3 02 1989 0.0786 0.3254 0.1089 —0.1364 -0.0275  —0.350
Cu3 01 1956 0.0911 0.3433 0.1214 —0.1570 —-0.0356  —0.391
Cu3 o1 1952 0.0935 0.3464 0.1238 —0.1611 -0.0373  —0.399
Cu3 03  2.024 0.0723 0.2917 0.0973 -0.1217 —0.0244  —0.337
Cu3 02 2430 0.0283 0.1314 0.0327 —0.0326 0.0001 0.004
Cu3 Cl 2739 0.0254 0.0915 0.0229 —0.0229 0.0000 0.000
Se 02  1.674 0.1998 0.4741 0.2453 —0.3721 —0.1268  —0.635
Se 03 1709 0.1870 0.3738 0.2105 —0.3275 —0.1170  —0.626
Se O4 1724 0.1820 0.3276 0.1952 —0.3084 —-0.1132  —-0.622
Se Cl 3310 0.0129 0.0378 0.0083 —0.0072 0.0011 0.085
Se Cl 3544 0.0086 0.0244 0.0053 —0.0045 0.0008 0.093
Cl 02 3216 0.0113 0.0358 0.0082 —0.0074 0.0008 0.071
o2 02 3972 0.0083 0.0297 0.0062 —0.0050 0.0012 0.145

Table 5. Bond critical points in the crystal structure of B-Cus0,(SeO3),Cl, and their properties.

Aq A, dI[A] p(re) V2p(rc) Glro) Vire) H(ro) BD

Cul O1 1919 0.0976 0.3890 0.1350 —0.1727 —0.0377  —0.386
Cul 02 1.966 0.0824 0.3500 0.1164 —0.1453 —0.0289  —0.351
Cul 03 1.969 0.0834 0.3406 0.1153 —0.1455 —0.0302  —0.362
Cul Cl 2268 0.0706 0.1716 0.0676 —0.0923 —0.0247  —0.350
Cul 04 2944 0.0096 0.0425 0.0081 —0.0056 0.0025 0.260
Cul Cl 3185 0.0096 0.0392 0.0079 —0.0060 0.0019 0.198
Cu2 o1 1929 0.0944 0.3815 0.1314 —0.1675 —0.0361  —0.382
Cu2 O4 1974 0.0823 0.3329 0.1128 —0.1425 —0.0297  —0.361
Cu3 O1 1945 0.0934 0.3585 0.1260 —0.1625 —0.0365  —0.391
Cu3 02 1961 0.0832 0.3576 0.1187 —0.1480 —0.0293  —0.352
Cu3 o1 1975 0.0885 0.3237 0.1158 —0.1506 —0.0348  —0.393
Cu3 03 2057 0.0672 0.2650 0.0881 —0.1099 —0.0218  —0.324
Cu3 04 2399 0.0311 0.1409 0.0363 —0.0374 —0.0011  —0.035
Cu3 Cl 2705 0.0283 0.0977 0.0254 —0.0264 —0.0010  —0.035
Se 04 1675 0.2000 0.4610 0.2428 —0.3704 —-0.1276  —0.638
Se o3 1713 0.1850 0.3654 0.2061 —0.3208 —0.1147  —0.620
Se 02 1724 0.1813 0.3406 0.1971 —0.3091 —0.1120  —-0.618
Se Cl 3300 0.0133 0.0408 0.0093 —0.0083 0.0010 0.075
Se Cl 3327 0.0123 0.0357 0.0078 —0.0067 0.0011 0.089
Cl 02 3321 0.0097 0.0278 0.0065 —0.0060 0.0005 0.052
Cl Cl 3501 0.0104 0.0284 0.0068 —0.0065 0.0003 0.029
Cl Cl 3810 0.0046 0.0158 0.0032 —0.0025 0.0007 0.152

The configuration of closed-shell interactions inside the channels in the crystal structures of
the Cus0,(Se03),Cl, polymorphs is shown in Figure 7. In georgbokiite (Figure 7a), the channels
are more compact and have (SeO3) groups on one side and Cl~ anions on another, each Se and
each Cl atom participates in two Se—Cl interactions, and there are no CI-Cl interactions. In contrast,
in parageorgbokiite (Figure 7b), the channels are larger and have both (SeO3) groups and CI™~ anions on
both sides. Each Se atom participates in two Se—Cl interactions, whereas each Cl atom participates in
two Se—Cl, two CI-Cl and one CI-O interactions. The structure of the channels in the two polymorphs
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is therefore remarkably different, which can be explained by the different arrangements of basic
structural modules.

The more open character of the crystal structure of parageorgbokiite compared to that of
georgbokiite is reflected in the values of physical densities, which are equal to 4.88 and 4.69 g'cm 3
for the «- and p-polymorphs, respectively. According to Krivovichev et al. [47], parageorgbokiite
is most likely a high-temperature modification of CusO,(SeO3),Cl,, however, the relative stabilities
of the two minerals are unknown. It is of interest that, whereas georgbokiite can easily be
synthesized by the chemical vapor transport reactions method [55,71], no synthetic analogue is known
for parageorgbokiite.

(a)

Figure 6. The scheme of successive (step-by-step) construction of the crystal structure of
parageorgbokiite, 3-Cus;0,(Se03),Cly: (a) the arrangement of the [O,Cus] chains of edge- and
corner-sharing (OCuy) tetrahedra; (b) the metal-oxide bonding network of the Cu-O and Se-O bonds;
(c) the structure projection showing the positions of the Cl atoms; (d) the location of beps corresponding
to weak closed-shell interactions. See text for details. Legend as in Figure 5.
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Figure 7. The arrangement of (SeO3) groups and Cl atoms in the channels in the crystal structures of
georgbokiite (a) and parageorgbokiite (b). Dashed lines indicate bond paths that correspond to weak
closed-shell interactions. Legend as in Figure 5.
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3.3. Burnsite, KCACu70,(SeO3),Clg

Burnsite, KCdCu;0,(Se03),Clg, was discovered in Tolbachik fumaroles in 2002 [18]. By analogy
with Cus0,(Se03),Cl, polymorphs, its crystal structure contains additional O atoms tetrahedrally
coordinated by four Cu atoms [48]. Two (OCuy) tetrahedra share a common Cu atom to
form a [O,Cuy] dimer (Figure 8a) similar to those recently observed in the crystal structure of
N32CU702(SQO3)4C14 [72,73].

In the crystal structure of burnsite, the [O,Cuy] dimers are surrounded by two (SeO3) groups
each of them attached to the (OCuy) tetrahedra in a face-to-face fashion (Figure 8b). The resulting
{[O2Cuy](SeO3),} groups are linked via Cu-O bonds into an open three-dimensional framework
(Figure 9a) with large cavities occupied by Cd?**, K*, and Cl~ ions (Figure 9b).

Table 6 provides a list of beps in the crystal structure of burnsite. It can be seen that most of the
interatomic interactions can be described as belonging to the intermediate type with V2p(rc) > 0 and
H(rc) < 0, except for the Se-Cl interactions that are of the closed-shell type (Vzp(rc) > 0and H(rc) > 0).
Figure 8c shows the atomic configuration inside the cavity occupied by two (SeOs3) groups and three
CIl™ ions.

Table 6. Bond critical points in the crystal structure of burnsite, KCdCu;0,(SeO3),Clg, and
their properties.

A1 Ay dIA] plre) V2p(ro) Glxo) Vixo) H(xo) BD
Cd Cll1 2614 0.0426 0.1420 0.0395 —0.0436 —0.0041 —0.096
Cul O1 1.899 0.1016 0.4263 0.1447 —0.1828 —0.0381 —0.375
Cul 02 1.916 0.0906 0.4215 0.1362 —0.1670 —0.0308 —0.340
Cul 02 2127 0.0580 0.2304 0.0736 —0.0896 —0.0160 —-0.276
Cul Cl2 2555 0.0369 0.1152 0.0331 —0.0374 —0.0043 —-0.117
Cul Cl1 2612 0.0331 0.1101 0.0300 —0.0324 —0.0024 —0.073
Cu2 01 1914 0.0980 0.4169 0.1409 —0.1776 —0.0367 —0.374
Cu2 Cl2 2451 0.0484 0.1460 0.0464 —0.0562 —0.0098 —0.202
Se 02 1.687 0.1936 0.4591 0.2350 —0.3553 —0.1203 —0.621
Se Cl2 3532 0.0085 0.0270 0.0058 —0.0048 0.0010 0.118

Each (SeO3) group forms participates in three Se—Cl interactions, so that the full coordination
of Se** ions can be viewed as trigonal prismatic, similar to that observed in the crystal
structures of the Zn,(SeO3)Cl, polymorphs (see above). Each Cl, atom participates in two Cl-Se
closed-shell interactions.

Figure 8. The [O,Cuy] dimer of two corner-sharing (OCuy) tetrahedra in the crystal structure of burnsite
(a) and its coordination by two (SeO3) groups (b). The atomic configuration inside the metal-oxide
framework cavity showing the orientation of Se-Cl closed-shell interactions. (c) Legend as in Figure 5.
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Figure 9. The open framework metal-oxide framework formed by [O,Cuy] dimers and (SeO3) groups
in the crystal structure of burnsite (a) and the projection of the whole structure of burnsite featuring
filling framework cavities by Cd?*, K*, and Cl~ ions (b). Legend: Cu, Se, O, Cl, K, and Cd atoms are
shown as blue, orange, red, green, gray, and brown spheres, respectively.

4. Conclusions

The analysis of theoretical electron density distributions in selenite chlorides reveals the existence
in their structures of two basic types of interactions: intermediate interactions with essential covalent
contribution [Vzp(rc) > 0 and H(r.) < 0] and closed-shell interactions [Vzp(rc) > 0 and H(r¢) > 0].
In the Zny(SeO3)Cl, polymorphs and burnsite, all Me—-X interactions are of the first type, whereas,
in georgbokiite and parageorgbokiite, the Jahn-Teller distortion of the Cu>* coordination geometry
results in the elongation of some of the Cu—X bonds and their transition to the closed-shell type.
All anion-anion (Cl-Cl and O-O) interactions are of the closed-shell type as well, quite comparable
with the previous observations of anion-anion bonding in inorganic salts [32].

The nature of the Se-Cl interactions deserves special attention. The analysis of the bond-critical
points of the Laplacian of the electron-density distribution indicates that, at least in selenite chlorides
under consideration, it is different from that of the halogen or chalcogen bonds [74-76], i.e., it is not
of the electron donor/electron acceptor type. The regions with concentrated and depleted regions of
electron density around Se** and CI~ ions do not correlate with each other and are not aligned with
the Se-Cl bonding paths. However, the Se-Cl interaction corresponds to the overlap of van der Waals
radii: the typical Se-Cl distance is selenite chlorides is in the range 3.30-3.55 A, whereas the sum of
the van der Waals radii (RW) is equal to RWse + RV = 1.9 + 1.8 = 3.7 A [77]. The energy of the Se—Cl
closed-shell interactions, Eint, can be estimated using the equation proposed by Espinosa et al. [78]:

Eine = —313.754 V(ro), @)

where V(1) is the potential electron energy density at bcp expressed in atomic units (a.u.). Taking
into account that the V(r.) value in selenite chlorides analyzed above varies from —0.0083 to
—0.0044 a.u., the energy of the Se-Cl closed-shell interactions can be estimated as 1.4-2.6 kcal'mol .
This energy range is comparable to that observed for weak hydrogen bonds [79] or other weakly
bonded configurations, e.g., weak I-O bonds in «-HIO; [80], and anion-anion and cation—cation
interactions [81,82]. Despite their weakness, these interactions provide additional stabilization of
structural architectures. However, it should be noted that the Equation (2) was originally proposed for
hydrogen-bonded interactions and its applicability to closed-shell interactions is not fully justified.
It is also of interest that the presence of the Se-Cl bonding interactions may at least in part explain the
bond-valence deficiency frequently observed for C1~ anions in natural selenite chlorides [22,42,47,48].
Our conclusion about the closed-shell nature of the Se-Cl interactions is also supported by the fact that
the total net charges on Se atoms (calculated for sofiite and georgbokiite) are in the range of +6.05-6.07,
which indicates that there is no correlation between these values and the number of Se-Cl interactions
per Se** cation.
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Thus, the existence of the large number of selenite chlorides and almost complete absence of
selenate chlorides can be explained by the tendency of Se** cations possessing a lone electron pair to
participate in attractive Se**~Cl~ interactions, which cannot be realized in Se®* oxysalts. Though weak,
these interactions seem to be of crucial importance for the stabilization of structural architectures
with relatively hard intermediate metal-oxide interactions and relatively soft closed-shell interactions.
The Se**~Cl~ configurations are localized inside framework channels or cavities, which can be therefore
be viewed as regions of weak and soft interactions in the structure.
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Abstract: The scandium oxodiselenate(IV) Sc;[Se;Os]3 was synthesized via solid-state reactions
between scandium sesquioxide (Sc;0O3) and selenium dioxide (SeO;) with thallium(I) chloride
(TICl) as fluxing agent in molar ratios of 1:4:2. Evacuated fused silica ampoules were used as
reactions vessels for annealing the mixtures for five days at 800 °C. The new scandium compound
crystallizes in the triclinic space group P1 with the lattice parameters a = 663.71(5) pm, b = 1024.32(7)
pm, ¢ =1057.49(8) pm, a = 81.034(2)°, B = 87.468(2)°, v = 89.237(2)° and Z = 2. There are two
distinct Sc3* positions, which show six-fold coordination by oxygen atoms as [ScOg]°~ octahedra
(d(Sc-0) = 205-212 pm). Three different [Se,O5]%~ anions provide these oxygen atoms with their
terminal ligands (O'). Each of the six selenium(IV) central atoms exhibit a stereochemically active
lone pair of electrons, so that all [Se;O5]%~ anions consist of two 1!-tetrahedral [SeO3]?~ subunits
(d(Se-0%) = 164-167 pm, d(Se-OP) = 176-185 pm, +(0O-Se-0) = 93-104°) sharing one bridging oxygen
atom (OP) with <(Se—0OP-Se) = 121-128°. The vibrational modes of the complex anionic [Se;, 051>~
entities were characterized via single-crystal Raman spectroscopy.

Keywords: scandium; lone-pair; oxoselenate; complex anions; Raman spectroscopy; solid-state reactions

1. Introduction

Owing to their potential as materials with an inorganic antenna effect [1] within energy transfer
processes for lighting applications, many rare-earth metal(Ill) oxoselenates(IV) were published
with different structural characteristics in the past decades. So even the pure rare-earth metal(III)
oxoselenates(IV) with the simple formula RE;[SeO3]3 (= RE;Se309; RE = Sc, Y, La-Lu) [2-12]
show a cornucopia of structure and space-group types. For the smallest rare-earth metal, scandium
Scy[SeOs]s crystallizes in a hexagonal crystal structure in space group P63/m [3]. In contrast,
the RE;[SeOs]s-type phases with lanthanum and cerium show an orthorhombic structure in
space-group Pnma [2,4]. The next two lanthanides, praseodymium and neodymium, exhibit for their
RE»[SeOs3]3 compounds the monoclinic crystal system with the space group P2;/n [2,8]. All further
rare-earth metals(Ill) (RE =Y, Sm-Lu) [6,7,10] adopt the same triclinic crystal structure for their
RE,[SeOs]3-type representatives with space-group P1. Besides this formula type, representatives
containing oxygen atoms not bonded to the Se** cations are known with the formula RE;O[SeOs],
(= RE;Se;0O7; RE =Y, Sm-Tm) [13-16]. Most of the compounds crystallize in the tetragonal
TbyO[SeO3], structure-type [16], but the newest experimental research shows that monoclinic
Sm30,Sm[SeO3]s (= SmySe,O7) is also accessible [15]. All these compounds exhibit the same basic
module, which is responsible for the crystal structure, and these basic modules are oxygen-centered
[ORE4]™* tetrahedra, which are interconnected in different ways. Furthermore, in the literature
is a rare-earth metal(III) oxoselenate(IV) known with two ‘free” oxygen atoms per formula unit
and the composition Sc;0,[SeOs] [17,18]. This formula type RE;O;[SeOs] (= RE;SeOs) was long

Crystals 2018, 8,187; d0i:10.3390/ cryst8050187 27 www.mdpi.com/journal/crystals
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postulated from Oppermann et al. [19-23] in various RE;O03/5e0O; systems. Nevertheless, no single
crystals were available to confirm this crystal structure, so it was only assumed via powder diffraction
methods [19-23]. Only one representative, including rare-earth metals, is known so far in the literature,
which exhibits complex anionic [Se;O5]>~ units. Sm,[SeO3][Se;Os], (= SmySesO43) [24] contains only
two of these anions, while with the title compound the first rare-earth metal(III) oxoselenate(IV) was
accessible with exclusively these sort of anions. The aim of the synthesis was a T1Sc[SeO3],, however,
which should be structurally similar to the alkali-metal scandium oxoselenates(IV) ASc[SeOs],
(A =Na-Cs) [25] known in the literature. This paper describes the crystal structure of the new title
compound Sc;[Se;Os]3 as well as the vibrational modes of the [Se, 0517~ groups via single-crystal
Raman measurements.

2. Materials and Methods

For the synthesis of the scandium oxodiselenate(IV) Sc;[Se;O5]3 a mixture of Sc;O3 (ChemPur:
99.9%), SeO; (ChemPur: 99.9%) and TICl (Alfa Aesar: ‘pure’) in a molar ratio of 1:4:2 was
used. The target product was thus TISc[SeO3], according to the known alkali-metal scandium
oxoselenates(IV) ASc[SeOs], (A = Na—-Cs) [25]. The chemicals were stored and handled in a glove
box (GS Glove-Box Systems) under an argon atmosphere. The reactants were filled into glassy fused
silica ampoules, which were evacuated to 1073 mbar and torch sealed. Afterwards, the reaction
vessels were heated up over 8 h to 800 °C and tempered for five days at this temperature. The furnace
was cooled down to 500 °C within 99 h, and held at this temperature for another 2 h, before it was
completely cooled down within 4 h to room temperature. The crude product was checked for its
water- and air-stability. Afterwards it was washed with demineralized water to remove most of the
fluxing agents (SeO; and TICl). Some colorless, plate-like crystals were selected and characterized
via X-ray structure analysis. For this purpose, the crystals were measured at room temperature on a
k-CCD X-ray diffractometer (Bruker Nonius, Karlsruhe, Germany) with graphite-monochromatized
Mo-K« radiation (A = 71.07 pm). A numerical absorption correction was carried out with the
program HABITUS [26], but the structure solution and refinement was performed with the program
SHELX-97 [27,28]. In Table 1 the crystallographic data of Sc;[Se;Os]3 are summarized, while Table 2
contains the atomic positions and their equivalent isotropic displacement coefficients. The interatomic
distances and bond angles are shown in Table 3.

The reflections in the X-ray powder pattern (Figure 1) exhibit a low intensity due to the poor
crystallinity of the product, therefore a good evaluation and characterization was not possible (Figure 1).
However, scandium oxoselenate(IV) Scp[SeO3]3 and some residual thallium(I) chloride TICI could be
identified as by-products. In addition, the powder pattern shows reflections of another side phase,
which could not be determined so far. Hence, a successful synthesis of the phase pure title compound
Scs[SexOs]3 was not successful yet.

The single-crystal Raman measurements were operated on a XploRa device (Horiba,
Bensheim, Germany) from 200-1000 cm~! to detect the vibrational modes of the complex
anionic [Se;Os]2~ anions.  Further details of the crystal structure investigations can be
obtained at the Fachinfomrationszentrum Karlsruhe, 76334 Eggenstein-Leopoldshafen, Germany
(Fax: ~ +49-7247-808-666; E-Mail: crysdata@fiz-karlsruhe.de, http://www.fiz-karlsruhe.de/
requestfordepositeddata.html) for the depository number CSD-433355 of Scz[SeOs]s.
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Table 1. Crystallographic data of Scp[Se;Os]3 and their determination.

Empirical Formula Scy[Se;05l3 (= ScSegO15)
Crystal system triclinic
Space group PT (no. 2)
Lattice parameters
a/pm 663.71(5)
b/pm 1024.32(7)
c/pm 1057.49(8)
a/deg 81.034(2)
B/deg 87.468(2)
7/ deg 89.237(2)
Number of formula units (Z) 2
Calculated density (Dy in g/ cm®) 3.762
Molar volume (Vy, in cm®/mol) 188.58(9)
Diffractometer k-CCD (Bruker Nonius)
Wavelength (A in pm) 71.07 (Mo Ke)
Index range (+hmax, £kmax, Elmax) 8/13/13
Number of e~ per unit cell (F(000)) 732
Absorption coefficient (y in mm~1) 16.426
Number of collected vs. unique reflections 31217/3256
Data-set residuals (Rint/Ro) 0.084/0.036
Structure residuals (R /wRp) 0.034/0.074
Goodness of fit (GooF) 1.058
Extinction coefficient (g) 0.0101(5)
Residual e'lectfon %:nsit)i?Smax. /min. 1318/ -1.267
ine” 107° pm™7)
CSD-number 433,355

Table 2. Atomic coordinates and equivalent isotropic displacement coefficients (Ueq/pm?) for
Sc;[SepOs]3 (all atoms occupy the general 2i site)

Atom xla ylb z/c Ueq !
Scl 0.16448(9) 0.58715(7) 0.26677(7) 145(2)
Sc2 0.31102(9) 0.06071(7) 0.28974(7) 143(2)
Sel 0.22321(5) 0.77750(4) 0.51356(4) 173(1)
Se2 0.31368(5) 0.30185(4) 0.49159(4) 156(1)
Se3 0.14680(5) 0.33785(4) 0.08075(4) 197(1)
Se4 0.34062(5) 0.46713(4) 0.80898(4) 189(1)
Se5 0.20134(5) 0.01376(4) 0.77299(4) 171(1)
Se6 0.32216(5) 0.85034(4) 0.04488(4) 173(1)
o1 0.3565(4) 0.8834(3) 0.4083(3) 257(6)
02 0.1123(4) 0.6849(3) 0.4203(3) 241(6)
O3 0.4252(4) 0.6720(3) 0.5744(3) 229(6)
04 0.2120(4) 0.4093(3) 0.3801(3) 245(6)
05 0.2599(4) 0.1567(3) 0.4489(3) 210(6)
06 0.3013(4) 0.2435(3) 0.1727(3) 288(7)
o7 0.1988(4) 0.4927(3) 0.1010(3) 289(7)
08 0.2873(4) 0.3302(3) 0.9362(3) 354(8)
09 0.1421(4) 0.4542(3) 0.7240(3) 308(7)
010 0.4805(4) 0.6157(3) 0.2594(3) 241(6)
O11 0.0055(4) 0.0288(3) 0.2913(3) 289(7)
012 0.3733(4) 0.9148(3) 0.7186(3) 227(6)
013 0.1454(4) 0.9259(3) 0.9300(3) 346(8)
014 0.3719(4) 0.9735(3) 0.1228(3) 288(7)
015 0.1445(4) 0.7649(3) 0.1370(3) 229(6)

1 defined as temperature factor according to: exp[—ZTrZ(UnhZa*Z + Uppk®b*? + Ussl?c*? + 2Uqshla*c* + 2Uyphka*b* +

2Uyshib*c*)].
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Table 3. Selected interatomic distances (d/pm) and angles (<:/°) in the crystal structure of Sc;[Se;Os]s.

Sc1-04 204.7(3) Sc2-011 205.7(3)
Sc1-02 205.1(3) Sc1-01 206.7(3)
Sc1-09 207.9(3) Sc1-06 207.9(3)
Sc1-015 210.9(3) Sc1-05 209.1(3)
Sc1-010 211.8(3) Sc1-012 211.0(3)
Sc1-07 213.3(3) Sc1-014 212.1(3)
Se1-O1 166.1(3) Se2-O4 164.4(3)
Sel-O2 167.0(3) Sel-O5 166.7(3)
Sel-O3 178.9(3) Sel-03 184.6(3)
Se3-06 164.3(3) Sed-09 164.5(3)
Sel-07 167.6(3) Se1-010 165.6(3)
Sel-O8 176.7(3) Se1-O8 181.3(3)
Se5-0O11 165.2(3) Se6-014 165.5(3)
Se1-O12 166.0(3) Se1-O15 166.3(6)
Se1-013 178.7(3) Se1-013 180.6(3)
01-Se1-03 098.52(13) 03-5e2-04 095.05(13)
02-Se1-03 101.80(14) 03-Se2-05 101.58(14)
01-Sel-02 102.67(14) 04-Se2-05 103.23(14)
06-5e3-08 095.50(15) 08-5e4-010 093.04(15)
07-8e3-08 099.83(15) 08-Sed-09 098.24(16)
06-Se3-07 105.18(15) 09-Se4-010 104.03(15)
011-Se5-013 096.13(15) 013-Se6-015 093.44(13)
012-Se5-013 100.96(15) 013-Se6-014 102.13(15)
011-8e5-012 102.11(14) 014-8e6-015 103.96(15)
Sel-03-Se2 121.32(14) Se3-08-Sed 126.31(18)
Se5-013-Se6 127.48(17)

measured Diffractogramm
Reference Sc,[Se,Oxs];
(single crystal data)
Reference Sc,[SeO;],
(single crystal data)
Reference TICl

(single crystal data)

JWMM

T Y"H“T

Figure 1. Measured powder pattern of the title compound (black) with the reference of Sc;[Se;Os]3
(red), Scp[SeOs]3 (green), and TICI (blue) from single crystal data.

relative Intensity

Diffraction Angle (26)
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3. Results and Discussion

The new scandium oxodiselenate(IV) Scp[Se;Osl3 (= ScpSeqO15) crystallizes in the triclinic space
group P1 (no. 2) with the lattice parameters a = 663.71(5) pm, b = 1024.32(7) pm, ¢ = 1057.49(8) pm,
« =81.034(2)°, B = 87.468(2)°, v = 89.237(2)°, and Z = 2 (Table 1). In the crystal structure, two distinct
Sc3* cations exist (Table 2). Both of them are six-fold coordinated by oxygen atoms as [ScOg]°~
octahedra, which belong to six terminally attached [Se,O5]>~ units (Figure 2). The Sc>*-O%~ distances
range in the area of 204 to 212 pm (Table 3). These correlate well with them known from the scandium
oxoselenate(IV) Scp[SeOs]3 (d = 201-220 pm) [3].

Figure 2. Coordination sphere of the two crystallographically distinct Sc3*, which are six-fold
coordinated by oxygen atoms as [ScOg]°~ octahedra ((top left) and (bottom left)). The oxygen atoms
themselves belong to six terminally attached [Se;O5]?~ anions. Symmetry related atoms are shown
with an %(x, y, z) or (—x, —y, —z) and a thermal ellipsoid representation with probability factor of
95% (left).

Moreover, three different complex anionic [Se, 0512~ groups occur in the crystal structure (Figure 3),
showing different dihedral angles between the two (O,0,0)-faces ((01,02,03)-(03,04,05) = 121.2°;
(06,07,08)~(08,09,010) = 146.0°; (011,012,013)—(013,014,015) = 152.2°). The Se**-0?~ distances
are located in an interval from 164 to 167 pm (Table 3), this is slightly smaller than those in
downeyite-type SeO, (d = 171-173 pm) [29]. In contrast, the Se**—(OP)?~ distances are significantly
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longer with 177 to 185 pm. Similar distances were found in the first known lanthanoid(III)
oxoselenate(IV) with [Se;Os5]>~ units, Smy[SeO3][Se2Os]5 (= SmySesOy3, d = 164-184 pm) [24] namely.
The [ScOg]°~ octahedra are interconnected via the terminally grafting [Se,O5]%~ units resulting in
the three-dimensional network of Sc;[Se;Os]3 (Figure 4). The displacements of the Se** cations from
their triangular (O,0,0)-plane are for all three complex anionic [Se;O5]%~ anions very much alike.
These displacements range from 77.3 pm (Sel), 78.3 pm (Se3), 79.4 pm (Se6), 79.5 pm (Se5), 79.7 pm (Se2),
to 82.0 pm (Se4). Also the Se-OP-Se angles are located in a small area with (Se1)—(O3)P—(Se2) = 121.3°,
(Se3)—~(08)P—(Se4) = 126.3°, and (Se5)-(013)P—(Se6) = 127.5°.

Figure 3. Configuration of the three different [Se;O5]?~ groups in the crystal structure of triclinic
Scy[SeyOs]3. These consist of two via vertex interconnected 1p!-tetrahedral [SeO3]?~ subunits with
different tilting angles between their two (O,0,0)-faces. In addition, the cationic coordination sphere
of the [Se;Os]>~ anions is shown (thermal ellipsoid representation with probability factor of 95%).
Note that none of the bridging oxygen atoms (O3, O8, and O13) has a coordinative contacts to the

Sc3* cations.
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Figure 4. All [ScO4]°~ octahedra are interconnected by terminally attached [Se»O5]%~ anions to form
the three-dimensional network of triclinic Sc;[Se;Os]3.

Raman-spectroscopic measurements of Sc;[Se;Os5]3 single crystals show typically modes, known
from free [SeO3]?~ units with ! -tetrahedral shape and ideal C3, symmetry. These modes belong
to two symmetric vibrations with A at 810 and 425 cm~! and E at 740 and 375 cm ™! according to
Siebert [30]. By the influence of the crystal field these bands of the [SeO3]%~ anions split up into
wide areas. The symmetric stretching modes are located in the range of 890-790 cm~! (v;) and
the anti-symmetric stretching modes occur between 760 and 660 cm ™! (v,s). According to these,
also the bending modes have an expanded area with the symmetric bending mode between 510
and 420 em~! (¢) and anti-symmetric bending mode from 410 up to 330 em ™! [30]. The complex
anionic oxodiselenate(IV) units generate one more stretching mode resulted from the slightly longer
Se**—(OP)?~ bond by about 10 to 15 pm expanded. This mode is located between 650 and 550 cm ! [12]
and seems to be specific for [Se;O5]*~ anions (vseop). In the Raman spectrum three signals can be
detected in this area with v = 578, 606 and 632 cm~!. For the symmetric stretching mode (vs) two
signals appear at 901 and 934 cm~ ! and for the anti-symmetric stretching mode (vas) three at 739,
800, and 811 cm~!. In the area of the symmetric bending mode v = 420-550 cm ! (5s) four signals
can be found at 435, 469, 523, and 539 cm 1. At smaller wavenumbers between 208 and 387 cm !,
the anti-symmetric bending modes as well as lattices vibrations are located. Seven signals at 208, 235,
274,292,322, 347, and 387 cm ! become obvious in these areas (Figure 5). For the characterization of
these modes modern articles were used as references [11,18,31-33].
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Figure 5. Single-crystal Raman spectrum of Sc;[Se;Os]3 in the area from 200 to 1000 cm ™. The different
stretching and bending modes of the complex anionic [Se;Os]>~ units are shown.

4. Conclusions

Unlike yttrium, its heavier congener in group III of the periodic table of the elements, scandium
hardly forms compounds suitable as hosts for doping with appropriate lanthanoid(Ill) cations
(e.g., Eu®* or Tb3*) for luminescence materials. Its small ionic radius (r:(Sc3*) = 74.5 pm for
C.N. =6 [34]) and its preference for octahedral coordination figures explain this finding plausibly,
whereas yttrium (r:(Y3*) = 101.9 pm for C.N. = 8 [34]) ranges within the heavy lanthanoid compartment
(Dy®*, Ho>", or Er®") under these circumstances, without being a 4f element. So even with nice
[SeO3]%>~ pyramids as building blocks with a lone-pair of electron at the Se** cations, scandium(III)
oxoselenate(IV) derivatives are unable to host Ln3* cations, as long as they contain only six-fold
coordinated Sc®* cations, e.g., Scz[SeOs]3 [3], Sc202[SeOs] [17,18] and our new example Scy[SeOs 3.
However this changes, whenever the Sc3* cations reside in coordination polyhedra with higher
coordination numbers. In the case of ScF[SeOs] [17,18,35] and ScCl[SeOs] [17,36] with seven-fold
coordinated Sc3* cations in pentagonal bipyramids, Eu3* cations can replace these partially (1-5%),
which leads to red luminescent materials in the case of ScF[SeOs]:Eu®* [17]. The tight [ScO5F,]°~
polyhedra provoke a slight red-shift of the Eu?*-centered luminescence, however, as compared to the
YF[SeO3]:Eu®* example [10] with Eu®* in the eight-fold coordination of [YOgF,]''~ polyhedra.

Supporting Materials: The CIF of the title compound can be downloaded directly with the publication, containing
all crystallographic data.
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Abstract: Selenate(IV) and hydrogen selenate(IV) salts of bulky cations are very interesting
compounds for synthetic and kinetic studies. In this work, bis(triphenylphosphine)iminium ([PNP]*)
chloride has been used, which aims to synthesize the corresponding selenate(IV) salt by an exchange
reaction in the aqueous solution and subsequent crystallization by solvent evaporation. Unexpectedly,
the procedure afforded a solvate form of the [PNP]*[HSeO3]~ salt (1). In this solid phase, which has
a structure that is determined by Single Crystal XRD, the anion tends to maximize the interactions
with itself, although it leaves the cationic moiety to have only weak interactions with the anions and
the solvent molecules. In turn, the latter builds a network of effective hydrogen bonds. This behavior
opposes the general tendency of selenite(IV) and hydrogen selenite(IV) compounds, since these
anions are commonly found to have formed effective hydrogen bonds with surrounding chemical
species. Moreover, as the exchange reaction is non-quantitative, the exceeding traces of the starting
bis(triphenylphosphine)iminium chloride reagent reacted with bis(acetonitrile)dichloropalladium(II)
to form the bis(triphenylphosphine)iminium hexachloropalladate (2). In the solid phase, [PNP]*
causes the absence of strong supramolecular interactions, which highlights the peculiar behavior of
the cation in the crystal packing of its solid phases.

Keywords: hydrogen selenate(IV) compounds; crystal structure; PNP salt; hydrogen bond interactions

1. Introduction

The interest of the scientific community in the structural chemistry of selenite(IV) and tellurate(IV)
has grown significantly in the last decades due to several reasons. First of all, these anions allow the
formation of solid state structures characterized by the presence of cavities, which are mostly in the
form of channels. These cavities are able to house the selenium or tellurium electron pairs and form
open framework structures [1-6]. Moreover, it is known that the presence of pyramidal anions, such as
X032~ (X =S5, Se, Te), can lead to the formation of non-centrosymmetric structures. These materials
can display non-linear optical properties and other interesting properties. such as ferroelectricity
and piezoelectricity [7-12]. In addition, the weak coordinative capability of Se(IV) electron lone
pairs in selenate(IV) anions has been recently suggested to play a crucial role in the formation of
supramolecular interactions, which was observed in the case of the [Pd; 5(113-5e03)10(13-O)19Nal’~
anion [13]. On the other hand, the bis(triphenylphosphine)iminium cation has been used extensively
as the counter ion in synthetic and kinetic studies. In fact, its salts are commonly very soluble and
dissociate well in a number of aprotic solvents [14,15], thus allowing more homogeneous reactions and
facilitating the study of their kinetics [16]. Moreover, the weak polarizability of this cation improves
the crystallization and the consequent isolation of many salts of anions, which would otherwise not be
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possible to obtain. Pursuing our interest in the chemistry of selenite(IV) metal complexes, we decided
to investigate the reactivity of selenate(IV) of a bulky cation, such as bis(triphenylphosphine)iminium,
in order to explore the possibility of using starting materials that are soluble in non-polar solvents.
In fact, the absence of interactions between selenate(IV) anion and solvent molecules would promote
the formation of coordinative interactions between the selenate(IV) anion and a metal ion. Moreover,
the combination of a bulky cation, such as bis(triphenylphosphine)iminium, with the selenate(IV)
anion might enhance the solubility of the selenate(IV) in a non-polar solvent. When in the presence
of a cation, this combination is capable of creating interactions with anions of similar hindrance and
dimensions, such as oxo- chloro- or cyanometallate, to promote the formation of crystalline phases [17].
With this idea in mind, we tried to synthesize the bis(triphenylphosphine)iminium selenate(IV) and
aimed to react it with bis(acetonitrile)dichloropalladium(II).

2. Results and Discussion

Following the procedure reported in a previous study [18], we reacted aqueous solutions of
bis(triphenylphosphine)iminium chloride and sodium selenate(IV) in a 1:5 molar ratio at 70 °C. The
reaction was stirred for 10 min, before being cooled in an ice bath for 1 h. The pale gray microcrystalline
powder subsequently obtained was filtered and washed with water. The powder is soluble at
room temperature in acetone, methanol, ethanol, dimethylsulfide, acetonitrile, dichloromethane
and chloroform. The IR spectrum of the microcrystalline product shows the typical bands of the
bis(triphenylphosphine)iminium ion and two bands at 690 and 728 cm~! due to the presence of Se-O
groups (Figure S1). The SEM analysis conducted on the powder clearly shows the presence of chlorine,
which likely belongs to the unreacted starting reagent (Figure S2). The slow solvent evaporation
of a dichloromethane solution created prismatic colorless crystals suitable for single crystal X-Ray
diffraction, which allowed the structure of this phase to be solved.

2.1. Crystal and Molecular Structure of Bis(triphenylphosphine)iminium Hydrogen Selenate(IV) Solvate (1)

The crystal structure of 1 consists of a bis(triphenylphosphine)iminium cation, a hydrogen
selenate(IV) anion, a dichloromethane and a water molecule. The crystal structures of hydrogen
selenate(IV) of alkali metals or ammonium have been largely reported in the literature [19-21],
while relatively few phases containing hydrogen selenate(IV) and organic nitrogen cations have
been described until now [22-29]. Some relevant features of the structure of 1 are reported in Figure 1.

e .
/ ! b e b

A Vet "‘"J &

a

Figure 1. (I) Asymmetric unit of 1, ball and stick representation; and (II) The chain formed by hydrogen
selenite(IV) anions and water molecules is displayed in ball and stick representation. On the right, the
crystal packing is shown along the crystallographic direction a; and the hydrogen atoms are omitted
for the sake of clarity. This is shown in a capped sticks representation.
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The hydrogen selenate(IV) anions are linked together by strong hydrogen bonds forming dimers
(O---O distance 2.762(2) A, O---H distance 1.964(2) A, O-H---O angle 164.07(2)°). Two water molecules
act as H-bond donors towards two different hydrogen selenate(IV) dimers, bridging them and forming
an infinite chain of hydrogen selenate(IV) anions and water molecules. These develop along the
crystallographic a axis. To the best of our knowledge, this type of arrangement has never been
reported in the literature for hydrogen selenate(IV) anions. Remarkably, the selenium lone pair is
not involved in any recognizable interaction, since the nearest H-bond donor, which is the adjacent
aromatic -CH groups of PNP, are involved in H-bond with the oxygen atoms of the anions. A
dichloromethane molecule is also present in the crystal packing, which is involved in interactions with
another dichloromethane and with a water molecule through the H atoms. [Distance H---CI 2.858(2) A
and distance H---O 2.142(2) A]. As shown in Figure 2, the overall supramolecular network forms a
grid, whose apertures host the bulky cations.

Figure 2. Supramolecular interactions in 1. Hydrogen selenate(IV), dichloromethane and water
molecules form a network of hydrogen bonds along the a and b directions (I, II). This arrangement

forms square shaped apertures, where the [PNP]* cations are allocated (I; only one cation is shown for
the sake of clarity), resulting in layers of cations (III). This is shown in a capped sticks representation.

Considering the structures reported in the Cambridge Crystallographic Data Centre that
are comprised of hydrogen selenate(IV) anions of nitrogen containing cations, usually a strong
network of hydrogen bonds developing in the entire three-dimensional array of the crystal packing
is observed [22-29]. For example, the reported crystal structure of the ammonium hydrogen
selenate(IV) [19], which is the simplest of this type of compounds, is consolidated by a network
of hydrogen bonds, with donor---acceptor distances (N---O(se) and O---O(se)) ranging between 2.80
and 3.07 A. In other more complexes, nitrogen-containing organic cations have been reported, such as
N,N’-dimethylpiperazinium [22], anilinium [23], L-triptophanium [29], 1-carbamoylguanidinium [24],
L-argininium [25], N-N’-diphenylguanidinium [26], cytosinium [27], and several organoammonium
cations described by Lukevics et al. [28]. The stabilization of the crystal packing is achieved again
by forming an extended network of hydrogen bonds of the type O-H::-Osg), or N-H---O(ge). Various
intermolecular hydrogen-bonding motifs, including linear and bifurcated bonds, are present and based
on the O---Ose) and N-+-O(se) separations, these bonds vary in strength from fairly strong to very weak.
Moreover, the directionality of the hydrogen bonds can contribute to the formation of layers or ribbons.
In the crystal structure of 1-carbamoylguanidinium hydrogen selenate(IV) reported in a previous
study [24], strong and short inter-selenate(IV) hydrogen bonds help to fuse molecular layers formed
by the planar 1-carbamoylguanidinium ions into double sheets. In the case of the crystal structure of
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anilinium hydrogen selenate(IV) monohydrate reported in a previous study [23], the crystal packing
consists of alternating layers of anilinium cations and hydrogen selenate(IV) anions interconnected
by N-H---O hydrogen bonds. Water molecules are located within the anionic layers and are involved
in very strong O-H---O intermolecular interactions connecting the hydrogen selenate(IV) anions. On
the contrary, in our case, the bulky bis(triphenylphosphine)iminium cation prevents the formation of
strong intermolecular interactions between the cation and the hydrogen selenate(IV) anion. We found
that the anion prefers to auto-assemble in the form of an infinite chain together with water molecules.

2.2. Reaction of the Crude Product of Bis(triphenylphosphine)iminium Chloride and Sodium Selenate(IV) with
Bis(acetonitrile)dichloropalladium(1l). Identification of Bis(triphenylphosphine)iminium Hexachloropalladate (2)

We know from a previous study [18] that by reacting the aqueous solutions of
bis(triphenylphosphine)iminium chloride with an excess of sodium selenate(IV), the corresponding
bis(triphenylphosphine)iminium selenate(IV) was formed. Therefore, we used the obtained white
homogeneous microcrystalline powder in a reaction with bis(acetonitrile)dichloropalladium(II)
dissolved in dichloromethane, with the aim to investigate the possibility of forming new crystalline
phases containing selenate(IV) anions and bis(acetonitrile)palladium(Il) cations. After stirring the
reaction mixture for one hour at room temperature, the solvent was left to evaporate and red single
crystals have grown. One of them was analyzed by X-Ray diffraction and the crystal structure revealed
that bis(triphenylphosphine)iminium hexachloropalladate (2) was formed.

The compound is isostructural with the analogous bis(triphenylphosphine)iminium
hexachlorocuprate [30]. The geometrical parameters of the bis(triphenylphosphine)iminium cation
is consistent with those observed in the literature. Considering the crystal packing of the
compound, the multiple pairs of approximately parallel phenyl rings are present and the
bis(triphenylphosphine)iminium cations weakly interact through multiple C-H---C7 interactions,
which has C---C distances of 3.538(2)-3.757(2) A. Moreover, six bis(triphenylphosphine)iminium cations
surround a [Pd,Clg]?~ anion through C-H---Cl weak interactions [H---Cl distances of 2.736(2)-3.039(2)
A], which is shown in Figure 3. Once again, the bulky cation prevents the formation of strong
interactions between itself and the anionic complex.

Figure 3. Crystal packing of 2 showing the six cationic molecules (capped sticks representation depicted
in gray for clarity) that surrounds the hexachloropalladate anion.
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In the crystal packing of the compound viewed along the crystallographic a axis (Figure 4), it is
evident that the cations and hexachloropalladate anions tend to pile one over the other, forming infinite
pillars of cations and anions.

Figure 4. Crystal packing of 2 along the crystallographic axis a, highlighting the isolation of the
chloro-anions (in ball and stick representation) by means of bis(triphenylphosphine)iminium cations
(in capped sticks representation).

2.3. Crystal and Molecular Structure of a Novel Phase of Bis(triphenylphosphine)iminium Chloride
Bihydrate (3)

In order to better investigate the nature of the microcrystalline powder obtained by reacting
bis(triphenylphosphine)iminium chloride with an excess of sodium selenate(IV), a dichloromethane
solution of the crude product was left to evaporate, creating two crystal phases with slightly different
morphologies. The first type was the bis(triphenylphosphine)iminium hydrogen selenate(IV) solvate
described above, while the second one was unambiguously identified as an unreported hydrated phase
of bis(triphenylphosphine)iminium chloride (3). Several bis(triphenylphosphine)iminium chloride
structures containing solvate molecules have been determined [31] and in our case, the principal
geometrical parameters of the cations are in the expected range for similar bond distances and
angles reported in the literature. On the other hand, we want to comment on the crystal packing
of the bihydrated bis(triphenylphosphine)iminium chloride, highlighting once again the fact that
the bulky bis(triphenylphosphine)iminium cations prevent the formation of strong intermolecular
interactions between the cationic and the anionic parts of the compound. In fact, as shown
in Figure 5, two water molecules and a chlorine atom are connected by hydrogen bonds and
four bis(triphenylphosphine)iminium cations surround this aggregate, which interact by means of
hydrogen bonds.
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Figure 5. Crystal packing of 3, showing the formation of hydrogen bonds between water molecules
and chlorine atoms. This is shown in a capped sticks representation.

3. Conclusions

The synthesis of the bis(triphenylphosphine)iminium selenate(IV) is not easily predicted in a
previous study [18], leading to the formation of the corresponding hydrogen selenate(IV) salt (1),
which is shown by X-ray diffraction analysis. Moreover, the reaction does not fully complete, leaving
traces of bis(triphenylphosphine)iminium chloride in the reaction mixture, although the exchange
reaction has been carried out in the presence of an excess of sodium selenate(IV). The presence of
chloride anions in the reaction mixture together with the scarce coordination ability of the acetonitrile
ligands and the high stability of hexachloropalladate anion caused the formation of compound 2,
whose identity has been unequivocally confirmed by X-ray diffraction analysis. Further efforts aiming
to purify the reaction mixture are needed to obtain a 100% yield of 1. We observed that dissimilar to
other ionic selenate(IV) and hydrogen selenate(IV) compounds reported in the CCDC (Cambridge
Crystallographic Data Center), the anion does not interact with the bulky cation in the crystal packing
of 1, preferring to build 2D networks of hydrogen selenate(IV) and solvent molecules. A comparison
between the crystal packing of the compound and the structural motifs reported in literature involving
hydrogen selenate(IV) of organic nitrogen containing cations confirms that the presence of the bulky
bis(triphenylphosphine)iminium cation prevents the formation of hydrogen bond interactions with the
anionic part of the compounds. This behavior has also been shown in the case of the crystal structure
of 2, in which the cations and hexachloropalladate anions tend to pile one over the other, forming
infinite pillars of cations and anions without any appreciable strong interactions between them.

4. Materials and Methods

4.1. General Remarks

All the preparations were carried out at room temperature in the presence of air.
Bis(triphenylphosphine)iminium chloride, sodium selenate(IV), bis(acetonitrile)dichloropalladium(II)
and solvents of acetone, methanol, ethanol, dimethylsulfide, acetonitrile, dichloromethane and
chloroform were purchased and used as received (Merck KGaA, Darmstadt, Germany). FTIR spectra
(4000-400 cm 1) were recorded on a Nicolet Nexus spectrophotometer equipped with a Smart Orbit
HATR accessory (diamond). SEM analysis was taken by a Scanning Electron Microscope (SEM) Jeol
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6400 with Energy Dispersive System (EDS) Oxford INCA (15-20 kV, 1.2 nA, electronic beam diameter
of 1 mm, acquisition time of 60 s).

4.1.1. Preparation of 1

A water solution (10 mL) of NaySeOs5 (0.7635 g, 4.35 mmol) was added to a water solution
(15 mL) containing PNPCI (0.5002 g, 0.87 mol) at 70 °C. The colorless solution was stirred at the same
temperature for 10 min. After this, the solution was cooled at 0 °C using an ice bath for one hour.
The white precipitate formed was filtered on a Buchner and washed with water. The microcrystalline
solid is soluble in acetone, methanol, ethanol, dimethylsulfide, acetonitrile, dichloromethane and
chloroform. This crystallizes by slow evaporation when dissolved again in dichloromethane, forming
a small amount of colorless crystals suitable for X-ray analysis together with very few morphologically
different ones, which were subsequently identified as hydrated PNPCl salts (see Section 2). The FTIR of
the identified bis(triphenylphosphine)iminium hydrogen selenate(IV) (Diamond crystal HATR, cm 1)
was atv of 498 cm 1,531 em 1, 690 em ™1, 728 em ™1, 1002 em ™!, 1117 em ™1, 1227 em ™, 1265 em ™},
1441 cm ™! and 3057 cm !

4.1.2. Preparation of 2

A dichloromethane solution (5 mL) containing 0.078 g of bis(acetonitrile)dichloropalladium(II)
was added dropwise to 10 mL of a dichloromethane solution, which contained 0.204 g of the white
microcrystalline powder that was prepared according to Section 4.1.1. The solution is stirred at room
temperature for 1 h and the color changed to deep red. Under slow evaporation of the solvent, several
red crystals are formed and analyzed by X-ray diffraction methods.

4.2. X-ray Data Collection, Structure Solution, and Refinement

The intensity data of the three compounds were collected at room temperature on a Bruker APEX
I single crystal diffractometer [32,33] equipped with an area detector using a graphite monochromated
Mo K« radiation (A = 0.71073 A). Crystallographic and experimental details of the reported structures
are summarized in Table 1. The structures were solved by direct methods and refined by full-matrix
least-squares procedures (based on Fo?) using SHELXL-2014/7 [34]. This is first conducted with
isotropic thermal parameters, before using anisotropic thermal parameters in the last cycles of
refinement for all the non-hydrogen atoms. The hydrogen atoms were introduced into the geometrically
calculated positions and refined depending on the corresponding parent atoms, except for the hydrogen
atoms of the water molecules in 1 and in 3. CCDC 1829597, 1829598 and 1829599 contain the
supplementary crystallographic data for this paper. These data can be obtained free of charge via
http:/ /www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: +44-1223-336-033; E-mail: deposit@ccdc.cam.ac.uk).
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Table 1. Summary of crystallographic data for 1, 2 and 3.

[PNP][HSeO3]-H,0-CH,Cl, 1 [PNP],[Pd,Clg] 2 [PNPICI-2H,0 3
Formula C37 H35 CI12 N O4 P2 Se C7HgoNoP4Pd,Clg C3H34CINO, P,
FW 769.46 1502.6 610.03
crystal system monoclinic monoclinic monoclinic
space group P2y/c P2y/c P2y /c
0, A 10.8664(11) 9.1894(4) 10.6243(9)
b A 12.6743(13) 22.3661(10) 12.6404(11)
o A 26.029(3) 16.2595(7) 23.595(2)
B, deg 95.727(2) 103.657(1) 101.558(2)
v, A3 3567.0(6) 3247.4(2) 3104.4(5)
Z 4 2 4
Dealed, g cm ™2 1.433 1.537 1.305
F(000) 1576.0 1520.0 1280.0
p,em ™! 1.333 0.944 0.260
rflns collected 34915 50951 49398
rflns unique 5605 9552 9461
rflns observed [I>20(I)] 4326 [Rint = 0.0335] 7832 [Rint = 0.0334] 6719 [Rint = 0.0435]
Parameters 428 388 385

R indices [I>20(1)]

R1=0.0963; wR2 = 0.3612
R1=0.1141; wR2 = 0.3953

R1=0.0319; wR2 = 0.0817
R1 =0.0425; wR2 = 0.0867

R1=0.0652; wR2 = 0.1825
R1=0.0918; wR2 = 0.2039

R indices (all data)

Rl=Y11Fo|—IFcl | /¥ IFo | wR2 = [LIw(Fo2—F2)2] /L [w(Fo2)]l.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4352/8/4/151/s1,
Figure S1: IR pattern of bis(triphenylphosphine)iminium hydrogen selenite, Figure 52: SEM analysis on the
microcrystalline powder obtained by reaction between bis(triphenylphosphine)iminium chloride and sodium
selenite in 1:5 molar ratio.
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Abstract: Hydroxyapatites (HAs), as materials with a similar structure to bone minerals, play a key
role in biomaterials engineering. They have been applied as bone substitute materials and as coatings
for metallic implants, which facilitates their osseointegration. One of the beneficial characteristics
of HA, when used to create biocompatible materials with improved physicochemical or biological
properties, is its capacity for ionic substitution. The aim of the study was to present the current state
of knowledge about HAs containing selenate ions IV or VI. The enrichment of HAs with selenium
aims to create a material with advantageous effects on bone tissue metabolism, as well as having
anticancer and antibacterial activity. The work is devoted to both methods of obtaining Se-HA and
an evaluation of its chemical structure and physicochemical properties. In addition, the biological
activity of such materials in vitro and in vivo is discussed.

Keywords: hydroxyapatite; ionic substitution; selenium; selenite; selenite; physicochemical
properties; biomaterials; bioceramics

1. Introduction

Calcium hydroxyapatite (HA), with the general formula Ca;((PO4)s(OH),, belongs to the group
of crystalline calcium phosphates [1]. Until recently, it was considered to be the main inorganic
component of bone tissue and mineralized dental tissues. However, it turned out that biological apatite
is characterized by a more complex composition; nevertheless, synthetic HA has been used as a bone
replacement in orthopaedics, implantology, regenerative medicine, and dental surgery [2].

Hydroxyapatite is characterized by its high biocompatibility with bone tissue and its complete
non-toxicity. Importantly, it has osteoconductive properties, stimulating bone tissue to grow. Therefore,
HA is one of the basic materials used to cover metallic periosteal implants [2,3]. It is also used to
create bone substitute materials and implants; however, its fragility limits its application only to areas
with low mechanical stresses. In turn, one of the beneficial features of HA-based materials is their
porosity, which depends, inter alia, on the method of synthesis and preparation. This feature is used in
the development of bone drug delivery systems [4].

This work focuses on synthetic HA modified with selenium ions IV and VI. Our aim was
to present the current state of knowledge on selenium’s effect on the structure of HA and on its
biological properties.

1.1. Hydroxyapatite-Structure and Function

Pure, stoichiometric HA crystallizes in a monoclinic system, space group P2; /b [5]. However,
it is worth mentioning that HA like this is rare and very difficult to obtain by synthesis.

Crystals 2018, 8,188; doi:10.3390/ cryst8050188 47 www.mdpi.com/journal/crystals
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The most common type of HA is the type that crystallizes in the hexagonal system, space
group P6/3m [5]. The crystallographic structure is well known and has been described in many
articles [6,7]. In short, hydroxyl ions are located in the corners of the rhomboidal cell base (Figure 1).
Six calcium ions are associated with hydroxyl groups from the unit cell corners. These calcium atoms
(denoted in the literature as Ca(2)) form equilateral triangles situated perpendicularly to the “c”
axis, and moved away from each other by 60°. The remaining four calcium atoms are arranged in
two separate columns along the “c” axis. They are surrounded by six oxygen atoms derived from
phosphate ions. Phosphorus atoms surrounded by four oxygen atoms occupy most of the space
between the calcium ions, creating almost regular tetrahedrons. The parameters of the crystal lattice
are as follows: a = b =9.432, c = 6.881 A, v =120° [5,6].

Figure 1. Crystallographic structure of HA.

The characteristic feature of HA is its susceptibility to ion substitutions, both in place of anions
and cations, in the crystal lattice [7]. Certainly, ion exchange affects the size of the unit cell, the lattice
parameters and, thus, the size of the crystallites. It also affects the physicochemical properties of HA,
such as its solubility, thermal stability, surface area. Additionally, it is very important that “foreign
ions” introduced into the HA structure can provide new biological properties. For example, silicate
ions (Si04*~) stimulate the proliferation of osteoblasts, thus improving the bioactivity of HA [8]. Silver
ions have a strong bactericidal effect on most Gram(—) and Gram(+) strains, which can be used in
the production of biomaterials with additional antibacterial properties [9].

1.2. The Role of Selenium in Human Organisms

Selenium is one of the essential microelements determining the proper functioning of the human
body. The characteristic feature of selenium is its narrow therapeutic window—there is a very
small difference between a concentration having a beneficial effect on the human body and one
at which toxic activity is exhibited [10]. Selenium exhibits antioxidant properties and protects
the body against free radicals and carcinogens. It contributes towards many biochemical processes
as an important component of the 25 known selenoenzymes, e.g., glutathione peroxidase or
iodothyronine deiodinase [11-13]. To date, there have been reports on the positive effects of selenium on
cardiovascular diseases, cancers, the thyroid, the brain, reproduction, bone tissue, and viral infections,
as well as on the immune system (Figure 2).
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Figure 2. The health benefits of selenium.

Selenium also has immunostimulatory properties. It has been demonstrated that it increases
the proliferation of activated T lymphocytes, increases the cytotoxicity of cancer cells, and also activates
NK cells. The possible mechanism of the immunostimulatory action of selenium involves an increase
in the expression of interleukin 2 receptors, which induces the proliferation of T lymphocytes [14,15].
It was proven in studies on mice that those on a diet rich in selenium showed an increased expression
of interleukin 2, which was accompanied by a strengthened signal from T lymphocytes [16].

It was proven that selenium deficiency affects the development of epileptic seizures, and
Parkinson’s disease, as well as leading to coordination problems and a decline in cognitive skills [17,18].
Selenium also has a significant effect on male fertility [19,20]. It participates in the biosynthesis of
testosterone, as well as in the formation and development of spermatozoa [19].

The thyroid is the organ containing the highest concentration of selenium. As mentioned, selenium
is a component of selenoenzymes—for example, deiodinase, which is involved in the production
of active thyroid hormones—and triiodothyronine from an inactive precursor, thyroxine. Moreover,
selenium in the form of glutathione peroxidase protects the thyroid cells against hydrogen peroxide,
which is formed as a result of the synthesis of thyroid hormones. An excess of this compound could
cause the destruction and fibrosis of the gland [13,21,22].

Studies have indicated that low blood levels of selenium are also associated with
myocardial infarction incidents and an increased risk of death due to cardiovascular diseases.
Selenoproteins prevent the oxidative modification of lipids, inhibit platelet aggregation, and inhibit
inflammation [21,23].  Therefore, selenium, through glutathione peroxidase, helps to protect
the endothelial cells of blood vessels from the deposition of oxidized low-density lipoproteins arising
from the oxidation of phospholipids and cholesterol esters. Therefore, it prevents atherosclerosis and
its consequences [24-26].

The development of cancers is mediated by, inter alia, oxidative stress, as well as impaired
bodily protective functions [13,27]. In recent years, scientists have been conducting intensive
research on the effect of selenium on the reduction of colon, lung, liver, thyroid, and prostate cancer.
Czeczot et al. [27] found a decrease in the activity of glutathione peroxidase in hepatic liver tissue
when compared to healthy tissue. This weaker level of enzyme activity may result in enhanced lipid
peroxidation and an increase in the number of final peroxidation products, such as malonic aldehyde
(MDA). Increased MDA levels were observed in tumour tissue. The studies prove that there may
be many mechanisms by which selenium inhibits carcinogenesis and improves the effectiveness of

49



Crystals 2018, 8, 188

cytostatic drugs, as well as reasons why the relationship between selenium dose and tumour growth is
not linear [24,28].

Selenium is also essential for the proper functioning of bone tissue. It has been proven that
selenium deficiencies may delay growth and affect the metabolism of bone tissue [29]. The mechanism
of these processes is associated with the function of selenoproteins, of which at least nine are
expressed in human foetal osteoblasts. Their expression seems to protect bones from oxidative
stress, which is important in the regulation of inflammation and the differentiation of bone cells.
An excessive level of intracellular reactive oxygen species (ROS) may contribute to the development
of osteoporosis by inhibiting the differentiation of osteoblasts in bone marrow stromal cells [30,31].
It was found that the concentration of selenium in plasma is inversely proportional to the rate of
bone tissue turnover and positively correlated with the incidence of low bone mineral density in
healthy postmenopausal women [32]. Selenium may play an important role in cells, especially
at doses higher than those required for the maximal expression of selenoproteins. It can induce
cell-cycle inhibition, apoptosis, immune function or the prevention of bone resorption through
the inactivation of osteoclasts. These processes can provide potential protection against rheumatoid
arthritis, osteoarthritis, or osteoporosis [31].

2. Synthesis of Hydroxyapatites Doped with Selenite and Selenate Ions

HA doped with selenium ions can be obtained in two ways: through synthesis, during which
ions are incorporated into the HA structure [33-47], or by ion exchange, where soaking in a selenium
salt solution results in the exchange of ions in the HA structure [47].

Theoretically, there are two positions in the unit cell of the HA crystal in which it is possible to
incorporate selenite (SeO327) or selenate (SeO42 ™) ions: into the structural channels of OH groups along
the c-axis or in the orthophosphate site [29]. SeO4%~ ions have a structure geometrically similar to
the PO,43~ ion, although they are much larger and measure 249 pm in diameter compared to the diameter
of 238 pm of the PO,3~ ion [42,43,48]. SeO32~ ions have a similar diameter to that of PO,3~ ions,
measuring 239 pm; however, they differ in their geometric arrangement and have a flat trigonal pyramid
structure [43,48,49] (see Figure 3). Looking at the size of SeO32~ and SeO42~ ions, their incorporation
into the structure of HA is possible, but, as shown in the model diagram by Kolmas et al., only in place
of phosphate ions [40]. Moreover, the authors noticed that, in the case of PO43’ ion substitution with
SeO3%~ or SeO4%~ ions, we substitute a triple charge ion with a double charge ion which, in turn, leads to
the simultaneous removal of Ca?* and OH™ ions according to Equation (1) [43]:

Cayo(PO4)6(OH), + x5e0n%~ — Cajo_r(POy)g_x (5eOn)x(OH)o_y + xPO,>~ + xCa®* + xOH™ (1)

where x is the content of selenium oxyanions, and n may be 3 or 4 depending on whether a selenite or
selenate ion has been substituted.

Studies on the adsorption of selenium ions to the surface of HA crystals have examined both
the adsorption of selenite and selenate ions [50-52]. These studies have confirmed that these ions are
incorporated in the place of phosphate groups, but it was surprising that SeO32~ or SeO,2~ ions do
not stay on the surface, but diffuse into the interior to a depth of a few nanometres [51]. Moreover,
the sorption capacity of the selenite ions was significantly higher than that of selenate ions [52].

During Se-HA synthesis, selenium-doped HA was most frequently obtained (both in the form of
Se032~ and SeO4%™) using the wet method with a co-precipitation reaction.

The obtained powders contained various amounts of selenium [33—47], most often up to 10% by
weight [33,36,37,40,41,43,44,46]. It should be noted that the reaction efficiency was often lower than
100% [33,36,40,41,43,44,46]. Ma et al. obtained a SeO3-HA series starting from a small concentration of
3% of Se-substituted phosphate ions up to the almost full replacement of P ions with Se ions using
a molar ratio of Se:P at 100:1 during the synthesis [45].
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It is worth noting that the SeO3-HA obtained in the studies [34,38,39] was used to prepare
biocomposites containing silk fibres [34] or lysozyme [39]. It was possible to incorporate between 6
and 30% of selenium ions relative to phosphorus ions into such materials.

Zhang et al. [42] slightly modified the wet method. The precipitated crystals were treated
hydrothermally for 36 h at 160 °C. By so doing, selenium ions were incorporated in a molar ratio of
Se:P ranging from 0.001 to 0.421 [42]. The solvothermal method of heating for 10 h at 120 °C was also
applied by Sun et al. [35]. The reaction was carried out in a Teflon-lined reactor with the addition of
PEG 20000 and oleic acid in substrate proportions that allowed a series of samples to be obtained that
contained between 0% and 55% of phosphate ions replaced with selenite ions [35].

A B

Figure 3. Tetrahedral (A) and trigonal pyramid (B) arrangements of phosphate and selenite (A) and
selenite (B) ions.

In the studies [33,37,40], a dispersion agent was used in the wet method in the form of either
sodium polyacrylate [37,40] or PEG [33]. In turn, the post-precipitation method, in which the surface
phosphate groups are exchanged with selenium ions, was used by Uskokovic et al. [47]. They immersed
previously precipitated HA crystals in a sodium selenite solution (pH ~10) while maintaining the solid
phase content within the range of 10-40% w/w for a period of 48 h. In this way, a maximum of 0.36%
by weight of selenium was incorporated into the hydroxyapatite structure [47].

In the case of surface HA coating, the PLD (pulsed laser deposition) application of powders,
consisting of a mixture of HA and selenium powder, is used [53,54]. In such coatings made on titanium
or silicon, the plan was to incorporate up to 2.7% of selenium [53,54]. The apatite material was applied
using the PLD method under reduced pressure in a steam atmosphere, heating the carrier up to 460 °C
using a laser with a wavelength of 193 nm [53,54].

HA coatings can also be obtained by soaking carried out in a simulated body fluid (SBF) doped
with selenate ions [55].

3. Physicochemical Examination of Hydroxyapatites Doped with Selenate and Selenite Ions

In order to confirm the HA structure during the incorporation of selenium ions, the samples
were analysed using powder diffractometry (PXRD). Based on the resulting diffractograms, the size
of the obtained crystallites, the crystallinity, as well as the size of the unit cell of the obtained crystals,
were also calculated. The morphology of the obtained crystals can be described using images taken
via transmission and scanning electron microscopy (TEM and SEM). In order to confirm the incorporation
of Se032~ and SeO,%~ ions into the HA structure, spectra were performed by using medium-infrared
spectroscopy, Raman spectroscopy, and nuclear magnetic resonance imaging. Elemental analysis of
the samples was performed using energy-dispersive X-ray spectroscopy (EDS), X-ray fluorescence
spectroscopy (XRF) and X-ray photoelectron spectroscopy (XPS), as well as the titration method.
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3.1. Powder Diffractometry (PXRD)

In each of the discussed studies, it was confirmed, based on a comparison of the obtained
results with a reference sample containing no selenium ions and/or with a model HA diffractogram
originating from ICDD and JCPDS databases, that monophasic material was obtained with a preserved
P63/m crystallographic system characteristic of HA.

In the study [43], diffractograms obtained for samples doped with selenate and selenite ions
were compared with a diffractogram of standard HA and it was shown that the former have weakly
separated wide reflections and that some of them are too wide to be distinguishable. Based on
the Scherrer equation, the crystal dimensions were estimated using the reflexes (002) and (130/310)
along the c and a axis, respectively. It was found that, after the introduction of selenite and selenate
ions, the size of the crystals was similar to the size of crystals of biological apatites in bone tissue [43].
However, a decrease in the size of crystallites in comparison to pure HA was observed in the study [36],
with dimensions of below 10 nm. The crystallinity of the obtained HA was highest for pure HA and
lowest for SeO3-HA [41].

The powder diffraction method was also used in [34,37-39,44,46] to confirm the obtaining of
monophasic HA material. The widening of reflections was observed as selenite concentration increased,
which indicates a decrease in the size of crystallites, as well as a decrease in crystallinity [34,38].
The sizes of the SeO3-HA crystallites, calculated using the same method as in [46], are approximately
20 nm and are not much smaller than in pure, unsubstituted HA. A decrease in crystallite size along
the ¢ axis with an increase in Se concentration was also observed in the HA-lysozyme composites [39].

Ma et al. [45] attempted the almost total exchange of phosphate ions for selenite. Based on
a comparison with the reference diffractogram, the behaviour of the hydroxyapatite monophase
was determined to be highest at an Se:P ratio of below 10 [45]. At higher concentrations, reflections
characteristic of calcium selenite were observed [45]. In the samples in which the HA structure was
preserved, the lines were significantly widened.

Similar results were achieved by Wei et al. [33]. They observed the reflections from the HA phase
on the diffractogram in samples with a molar Se:P ratio of a maximum of 0.3 (Figure 4). In samples with
a Se:P value > 1, reflections from calcium selenite were observed. The paper also describes samples
that were heated at a temperature range from 700 to 1200 °C, which resulted in the sharpening of
reflections, proving that the crystallinity of samples increased. In some samples heated at temperatures
between 1100 and 1200 °C, the occurrence of the 3-TCP phase was noticed [33].

Zhang et al. also confirmed the production of SeO3-HA in all samples using the PXRD method.
The calculated crystallite size decreased from 45.3 to 17.4 nm [42]. As in other studies, it was noticed
that the reflections became wider with increasing selenium concentrations. The results obtained with
the PXRD method were additionally confirmed by the SAED electron diffraction method [42].

Samples of SeO3-HA obtained by the solvothermal method, with 15-40% of the phosphate ions
being exchanged for selenite, have reflections typical of HA [35]. In the sample with 55% P exchanged
for Se, additional reflections were noted from the calcium selenite [35].

Uskokovic et al. [47] confirmed the achievement of a monophasic hydroxyapatite material for
samples with concentrations of SeO3>~ ions ranging from 0.1% to 1.9%. However, the sample with
SeO32~ concentration of 3% additionally contained reflections from the calcium pyrophosphate phase
(B-CayP,07), which became visible only after calcination at 800 °C. The widening of reflections
with increased SeO3%~ ion content was also noticed [47]. The authors suggest that the decrease in
crystallinity with an increase in the content of selenium ions is caused by an uneven dissolution rate in
various environments. In an acidic environment, much more Ca?* ions than PO43’ ones are released,
while in an alkaline environment, this mechanism is reversed. However, during the formation of
HA, the first stage is the creation of a phosphate-based lattice with incorporated calcium ions, and
this process is promoted by a higher concentration of phosphate ions. In turn, the replacement of
some of phosphate ions with selenium ions during synthesis reduces the concentration of PO,3~
ions, which causes the disturbance of the structure growth and as a result, the macro structure
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is disturbed (long-range order). In addition, this may hinder recrystallization, as a result of
which the amorphous particles change into larger crystalline structures. The result of this is that
the transformation and preservation of the amorphous structure is inhibited. The authors see another
possible cause of structural disruption, i.e., only a few double-charged SeO32~ ions are incorporated
into the crystal structure.
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Figure 4. XRD patterns of the pure HA and Se-HA samples with different Se/P ratios: (a) HA; (b)
Se/P =0.05; (c) Se/P = 0.08; (d) Se/P = 0.1; (e) Se/P = 0.3; (f) Se/P = 0.5; (g) Se/P = 1; (h) Se/P = 3; and
(i) Se/P = 5. Reprinted from [33] with permission from Elsevier.

Based on the above-described diffractograms, the crystallite size for samples obtained by both
co-precipitated and post-precipitated methods [47]. In both types of samples, the incorporation of
selenite ions causes a decrease in the size of crystallites, but this is not correlated with the content of
these ions in the sample [47].

Coatings obtained by soaking in SBF were analysed using the PXRD method and they were then
compared with the reference HA diffractogram [55]. The reflections for the obtained HA and SeO4-HA
coatings are typical of amorphous HA; they have wide lines with a position characteristic of the HA
phase. Since the width of the reflections on the diffractogram of the SeO4-HA coating does not differ
from the reflections of the HA coating, the authors claim that both materials have a similar crystallinity.

3.2. Examinations Using Electron Microscopy Methods (SEM, TEM)

Electron microscopy is a frequently used method when analysing materials with a crystalline
structure, since it allows for an evaluation of the morphology and size of the crystals. The materials
obtained in [36,43] had plate-shaped nanometre crystals; their dimensions did not exceed 10 nm
in width and 30 nm in length [43]. The crystals were characterized by a strong tendency to form
dense agglomerates. In turn, Wang et al. obtained crystallites similar in shape to needles during
the synthesis of SeO3-HA, through the linear aggregation of single crystallites [38]. The dimensions of
such nanoparticles were determined, based on TEM images, to be 20-30 nm in width and 150-200 nm
in length [38,44,46]. Examinations of the size of nanoparticles using the dynamic light scattering (DLS)
method indicated that there was a minimal increase in particle size in samples containing selenium
ions, that it caused by a high tendency to agglomerate [38,56].

In the study [37], the synthesis method was modified by adding a dispersant, which enabled
the formation of needle-shaped crystals with dimensions of below 100 nm, as confirmed by DLS and
TEM measurements.
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TEM and SEM images of a composite based on SeO3-HA and silk fibres showed that in the samples
without selenite ions, the crystals agglomerated as polycrystalline bamboo-shaped needle bundles [34],
while the sample containing 6% selenium also contained needle-shaped crystals; however, they
were more clustered and proteins derived from silk fibres covered the surface of the polycrystal like
a thin film. For samples with higher concentrations of selenium, a related ribbon structure with
the appearance of a large grid was observed [34]. Structural disorders were also noticed in the form of
separated large crystals. Simultaneous SEM images confirmed that silk fibres covered the surface of
polycrystalline HA, forming a porous grid structure [34].

In contrast, HA-lysozyme composites [39] obtained by Wang et al. had narrow, sharp needles
which tended to agglomerate; the dimensions, measured based on TEM images, were 10-25 nm in
width and 120-150 nm in length.

Photographs taken using the field emission scanning electron microscopy (FE-SEM) method show
the very irregular surfaces of composites that can be formed during the drying process, when the water
molecules evaporate from the loosely adhesive interface. Images taken with this method also indicate
the agglomeration of nanocomplexes.

Needle crystals were obtained in the study [40]. It was also observed that an increase in selenium
content increased the size of the crystals and intensified their agglomeration [40].

The shape of the 150-200 nm long needles was recorded in TEM images by Wei et al. [33].
The authors compared samples with the Se:P molar ratios of 0.3 and 0.5, and noticed that an amorphous
fraction appeared on the surface of crystals in a sample with a higher selenium content, which was
confirmed by results obtained using the PXRD method.

Zhang et al. obtained rod-like crystals using the hydrothermal method, and based on SEM and
TEM images, their length and width were measured to be 50 and 12 nm, respectively [42].

However, the use of the solvothermal method resulted in rod-like nanoparticles with dimensions
of 8 to 150 nm [35]. Low concentrations of selenium (up to 15%) exchanged with P caused the rods to
narrow and the ends to tighten, while an increase in the content of incorporated selenium to 40% caused
a change in shape, where the rods transformed into needles of up to 100 nm in length. The authors
of the study [35] also verified that the reaction temperature had an influence on the morphology
of the nanoparticles. After reducing the reaction temperature to 100 °C, the obtained nanoparticles
were shaped like rods. On the other hand, gradually raising the temperature to 200 °C resulted in
the particles maintaining their length but gradually becoming narrower.

Uskokovic et al. compared images of pure HA and SeO3-HA recorded using the TEM method,
and noted that pure HA is composed of two types of crystals with particles of approximately 5 nm
and elongated crystals with dimensions of 10-15 nm x 50-100 nm [47]. The coexistence of the two
forms is indicative of aggregative crystal growth and is the result of the tendency to grow mainly
along the c axis of the crystal. In contrast, SeO3-HA obtained using the wet method had homogeneous
grains measuring 20-50 nm in diameter. This is probably due to the fact that SeO3%~
the aggregation of small particles into more crystalline needles, which causes the resulting SeO3-HA to
be less crystalline than pure HA.

The HA and SeO3-HA coatings obtained by the PLD method on Ti and Si materials were analysed
by SEM [54]. The researchers described the surface morphology as being typical of HA, consisting of
spherically shaped aggregates; moreover, the similarity of the HA and SeO3-HA coatings indicated
a similar mechanism of formation by globular groupings.

Coatings deposited using SBF doped with selenium ions were analysed based on field emission
FE-SEM images [55]. The researchers noticed the first calcium phosphate compounds after four days.
It turned out that, after 14 days of soaking, the whole surface was covered with semicircular compact
SeO4-HA with a homogeneous morphology. When comparing the coatings, the authors noticed that
their thickness increased with longer soaking times, and that the coating based on Se-doped SBF was
more homogeneous [55].

ions block
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3.3. Examinations Using Mid-Infrared Spectroscopy (FT-IR)

HA samples doped with selenium were analysed using mid-infrared spectroscopy in the range of
4000-400 cm ! [36,38,43,45,46]. Based on the reference spectrum of hydroxyapatite, the occurrence of
HA-specific bands was confirmed (see Table 1). Additionally, Kolmas et al. [36,43] recorded two bands
at 767 cm~! and 840 cm ™! on mid-infrared spectra for HA doped with SeO32~ ions, the intensity of
which increased with the content of selenite ions (Figure 5). These bands were assigned to symmetrical
and asymmetrical vibrations of the Se-O bond of selenite ions in HA crystals. In turn, a band at
approximately 505 cm~! was attributed to bending vibrations [43]. For the HA doped with selenate
ions, an additional band at 910 cm~! was recorded that was not observed on the pure HA spectrum,
which was attributed to the Se-O stretching vibrations of the SeO4%~ group. Based on the location
of these bands, the authors confirmed that selenite and selenate ions had become incorporated into
the structure of HA crystals.

Table 1. Main FT-IR bands of HA [36,38,43,45,46].

Bands (Wavenumber cm 1) Assignment
3700-2500 v3 and vj stretching modes of hydrogen-bonded H;O molecules
3570 stretching modes of structural hydroxyl groups
1630-1640 Bending modes of hydrogen-bonded H,O molecules
1200-900 v3 and vq of PO4%~
605-500 vy PO~
475-470 v2 PO~
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Figure 5. The FT-IR transmission spectra of the studied selenite-doped HA (HA-xSeOj3) and HA
undoped. Reprinted from [43] with permission from Elsevier.

Wang et al. [46] recorded signals assigned to the phosphate and hydroxyl groups in the spectra,
confirming that they were receiving SeO3-HA. The authors distinguished 1460 and 1420 cm~! signals,
indicating the presence of carbonates in the samples. Moreover, the signal at 784 cm~! confirmed
the incorporation of the SeO32~ ions, while the 874 cm~! signal was assigned to selenite and carbonate
ions. All bands derived from selenite and carbonate ions increased as the Se:P concentration increased.
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In [38], the same bands were observed, but attention was paid to the significant reduction of the bands
from the hydroxyl groups at 3570 and 630 cm ! when compared with the pure HA spectrum.

Ma et al. [45] noted that, as the selenium ion content increased, there was a reduction in
the strong bands attributed to the symmetrical and antisymmetric vibrations of the P-O bond in
the 1200~900 cm ! range, as well as in the bands of asymmetrical bending vibrations of the O-P-O
bonds (bands at 604 and 567 cm~'). They also noticed that, despite the incorporation of selenite
ions, bands derived from phosphate groups were unaffected. However, the position of both
the stretching and bending bands was obviously unaffected by the selenite substitutions. Similarly,
when the Se:P ratio increased, the content of B-type carbonates decreased (bands at 1456 and 1413 cm~! ),
while the intensity of the band at 1564 cm~?, derived from A-type carbonates in the SeO3-HA samples,
was higher than the intensity of the bands derived from B-type carbonates. The most intense bands from
selenite appeared in the 900-800 cm~! range, and originated from antisymmetric stretching vibrations,
while the 766 cm ! band originating from the bending vibrations of O-Se-O bonds increased as the Se
concentration also increased.

On the recorded FT-IR spectra, Zhang et al. observed bands that were typical of HA,
which originated from phosphates, carbonates, water and hydroxyl groups. They additionally recorded
bands at 869 cm~! and 775 cm !, which they assigned to the antisymmetric stretching vibrations of
SeOy tetrahedron and bending vibrations (v3) O-Se-O [42].

In the studies [33,35,40], it was observed that the intensity of the band originating from
the structural vibrations of OH groups at 3570 cm ™! decreased as the Se concentration increased.
The authors [35] assigned the bands 767 and 712 cm ™! to the symmetric stretching vibrations (v3) of
the selenite group. Moreover, when the concentration of selenite ions increased, the 856 and 823 cm !
signals corresponding to the vy and v3 vibrations of the SeO32~group became stronger.

The spectra also showed bands derived from C-H, -CH,~, and COO™ groups from oleic acid,
which indicates that the samples were covered in this acid [35].

Liu et al. [40] observed a band originating from the vibrations of selenite groups at 766 cm™1.
This signal was observed for the first time with a sample containing a planned content of 3% Se,
and it increased as the selenium content increased. There was also an increase in the intensity of
the bands from CO32~ ions in the 1418-1566 cm ™! range, along with an increase in selenium content,
which was probably caused by the facilitation of CO32~ group incorporation as the crystallinity of
the samples decreased.

The examination of SeO3-HA coatings obtained by the PDL method confirmed the occurrence of
HA-specific water bands, as well as phosphate and carbonate groups. It was also observed that, as
the coatings increased in terms of Se content, not only did the bands from carbonates decrease, but
the main band from phosphate groups (antisymmetric stretching) also decreased and its half-width
increased. There was also a simultaneous loss of definition in the bending bands from the PO~
group, as well as shift of the main phosphate band from 1040 cm ™! for the pure HA coating to about
1063 cm ! for the coating containing the highest concentration of selenium. This band shift was caused
by a change in the length of bonds, which was a consequence of the incorporation of Se ions [54].

3.4. Examinations Using the Raman Spectroscopy Method

Studies on samples of hydroxyapatites doped with selenium ions, conducted using Raman
spectroscopy, have been described by several authors.

When comparing coatings with pure HA and SeO3-HA, obtained using the PLD method, in
material doped with Se ions, signals that were characteristic of phosphates were confirmed: the they
were strongest at 960 cm~! from bending vibrations (v1), at about 1070 cm ! from stretching vibrations
(v3), at 590 cm ™! from bending vibrations (1), at 430 cm ! from bending vibrations (v;) and symmetric
stretching bands (v7) and at 1064 cm™! derived from carbonate groups. In addition, a band of
approximately 830 cm ! originating from the symmetric stretching vibrations of the SeO32~ groups
was registered for the SeO3-HA coatings [54].
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Kolmas et al. recorded three bands at 911, 873, and 843 cm ! for the sample doped with SeQ,2~
ions, which was assigned to selenate ions [43].

In contrast, Yilmaz et al. [55] examined the SeO4-HA coating using Raman spectroscopy.
In addition to the bands characteristic of phosphates at 1072, 961, 590, and 429 cm~ !, as well as
bands originating from the substrate at 629, 270, 209, and 136 cm~! in a sample soaked for 14 days in
a 1.5 x SBF doped with Se ions, a weak signal from selenates was also observed at 764 cm ™! [55].

3.5. Examinations Using Nuclear Magnetic Resonance Spectroscopy (NMR)

Kolmas et al. [41] subjected the obtained samples of HA doped with SeO3%~ and SeO4%~ selenium
ions to ssSNMR examination. Spectra were recorded for the nuclei 31p 1H, and 77Se.

The 3'P spectra were recorded using two techniques: one-pulse (Bloch-decay, BD) and
1H—31P cross-polarization (CP). One signal characteristic of hydroxyapatite samples at about
3 ppm was recorded on the spectra. It was noted that the signal in the 3'P BD NMR spectra was
narrowest for the pure HA sample and widest for the SeO3-HA sample; moreover, because the line
width was correlated with the crystallinity of the sample, this was indicative of its reduction in
the selenium-doped samples.

The signal in the 3P CP NMR spectra was deconvoluted into two components: narrow, derived
from phosphate groups inside the crystal located near the protons of structural hydroxyl groups, and
broad, derived from phosphate groups located near to the water-rich environment (especially from
phosphors from the hydrated surface layer) [41,57]. The wide component was relatively the most
intense in the spectrum of the sample containing SeO32~, indicating a more extensive hydrated surface
layer and, thus, a more developed surface. In all of the recorded 'H MAS NMR spectra, two signals can
be distinguished at about 0 and 5.4 ppm. The signal at about 0 ppm comes from structural hydroxyl
groups. The OH groups form columns in the channels, but they are so far apart that it is impossible
to create hydrogen bonds between them. In spectra registered for samples doped with selenium,
the chemical shift of this signal moved toward positive values, which were highest in the sample
containing selenites. The widening of the signal in the Se-HA samples was also observed to be
more significant than the signal from pure HA. The authors suggest that, due to the incorporation
of selenium ions into the hydroxyapatite structure, the column structure of the OH group became
disturbed, resulting in the formation of weak hydrogen bonds. The content of structural hydroxyl
groups was calculated, and it was observed that there was a significant loss of HA crystals with
incorporated selenite ions (49% OH groups relative to stoichiometric HA) and selenate (63%) when
compared to pure HA (77%). It was also proven that this reduction in the content of structural
hydroxyl groups was related to the decreased size of the crystals [43,57] due to the absorption of water
from the crystals’ surface into the columns of the hydroxyl groups. Thus, the authors postulate that
the reason for the loss of structural hydroxyl groups is two-fold: not only are OH groups removed
during substitution, but also water is present in the OH columns [41].

The signal at about 5.4 ppm is attributed to water adsorbed onto the surface of the crystals.
The spectra for the 7/Se nucleus were recorded using the 'H—7"Se CP technique. The obtained
spectra for the HA containing selenates showed two intense signals at 1045 ppm, and a much weaker
one at 1027 ppm. Furthermore, for the sample containing selenites, there was an analogously strong
signal at 1310 ppm and a weaker one at 1325 ppm. It was proven that the strong signals on both
spectra originated from selenium ions embedded in the crystalline lattice of the crystal, while the lower
intensity signals were derived from selenates and selenites in the hydrated surface layer.

4. Biological Examinations of Hydroxyapatite Materials Doped with Selenium

Biological examinations of HA materials containing selenium have focused primarily on
the determination of their antibacterial, anticancer, and cytotoxic effects, as well as their influence
on the development of bone tissue. In addition to in vitro studies, some research groups have also
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conducted experiments using an in vivo animal model (mice or rats). Below, we will try to illuminate
the results and conclusions from the studies.

4.1. Antibacterial Activity

Studies to determine the antibacterial activity of SeO3-HA and SeO,_HA were carried out on
the following bacterial strains: Staphylococcus aureus, Pseudomonas aeruginosa, Staphylococcus epidermidis,
Escherichia coli, and Salmonella enteritidis. This is because they are the bacteria that contribute most
often to infections during orthopaedic surgery. S. aureus is of particular note, as it is a very common
pathogen that causes infections during bone implantation due to the ease of biofilm formation and
the presence of numerous antibiotic-resistant strains.

Measurements of antibacterial activity have typically been performed through determining
the optical density of the bacterial suspension, counting the CFUs attached to the material,
determining the area of inhibition using the disk diffusion method, or evaluating biofilm formation.
The measurements were taken after the bacteria had been incubating for an appropriate length of time
on the growth medium in the presence of the examined materials.

In the case of S. aureus, all of the studies [47,53,54,58,59] observed that SeO3-HA materials
significantly reduced bacterial viability, inhibiting both their growth and biofilm formation, when
compared to the control and samples with pure HA. According to the study by Rodriguez-Valencia [54],
the introduction of 0.6 wt % of selenium ions into the HA structure was already sufficient to inhibit
the formation of an S. aureus biofilm (as well as P. aeruginosa) (Figure 6).

Figure 6. SEM micrographs of the aspect of the biofilm after inoculating P. aeruginosa (a and b) and
S. aureus (c and d) on the RHA2.5Se (b and d) coatings compared to HA (a and c). White arrows indicate
non-colonized areas and black ones indicate the shape of an exemplar of that bacterium. Reprinted
from [54] with permission from John Wiley and Sons.

Additionally, according to Uskokovic [47], despite the antibacterial effect of the SeO3-HA material
on S. aureus, these properties were lost over time and the bacterial population returned to a level
similar to that observed in the negative control group. This may indicate that those S. aureus
bacteria that survived their initial exposure to SeO3-HA did not later show susceptibility to SeO3%~
ions, which allowed the population to rebuild.
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The results of studies carried out on E. coli bacteria are interesting. These bacteria are characterized
by their ability to reduce SeO32~ ions to Se, which they can then use to synthesize the amino acids
selenocysteine and selenomethionine. Due to this fact, the level of SeO32’ ion concentration will
determine whether E. coli growth is stimulated or inhibited. According to the study carried out by
Kolmas [58], a selenium content of 3.6 wt % in the HA structure was insufficient to inhibit the growth
of E. coli. In turn, according to Murugan [59], there was a decrease in the functioning and lifespan
of bacteria at all applied concentrations of SeO3-HA, which was further confirmed by the study of
Uskokovic [47], in which E. coli bacteria were still sensitive to the examined biomaterial 72 h after
the start of incubation at the highest level of selenium content in the analysed SeO3-HA material
(1.92 wt % and 3 wt %).

It is worth emphasizing that studies performed on both E. coli and S. aureus [47,59] indicate that
the SeO3-HA material has a stronger effect on these strains than on the first of the mentioned strains.
This may be due to the presence of a thinner layer of peptidoglycan in the cell wall in Gram-negative
bacteria, which makes it easier for the active substance to penetrate inside the cell.

According to Rodriguez-Valencia [53], as the selenium content in SeO3-HA increased, there was
a gradual increase in its antibacterial activity against S. epidermidis and a gradual inhibition of biofilm
formation until it completely disappeared 72 h after the start of incubation. This was confirmed by
the study of Yilmaz [55], in which a significant decrease in optical density was observed after 72 h of
incubation in a sample with an SeO4_HA-coated titanium implant, as compared with a sample with
an uncoated implant, one with a pure HA coated implant and the control sample.

Antimicrobial activity was also tested for the strains P. aeruginosa and S. enteritidis. The results of
the studies confirmed the effectiveness of SeO3-HA in inhibiting the growth of these microorganisms
by [47,54].

In conclusion, the studies carried out confirmed that HA material containing selenium has
an antibacterial effect on individual bacterial strains. The antibacterial effect of this biomaterial is
based on inducing the formation of reactive oxygen species in a bacterial cell. According to Kramer
and Seko [60,61], oxidation and reduction reactions which occur during selenium metabolism lead
to the formation of hydrogen peroxide and superoxide (i.e., reactive oxygen species), which, in
turn, contribute to oxidative stress and damage to the bacterial cell wall. It is worth noting that
the antibacterial effect of SeO3-HA is stronger for Gram-negative bacteria than it is for Gram-positive
ones [47,59], while the adsorption of antibiotics on the surface of SeO3-HA (e.g., vancomycin) increases
the obtained antibacterial properties [47].

4.2. Anticancer, Cytotoxic, and Osteoinductive Effects

The main assumption during the synthesis of hydroxyapatite materials doped with selenium
is that biomaterial will be obtained that will effectively inhibit the development of bone cancers,
while showing no cytotoxic activity on healthy tissue. Another important feature of this material
is its ability to induce osteogenesis in order to stimulate bone tissue reconstruction at the site of
a bone defect.

In vitro studies were performed on healthy mouse cells (mouse MC3T3-E1 preosteoblasts and
mouse fibroblasts collected from the lungs), healthy human cells (human foetal hFOB osteoblasts,
bone marrow stromal cells (BMSC) and human fibroblasts), mouse cancer cells (murine ATCC
osteosarcoma cells and K7M2), and human cancer cells (human MG—63 osteosarcoma cells, Saos-2,
and MNNG/HOS). In vivo studies were performed on Wistar rats and BALB/c mice.

4.2.1. In Vitro Studies

In vitro tests on healthy cells primarily allowed for an evaluation of the biocompatibility of
the discussed material, as well as its osteogenic properties. A study on biocomposites constructed
from SeO3-HA and silk fibrin (SF/Se-HA), carried out by Wang [34] on BMSC cells, clearly indicated
that the presence of selenium in the biomaterial increased the intensity of cell population growth on
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days one to seven from the start of the study compared to the control group and SF/HA sample,
in which a relatively slow increase in cell population growth was observed. In addition, after seven
days of incubation, the observed cell density was highest for the biomaterial samples with the highest
selenium content. An increase in selenium content resulted in an increase in the rate of osteoblast
proliferation, which was additionally confirmed by Vekariya’s study [62]. In turn, the study on
the effect of SeO3-HA materials on MC3T3-E1 cells, carried out by Jianpeng [35], allowed for an
assessment of cytotoxicity with respect to healthy cells. They analysed the effect of two SeO3-HA
materials with a ratio of Se:(P + Se) of 0.05 and 0.1, respectively (using different concentrations of
the examined materials). In this case, not only was no cytotoxic activity observed in the sample
containing the material with the highest selenium concentration, but it was also found to have
a greater beneficial effect on the viability of MC3T3-E1 cells than in the case of pure HA samples.
Rodriguez-Valencia’s studies [53,54] confirmed the lack of cytotoxic activity of SeO3-HA, where cell
viability in the samples containing SeO3-HA was at a similar or even a higher level than in the pure
HA samples. The morphology of the MC3T3-E1 cells also did not change with incubation time [35,54];
numerous filopodia and lamellipodia could be observed in the cell structure, which enabled them to
spread on the surface of the biomaterial [54]. This confirmed the biocompatibility of SeO3-HA material
with mouse preosteoblasts cells. The activity of osteoblasts was also analysed in studies carried out
by Rodriguez-Valencia [53] and Uskokovic [47]. It was shown that osteoblastic activity also increased
with incubation time and with increased selenium content in HA materials. Differences in the results
were due to the selenium concentrations in the HA material, where osteoblastic activity was highest at
higher selenium concentrations. For the first study, this was observed for sample containing the highest
concentration (2.7 wt %) of selenium in the HA, while in the second study, this activity was highest
at a concentration of 1.23 wt % and decreased when the selenium content increased any higher than
this value. At the highest selenium concentration used (3 wt %), osteoblastic activity was significantly
inhibited when compared with the pure HA sample, abnormalities in the cells’ structure were visible
and some of them died within the first 24 h of incubation. This was due to the effect of selenium on
ROS generation and, thus, on the level of oxidative stress in osteoblasts. A suitable amount of selenium
enabled the maintenance of oxidative stress at a level where it was able to exert a beneficial effect on
osteoblastic activity; however, too much of this element had the effect of increasing oxidative stress to
a level at which apoptotic pathways were activated [63-66].

In vitro tests carried out on cancer cells facilitated the determination of the anticancer efficacy
of the examined biomaterials. In virtually every case, these tests were carried out in parallel with
studies on healthy cells, which led to a fuller picture of the biomaterial activity. Studies conducted
by Wang [34,46] and Uskokovic [47] showed that SeO3-HA material had no effect on the viability
and proliferation of healthy cells, while it inhibited the growth and reduced the viability of cancer
cells (compared to the control group or HA sample). The effect of SeO3-HA on osteosarcoma cells
was stronger at higher selenium levels. The studies of Kolmas [36] and Yilmaz [55] confirmed
the abovementioned effect of SeO3-HA (and SeO4-HA) on cancer cells; however, their results also
indicated inhibition of growth and the reduction of viability of healthy cells. According to Kolmas [36],
this was due to the so-called “burst release” of selenium ions from the biomaterial surface during
the first 10 h following the beginning of the study, leading to a high concentration of selenium ions
and, thus, causing the effective reduction of viability of both cancer cells and healthy osteoblasts.

Wang [46] confirmed that the anticancer effect of SeO3-HA is due to the induction of apoptosis
in cancer cells. In order to illuminate the mechanism of its anticancer activity, both Wang [46]
and Wang [37] (convergence of names) performed a number of studies. They both measured
the fluorescence intensity of the ROS marker to determine whether SeO3-HA causes an increase
in the amount of reactive oxygen species generated. The results of both studies confirmed the above
dependence. In other words, they found that Se-HA enhanced the formation of intracellular ROS,
which in turn induced apoptosis and activated caspases. Caspase-3 is a key factor in the apoptosis
process and is activated by caspase-8 and caspase-9, which initiate two different apoptotic pathways:
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the caspase-8 extrinsic and the caspase-9 intrinsic apoptotic pathways. In his study, Wang [37]
confirmed the presence of activated caspase-3 and caspase-8 and caspase-9 in samples with a high
selenium content (not only in the sample with Se-HA, but also in the one with Na;SeOs3), which clearly
indicated that that caspase-dependent apoptosis was associated with the presence of high selenium
content (see Figure 7).

Finally, it is worth mentioning the study performed by Kolmas [43], which tested the toxicity of
HA material doped with SeO32~ or SeO,2~ ions in Vibrio fisheri bacteria and Spirostomum ambiguum
protozoa. The results indicated that SeO32~ ions were toxic to a certain degree for both microorganisms,
while this effect was not visible in the case of SeO4?~ ions, which may indicate that selenate ions (V1)
are less toxic than selenite ions (IV).
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Figure 7. Preparation and working principle of antitumor nanoparticles. Se-HANs were fabricated
using selenite to replace phosphate of HANs. Intratumoral injection of Se-HANs was performed
on the xenograft osteosarcoma model. Se-HANs were internalized into tumor cells by nonspecific
endocytosis and rapidly degraded in the acidic lysosome to release selenium. Cell apoptosis was
activated by a primary, selenium-induced, caspase-dependent apoptosis pathway synergistically
orchestrated with the ROS generation. Reprinted from [37] with permission. Copyright (2016) American
Chemical Society.

4.2.2. In Vivo Studies

In in vivo studies on Wistar rats, Wang [44] applied the examined biomaterials in previously
prepared skull bone defects. These materials were a biocomposite made of hydroxyapatite and
chitosan (HA/Ch) and the biocomposite SeO3-HA/Ch. The control group was made up of rats
with a cranial bone defect, and no biomaterials were applied in this group. No complications were
observed with the graft, and all of the rats survived until the day of euthanasia (which took place
four, eight, or 12 weeks after implantation). The histological examination showed that there was
inflammation within the graft or necrosis of the tissue, which was indicative of the biocompatibility of
the material with the tissue (this was due, inter alia, to the high porosity of the material). The scaffolding
created by the implant began to partially degrade eight weeks after implantation. It was replaced by
newly-formed bone tissue, which, however, was less abundant than in the control group. Twelve weeks
after implantation, an increasing number of bone connections between the host bone and the implant
could be observed in groups with SeO3-HA /Ch and HA /Ch biomaterials. In addition, in the case of
SeO3-HA /Ch, larger quantities of stromal cells, ossein, and fibrous cartilage cells were visible within
the defect. Furthermore, it should be noted that characteristic polymorphonuclear cells were present,
which supported the formation of new bones in the sample with SeO3-HA/Ch [67]. In addition,
for the SeO3-HA /Ch group, the formation of new blood vessels was visible (neovascularization).
The determination of calcein in all of the implantable materials tested was performed 12 weeks after
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implantation. The introduction of selenium into the structure resulted in the recruitment of progenitor
cells and osteoclasts, which had a positive effect on scaffold degradation and bone remodelling.
However, it is difficult to obtain a complete bone-width between the material and the host bone by
osteogenesis and neovascularization. According to [68,69], a significant amount of time is needed
to bind HA to the host bone, so more research is needed to confirm this. Basing their results on
the number of bone beams, Wang [37] also stated that bone quality was higher in the SeO3-HA /Ch
group, since this parameter was highest in this sample.

In turn, Wang [37] carried out an in vivo study on osteosarcoma cells in BALB/c mice. In addition
to applying SeO3-HA materials with different levels of selenium content, control groups were prepared,
which were HA solutions with various amounts of Na;SeO3 added. For the sample of SeO3-HA
material with the highest selenium content, the author found that cancer growth was inhibited and
the volume and weight of tumours were reduced. The control group sample with an identical selenium
concentration gave a similar result. Although all of the mice survived until the end of the experiment
without any visible changes in body weight, the analysis of various biochemical parameters (AST,
BUN, CREA, and LDH) indicated differences between the various groups in terms of systemic toxicity.
It should be taken into account that in vivo toxicity may have decreased under the influence of
selenium ions by inducing apoptosis in cancer cells, impairing the metabolism of these cells and
protecting healthy tissues. On the other hand, too high a dose of selenium may cause side effects
in terms of organ function in the examined mice, thus leading to increased toxicity. The toxicity
level was lowest in the SeO3-HA group with the highest selenium content, which was indicated
by significantly reduced biochemical parameters. This may be explained by the gradual release of
selenium from the SeO3-HA material, which was additionally regulated by the acidic pH of the cancer
tissue environment. Therefore, the concentration of selenium in the tumour was high, with a small
quantity of selenium ions leaking out of the cancerous tissue. For the control group, where Na;SeO3
was mixed with HA, the whole substance immediately decomposed and spread beyond the cancer
tissue into healthy tissues, which caused an increase in toxicity. Studies on healthy BALB/c mice
confirmed the lack of toxicity of SeO3-HA materials in comparison with the HA /Na;SeO3 control
sample, which showed a significant increase in systemic toxicity. This means that the use of SeO3-HA
material enables the avoidance of selenium toxicity because it is gradually released from the material.
Wang [37] also confirmed that the mechanism of the activity of SeO3-HA materials in the in vivo model
was analogous to that presented in in vitro studies.

Finally, it is worth mentioning that Wang [38] also showed the beneficial anticancer effects of
SeO3-HA material on hepatocellular carcinoma cells in a study on BALB/c mice, which increased
the survival of the mice and improved their biochemical parameters.

5. Conclusions and Future Perspectives

Hydroxyapatite that contains selenium ions is a material with high application potential.
The studies presented in this review have demonstrated that it is possible to introduce both IV
and VI selenium ions into the interior of the crystals, preserving the hexagonal structure of the HA.
The obtained crystals are nanocrystalline, with a strongly-developed specific surface and a tendency to
form large agglomerations. IV and VI selenite ions can also be located in the hydrated surface layer
and strongly adsorb onto the surface of HA crystals. Se-HA was successfully used to form composites
with silk fibres, sodium alginate and lysozyme. The studies demonstrated that it has the ability to cover
metallic implants. Biological tests confirmed the antibacterial activity of SeO3-HA materials; however,
it had a stronger effect on Gram-negative strains than Gram-positive ones. In vitro studies indicated
the beneficial effect of apatite materials containing selenium on osteoblastic activity. However, it is
worth noting that high concentrations of selenium caused a significant increase in the toxicity levels of
normal cells. In vitro cancer cell research, supported by in vivo tests, clearly confirmed the inhibition
of growth and the reduction of vitality.
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These promising results obtained for hydroxyapatite materials containing selenium mean that
the subject is still relevant. It is possible to find some attempts in the literature to synthesize
co-substituted hydroxyapatites, e.g., those containing selenium IV ions along with Mn>* manganese,
Zn2* zinc or Fe3* iron ions [59,70,71]. There have also been attempts to use Se-HA to create systems
for the delivery of medicinal substances to bone tissue, e.g., antiretroviral drugs (from the group of
bisphosphonates) or antibiotics [36].

The future steps of the studies on Se-HA materials should be focused on appropriate selenium
concentration causing low toxicity towards normal cells and sufficient toxicity towards cancer cells.
Moreover, the physicochemical studies on selenium-doped materials should be continued. For example,
thermal stability of Se-HA is not yet analysed. Next, bioceramics based on Se-HA materials should
be developed.

The future research should also focus on multifunctional composite materials containing
selenium-doped HA which could be used as drug delivery systems.
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Abstract: The problem of searching for low-dimensional magnetic systems has been a topical
subject and has attracted attention of the chemistry and physics community for the last decade.
In low-dimensional magnetic systems, magnetic ions are distributed anisotopically and form different
groups such as dimers, chains, ladders, or planes. In 3D frameworks, the distances between magnetic
ions are equal in all directions while in low-dimensional systems the distances within groups are
different from those between groups. The main approach of searching for desired systems is a priori
crystal chemical design expecting the needed distribution of transition metal ions in the resulting
structure. One of the main concepts of this structural design is the incorporation of the p-element ions
with stereochemically active electron pairs and ions acting as spacers in the composition. Transition
metal selenite halides, substances that combine SeO32~ groups and halide ions in the structure, seem
to be a promising object of investigation. Up to now, there are 33 compounds that are structurally
described, magnetically characterized, and empirically tested on different levels. The presented
review will summarize structural peculiarities and observed magnetic properties of the known
transition metal selenite halides. In addition, the known compounds will be analyzed as possible
low-dimensional magnetic systems.

Keywords: selenite; selenite halide; crystal structure; transition metal; magnetic structure

1. Introduction

In recent decades, approaches for the search for and synthesis of low-dimensional magnets, that
is, the systems with magnetic ions distributed anisotropically in the crystal structure and forming
different types of groups as dimers, trimers, tetramers or isolated plaquette units, chains of ions,
ladders, or planes, have been attracting considerable interest from the physics and chemistry research
communities. Such geometric distribution of magnetic ions may lead to exotic magnetic states such as
spin liquids or geometric magnetic spin frustrations which are hot topics in the physics of condensed
matter [1,2]. In the usual three-dimensional structures, the magnetic exchange between magnetic ions is
equal in all directions whereas in low-dimensional systems the exchange within the above-mentioned
groups is much stronger than between the groups.

The interest in low-dimensional magnetic systems has resulted, on the one hand, from their
fundamental importance as model objects for the verification of theoretical predictions in condensed
matter physics theory and on the other hand, from their possible applications, for example, for tunable
heat conduction discussed in [3]. Until now, the compounds studied from this point of view in
inorganic chemistry are usually limited to oxide systems, chalcogenide compounds, and sometimes
halides [2]. Currently, one of the main avenues for the search for low-dimensional magnetic compounds
is the targeted synthesis of new compounds using the a priori structure design suggesting a special
distribution of magnetic transition metal ions in the final crystal structure. It should be kept in mind
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that a structural sublattice of ions could be different from the real magnetic exchange path but the
probability to find a low-dimensional magnetic sublattice in a low-dimensional crystal structure should
be higher. The structural influence of stereochemically active electron pairs of p-elements in the middle
oxidation states, such as Bi(Ill), Pb(II), Te(IV), Se(IV) etc. appears to be an unattractive synthesis
concept in the search for low-dimensional magnetic systems. A lone electron pair is non-bonding
and plays a role of the additional ligand for the central ion. According to the Valence Shell Electron
Pair Repulsion theory [4,5] such ions in the oxidation state +4 should have a stereochemically active
electron pair which distorts the selenium environment. As a result, one side of the ion is not bonded to
other atoms in the crystal structure and electron pairs form cavities or holes in the crystal structure.
According to [6], the volume of the non-bonding pair of electrons is compatible to that of the O?~ ion.
Sometimes [7] ions with electron pairs are referred to as ‘chemical scissors” which are “cutting through”
the 3D crystal structure. The resulting structure cavity may be extended even to a layer by introducing
the additional terminating ions (spacers), for example, halide ions.

By now, many transition metal selenite halides have been synthesized and characterized. The
majority of these compounds contain copper in the oxidation state +2. Some compounds in the
mentioned group have been characterized magnetically by different techniques. In accordance with
the above-mentioned concept, it appears useful to summarize the information about the known
compounds including their crystal structures and magnetic characterization, which will be the subject
of the present review.

Usually the selenite group SeO3%~ possesses a pyramidal shape (C3, symmetry in the free state)
with distances Se-O are about 1.73 A and O-Se-O angles are 103° [8]. In addition, the SeO3%~ group
may be described as a pseudo-tetrahedral anion with the lone electron pair acting as an invisible ligand
in the crystal structures. The observation of lone electron pairs in selenites is one of their structural
peculiarities. In the solid state, the C3, symmetry of SeO3>~ groups is distorted due to the differences
in the connectivity. In contrast to sulfur, the +4 oxidation state is more stable for selenium due to the
small value of redox potential SeO,2~ /SeO32~ 0.05 V which is positive in alkaline solutions whereas
the corresponding value for SO42~ /SO32~ is much lower —0.93 V. This makes selenites more stable
in solutions compared to sulfites [8,9]. Tellurium has a larger radius and may form not only TeO52~
tellurite groups but display higher coordination numbers, 3 + 1 for example. Moreover, tellurites often
tend to form polyions with different compositions and geometry [7,10].

Combining the transition ions, selenite, or tellurite groups with halide ions within one structure
may lead to the novel crystal structures and different magnetic properties [11-15]. It is easy to note
that up to now transition metal tellurite halide compounds are more explored. There are two factors
which account for this. First one is the oxidizing activity of selenites. In water solution, the reduction
potential Se052~ /Se is —0.336 V [9]. For this reason, it will be difficult to combine Ti**, V3* ions with
selenites, while tellurites tend to be more stable. Another reason for tellurites being more studied is
the stability of tellurium dioxide in the air and consequently its facile synthetic preparation. Selenium
dioxide is air- and moisture-sensitive, hence all preparative procedures with it are usually performed
under dry conditions (i.e., argon or nitrogen filled glove boxes), in order to avoid the formation of
hydrates or hydroselenites. As it will be shown below, chlorides are the most representative group
among halides, whereas iodides were obtained in one case only. The reason for this seems to be lying
in the oxidizing effect of the selenite groups.

Usually, transition metal ions are responsible for the magnetic behavior of substances. From
this point of view, 3d metals in middle oxidation states are most attractive as 4d and 5d metals in
low oxidation states may bind together and the magnetic moment of metal ions disappears [16]. The
literature search shows that up to now there are no data about crystal structures and magnetic
properties of 4d and 5d transition metal selenite halides (taking into account that compound
Pb,yNbO,(SeO3),Cl [17] contains Nb in the oxidation state +5 and d° configuration). Therefore, in this
review we will describe crystal structures and some reported magnetic properties of 3d metal selenite
halides, that is, compounds containing both SeO3>~ groups and halide ions.
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2. Crystal Structures and Magnetic Properties Overview

Here we will describe the crystal structures of complex transition metal selenite halides with
known magnetic properties. The term “halide ions” will refer to chlorides, bromides, and sometimes
iodides. Fluoride compounds usually show different behavior and tendencies due to the peculiarities
of fluorine and fluorides sometimes are closer to pure oxide compounds. Moreover, the literature
data about selenite fluorides or oxofluorides of d-metals are rather limited and describe only a small
number of compounds [18-21].

Below, we will pay special attention to the transition metal M—M ions distances in the structures.
It should be noted, that this is an oversimplified way of considering the spin interactions. For a precise
estimation, the geometry of d-orbitals and their interactions with the orbitals of bridged atoms should
be examined. Nevertheless, it seems that presented simple model may be used at least for crystal
chemical design of 3d-metal selenite halide compounds, as in the case of very long M-M distances the
probability of spin interactions exchange should be lower.

2.1. Composition M5(Se03),X,

The group of compounds under consideration contains 6 different compositions and exists up
to now only for Fe, Co, Ni, and Cu. Compositions and some crystallographic information are given
in Table 1. As can be seen from Table 1, the crystal structures for these compounds are different in
compositions and cell symmetries.

The substances may be divided into several groups according to their common composition and
structural relations.

The first group of transition metal selenite halides may be described by the composition
MU5(Se03)4X; (substances 1-5 in Table 1) [22-25]. While cobalt and nickel compounds are similar in
some forms, copper compounds’ crystal structures are different. The crystal structure of Cus(SeO3)4Cly
is presented in Figure 1 as the projection on ab plane.

®o°
@c
‘Cu
QL se

Figure 1. Projection of the Cus(SeO3)4Cl, crystal structure on ab plane according to [22]. Copper
polyhedra are shown.

The crystal structure of Cus(Se03)4Cl; [20] may be presented as a three-dimensional framework
of corner- and edge-shared polyhedra [CuOs], [CuOg¢], and [CuO5Cly]. It is easy to see in Figure 1
that the framework of Cu polyhedra contains wide holes where selenium atoms are located. Due
to the pyramidal shape and the presence of the E-pairs in SeO3%" groups copper polyhedra do not
polymerize in more dense packing. According to the structural data, Cu—Cu distances in the crystal

69



Crystals 2018, 8, 159

structure of Cus(5e03)4Cl, are in the range of 3.15-3.30 A and one distance value is about 3.6 A. One
may conclude that spin-spin interactions between Cu?* ions may be observed in this compound.

Field-cooled magnetization measurements data show spontaneous polarization below the critical
temperature of Tc ~ 45 K. Below this point almost linear magnetization increase and saturation at low
temperatures are observed. The heat capacity temperature dependence demonstrates a A-type anomaly
at 44.1(2) K thus confirming magnetization measurements results. The Curie-Weiss temperature
calculated from the approximation of experimental data has a value of —151(4) K and indicates
predominantly antiferromagnetic spin-exchange interactions. Thus, a long-range antiferromagnetic
order occurs in Cus(SeO3)4Cl, at 44.1(2) K.

However, field dependent magnetization measurements at 1.87 K reveal a hysteresis loop,
indicating the presence of weak ferromagnetic interactions. This is a common phenomenon occurred
in complex magnetic systems based on Cu’* ions where low-dimensional magnetic interactions take
place. The complexity of exchange paths is due to the numerous distortions of coordination polyhedra
in the crystal structure. Analysis of interconnections between copper, chlorine, and oxygen atoms
in the Cus(SeO3)4Cl, structure revealed two main types of magnetic exchange paths: the first one
is the antiferromagnetic path between copper atoms connected via the oxygen atom; the Cu-O-Cu
angle value exceeds 90°. The second path is the ferromagnetic path between copper atoms interacting
via a chlorine atom. The Cu-Cl-Cu angle is almost 90°—such bonding angles typically support
ferromagnetic spin-exchange interactions [22].

Due to the Jahn-Teller effect, the surrounding of Cu?* differs from that of Co?* and Ni?*, and
this is the reason for differences between cobalt and nickel compounds and the copper ones. Similar
compounds for cobalt and nickel have common structures at least in one form (Table 1, substances
2, 3 and 5 [23,25]). All three metal atoms in the compounds under discussion have a distorted
octahedral coordination (Figure 2a). Two atoms have a [MOsX] (X = Cl and Br) coordination and
one M atom has a [MO4X;] coordination with the oxygen atoms in the square plane. The O-O
edge-sharing [MOsX] polyhedra form chains which are connected via common halogen vertexes into
layers in the crystal structures of cobalt and nickel compounds. A three-dimensional structure appears
when such layers are bridged by [MO4X,] polyhedrons and SeO52~ groups (Figure 2a). The crystal
structures of Co5(Se03)4X, and Ni5(SeO3)4Bry, have M-M distances in the range of 3.10-3.37 A for
Co5(5¢03)4Cl, [23], 3.07-3.40 A for Co5(SeO3)4Br, [23], and 3.03-3.39 A for Nis(SeO3)4Brs [25].

@ (b)

Figure 2. The Ni5(SeO3)4Br; framework crystal structure (a) and Ni5(SeO3)4Cl, structure (b).
Coordination surroundings of the Ni atoms are depicted at the bottom part of the pictures.
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Table 1. Compositions and crystallographic data for transition metals selenite halides with described
magnetic properties.

# Composition Space Group z Cell Constants Ref.
a, A b, A ¢, A Angles, °
1 Cus(Se03)sCly P2, /c 2 10.9104(8) 8.3134(6) 754906) B =90715(6)  [22]
o = 66.051(11)
2 Cos(Se03)sCly P-1 1 6.4935(8) 7.7288(8) 7.7443(10) B =73.610(11)  [23]
v = 81.268(9)
o = 66.850(13)
3 Cos(SeO3)4Bra P-1 1 6489709 7.7574(10) 7.7552(10) B =73960(12)  [23]
v = 81.350(11)
o =101.97(3)
4 Nis(SeO3)4Cly P-1 2 8.076(2) 9.288(2) 9376(2) B =10560(3)  [24]
v =91.83(3)
o« = 68.017(16)
5 Ni5(SeO3)4Br; P-1 1 6.430(3) 7.632(3) 7.658(3) B =74181(16)  [25]
v = 81.465(19)
6 SryCo(SeO3),Cly P2,/n 2 5.3400(10) 6.4279(6) 12.3220(10) f =92.440(10)  [26]
7 SroNi(SeO3),Cly P2,/n 2 5.3254(11) 6.4363(13) 12197(2) B =92.53(3) [26]
8  Sr,Cu(SeO3),Cla P2,/n 2 5.22996(3) 6.50528(4) 12.34518(7) B =91.36432) [27]
9 CaCuy(SeO3),Cly C2/c 4 12.75903) 9.0450(18) 6.9770(14) B =91.03(3) [28]
10 SrCus(SeO3),Cly P2, 2 7.1630(14) 7.2070(14) 8.0430(16) P =95.92(3) 271
11 PbCup(SeO3),Cly C2/c 4 13.056(1) 9.5567(9) 6.9006(6) B =90529(7)  [29]
12 BiyFe(SeO3),0Cl5 P2, /m 2 8570(2) 7.137(2) 8.604(2) B =107.0903)  [30]
13 CusBi(Se03),0,Cl  Pmmn 2 6.3540(4) 9.6350(5) 7.2330(4) [31]
14  Cu3Bi(SeO3),0,Br  Pmmn 2 6.390003) 9.6940(4) 7.2870(3) [31]
15 CuzBi(SeO3),0,1 Pmmn 2 6.4360(2) 9.7510(4) 7.3770(3) [31]
16 CuzY(SeO3),0,Cl Pmmn 2 6.2991(1) 9.4411(1) 6.9724(1) [32]
17  CusLa(Se03),0,C1  Pmmn 2 639407(18)  9.7310(3) 7.1547(2) [33]
18  Cu3zNd(SeO3),0,Cl  Pmmn 2 6.37775(10)  9.62685(16) 7.09341(11) [31]
19  Cu3Sm(Se03);0,Cl  Pmmn 2 6.34616(4) 9.56090(7) 7.04377(5) [34]
20 CuzEu(Se03),0,Cl Pmmn 2 6.3384(1) 9.5341(2) 7.0273(1) [35]
21  Cu3Gd(Se03);0,Cl  Pmmn 2 6.3220(6) 9.501(1) 7.0202(8 [36]
22 CuzDy(Se03),0,C1  Pmmn 2 6313(1) 9.465(2) 6.987(2) [36]
23 CuzHo(SeO3);0,C1  Pmmn 2 6.2999(6) 9.440(1) 6.9723(8) [36]
24 CusEr(Se03),0,Cl  Pmmn 2 6299(1) 9.432(3) 6.967(2) [36]
25 CuzYb(SeO3),0,Cl Pmmn 2 6.28278(3) 9.39486(5) 6.93291(3) [37]
26 CusLu(Se03),0,Cl  Pmmn 2 6.2681(1) 9.3756(2) 6.9326(1) [35]
27  CusLa(SeO3),0,Br Pmmn 2 6.40071(5) 9.75675(7) 7.17800(5) [33]
28  CuzNd(SeO3),0,Br  Pmmn 2 638202 9.698(3) 7.091(2) [36]
29  CuzSm(Se03),0,Br  Pmmn 2 6348(1) 9.581(2) 7.079(2) [36]
30 CusGd(SeOs),0oBr  Pmmn 2 6337(1) 9.5515(8) 7.0540(9) 136]
31 NaCus(SeO3),0,Cl;  Pnma 4 17.769(7) 6.448(3) 10.522(4) [38]
32 KCus(SeO3),0.Cl;  Pnma 4 18.1691(6) 6.4483(2) 10.5684(4) [39]
o =110.335(7)
33 NayCuy(Se03)40,Cly  P-1 1 7.446(2) 8.349(3) 9.137(3) B =106.166(3)  [40]

v =105.161(7)

In spite of the similarity of Co5(SeO3)4X; (X = Cl and Br) compounds, the nickel chloride is
not isostructural with the bromide one [24,41]. The unit cell for Ni5(SeO3)4Cl, is about twice as

71



Crystals 2018, 8, 159

big in volume compared to that of the bromide. There are five Ni atoms in the structure which are
octahedrally coordinated by oxygen atoms from SeO32~ groups or Cl ions. There are three types
of [NiO5Cl] and one type of [NiO4Cl;] octahedrons and a pure oxygen octahedron [NiOg] in the
structure of Ni5(SeO3)4Cly (Figure 2b). Thus, the structure of Nis(SeO3)4Cl, features a condensed
three-dimensional (3D) network built by Ni?* ions interconnected by SeO32 anions as well as CI~
anions. The crystal structure of Ni5(SeO3)4Cl, is presented in Figure 2b. It is interesting to mention
that Ni-Ni distances in nickel selenite chloride vary from 2.94 up to 3.9 A [41]. The existence of
isostructural compounds for Co with Cl and Br may indicate that Ni5(SeO3)4Cl, might form two
polymorphs. It should be noted that tellurites of the similar composition Ni5(TeO3)4 X, (X = Cl, Br) [12]
are isostructural to each other as well as to related cobalt compounds Cos(TeO3)4X; (X = Cl, Br) [42],
but differ from presented selenites. Magnetic properties were studied for Ni5(5eO3)4Cl, as well as for
isostructural compounds Co5(SeO3)4X; (X = Cl and Br) and Ni5(SeO3)4Br;.

Ni5(SeO3)4Cl, demonstrates antiferromagnetic properties, according to magnetic susceptibility
measurements data. Long-range order takes place at approximately 4.5 K. Curie-Weiss temperature
0 = —143(2) K indicates strong antiferromagnetic interactions between nickel atoms. Such strong
interactions take place because of the very short Ni-Ni distances. Moreover, the crystal structure of
Ni5(Se03)4Cly is three-dimensional and the network is highly condensed. According to the magnetic
measurements data there is no evidence of extraordinary or unusual magnetic behavior in this
compound [22], but up to now no detailed study has been undertaken, therefore this problem is
still of a certain interest.

Concerning Co5(Se03)4X; (X = Cl and Br) and Ni5(SeO3)4Br», there are also antiferromagnetic
transitions in the magnetic subsystems of these compounds (Ty = 18 K, 20 K and 46 K for Cos(SeO3)4Cl,,
Co5(Se03)4Bry, and Nis(SeO3)4Br;, respectively) [23,25]. However, unlike Ni5(SeO3)4Cl,, magnetic
measurements were performed using single crystal samples, and this allowed to carry out a more
detailed investigation. In particular, the magnetic susceptibility measurements in oriented crystals
revealed anisotropy—typical for the zero-field splitting—induced by the single-ion anisotropy of
3d-metal ions. This allowed defining ground states and electron transitions in these compounds at
lower temperatures. Another peculiarity is that the magnetic ordering permeates only one subsystem
in the complex magnetic system: a minority fraction is represented in Cos(SeO3)4X; (X = Cl and Br)
ordered subsystem while a magnetically ordered fraction dominates in Ni5(SeO3)4Bry.

2.2. Compositions SryMH(Se03),Cly and MM (Se03),Cl,

The group of selenites with the composition SryM!(SeO3),Cl, is presented by isostructural
compounds for M = Co, Ni, and Cu [26,27] (compounds 6-8 in Table 1). The unit cell of these
compounds contains one independent atom of Sr and one atom of M. The nearest coordination
surrounding of Sr and M atoms comprise oxygen and chlorine atoms, whereas Se atoms have only
oxygen atoms as neighbors. In all three compounds, strontium atoms are situated in distorted [SrOsCl3]
9-vertex polyhedra which form layers perpendicular to the [0 0 1] direction of the structure. D-metal
ions are allocated in Jahn-Teller distorted octahedrons [MO4Cl,]. These polyhedra share common
edges with layers of Sr polyhedra and form a 3D structure shown in Figure 3. The M-M distances in
the represented structures are longer than 5 A.

The substitution of one more strontium ion by a d-element ion for compounds SroM(Se03),Cly
is possible for Cu?* and produces SrCuy(Se03),Cl, [27]. This compound is similar to the
tellurites SrCuy(TeO3),Cly [43] and BaCuy(TeO3),Cly [44]. These compounds crystallize in the
non-centrosymmetrical space group P2;. The crystal structure of SrCu,(SeO3),Cl, is given in Figure 4.
The asymmetric unit of SrCuy(SeO3),Cl, contains one Sr atom and two copper atoms. Sr atom is
allocated in the [SrO¢Cl,] polyhedron and copper atoms are situated in distorted square pyramids
[CuO4Cl] and [CuO;Cly]. It seems that Jahn-Teller distortion in the compound under discussion is
much stronger than for a copper atom surrounding in the case of Sr,Cu(Se03),Cl, [27]. Such a strong
distortion is impossible for cobalt and nickel and may explain why the same structures are not formed

72



Crystals 2018, 8, 159

for them. Both Se atoms in the structure are connected to the strontium or copper polyherda and play
the role of an additional linker to form a framework. Copper polyhedra are connected by the common
O—Cl edges and form dimers [Cu,O4Cl;] (Figure 4). The distance of Cu—Cu in the dimer groups is
3.29 A which is shorter than 3.35 A in SrCuy(TeO3),Cl, [43].

@®c°
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Figure 3. Layers of [SrO4Cl3] polyhedral connected by [MO4Cl,] octahedra and SeO32‘ groups in the
crystal structure of Sr,Co(SeO3),Cl, [26].

Figure 4. Crystal structure of SrCu;,(SeO3),Cly [27]. The [CuyO4Cly] dimer is shown separately at the
bottom part of the figure.
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According to Shannon’s data [45] the ionic radius of Sr?* jons is close to that of Pb%*. At the
same time, according to the Periodic Table of the elements, calcium as an alkali earth metal may be a
smaller analog of strontium. There were obtained compounds with compositions CaCu;(5eO3),Cl, and
PbCuy(Se03),Cl; [28,29] (Table 1 substances 9 and 11). It is apparent (Table 1) that both compounds are
isostructural but have a different unit cell in comparison with SrCu,(SeOs3),Cl, (Table 1 substance 10).
At the same time, the tellurite compound PbCu;(TeO3),Cl, [29] is isostructural to SrCuy(SeO3)>Cl, [27].
This phenomenon may be associated with differences in ionic radii of Se** and Te**. A bigger tellurium
atom is more compatible with strontium or lead, whereas the smaller selenium atom is the reason for
the formation of the related calcium and lead compounds.

The differences in the crystal structures of these two types of compounds are shown in Figure 5,
using PbCuy(YO3),Cl (Y = Se, Te) as an example. The crystal structures of CaCu,(SeO3),Cl, and
PbCu;,(Se03),Cl, contain two different copper atoms in a strongly squeezed tetrahedral [CuO4] and
octahedral [CuO4Cl,] environments. In the case of octahedrally coordinated copper atoms, two oxygen
atoms are situated at distances about 2.6 A and [CuO,Cl,] may be considered as a magnetic plaquette.
Calcium or lead atoms are situated in the 8-vertex polyhedrons [MO4Cly]. Selenium atoms share
common O vertexes of copper and calcium or lead polyhedra and are situated next to the holes of the
framework formed by them. From data presented in [28,29] it may be seen that Cu—Cu distances are
relatively long. In case of the Ca compound the distances are 3.85-4.12 A, and for the Pb compound
the distances are 3.93-4.06 A.

Figure 5. Copper polyhedra in the crystal structures of PbCuj,(S5eO3),Cl (a) and PbCuy(TeO3),Cl (b).

Within this wide variety of compositions, magnetic properties are known only for
CaCuy(Se03),Cly [28], PbCuy(SeO3),Cl, [29], SrCus(SeO3),Cly, and SrpCu(SeOs3),Cl, [46]. Results of
magnetic susceptibility measurements in the wide temperature range for CaCu;(SeO3),Cl; indicate
the low-dimensional character of magnetic behavior with predominant antiferromagnetic interactions
for this compound (Figure 6). Antiferromagnetic ordering takes place at approximately 6 K. The
X(T) curve approximation resulted in a uniform spin-1/2 chain model for the magnetic structure.
A strong intrachain exchange coupling of ~133 K and frustrated interchain couplings realized via
the two non-equivalent superexchange paths take place in the magnetic structure (Figure 7). It is
worth mentioning that structural and magnetic chains are not the same in CaCu,(SeO3),Cl,: due to
the peculiar crystal structure, the spin chains run in the direction almost perpendicular to that of the
structural chains (Figure 8).

PbCu,(Se03),Cl, is isostructural to CaCuy(SeO3),Cl, and its magnetic behavior is somewhat
similar to that of the calcium compound (Figure 9). It can be approximated by a uniform spin-1/2
chain model with interchain interactions. As in the calcium compound, magnetic chains do not
coincide with the structural ones (Figure 10). However, the interchain couplings in PbCu;(SeO3),Cl,
and CaCuy(Se03),Cl, are rather different: the larger value of the interchain exchange integral in
PbCu,(SeO3),Cl; results in an increase of Neel temperature (13 K in PbCu;,(SeO3),Cl, versus 6 K in
CaCuz(SeO3)2C12).
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Figure 6. Magnetic susceptibility measured for CaCu,(SeO3),Cl, (circles) and the uniform spin-1/2
chain model fit (dashed line). Heisenberg chain (solid line) and impurity (dotted line) contributions
to the fitted curve are shown. The inset shows the high-field magnetization curve (squares) with a
linear fit (dashed line) Reprinted figure with permission from [28] Copyright (2011) by the American
Physical Society.
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Figure 7. Spin model for CaCu;(SeO3),Cl,. Filled and empty circles show the Cu(1) and Cu(2) positions,
respectively. Bold lines and circles denote atoms in the front plane, whereas gray circles and shaded
lines correspond to the atoms lying in the back plane. The planes are connected by Jicl couplings only.
A closed loop (bold line) having an odd number of AFM couplings indicates that the spin model is
frustrated. The unit cell is depicted by the gray rectangle. Reprinted figure with permission from [28]
Copyright (2011) by the American Physical Society.
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Figure 8. (left) Crystal structure of CaCu;(SeO3),Cl,. The structural chains run along [1071] (not shown),
whereas the magnetic chains range along ~[201], as shown by bold (red) lines. Small unlabeled spheres
denote O atoms. (right) Local environment of Cu(1) and Cu(2). The magnetically active Cu(1)O4 and
Cu(2)O,Cl, plaquettes are highlighted. Reprinted figure with permission from [28] Copyright (2011)
by the American Physical Society.
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Figure 9. Magnetic susceptibility of PbCu,(SeO3),Cl, (circles) and the fit (solid line) using a uniform
Heisenberg chain model with J; = 160 K, g = 1.97, and the temperature independent contribution
X0 = 2 x 1072 emu (mol Cu)~!. The kink at 13 K indicates long-range magnetic ordering. Inset:
field dependence of x(T). The strong dependence of x on the magnetic field above Ty is an extrinsic
effect (ferromagnetic impurity). Reproduced from Ref. [29] with permission from the Royal Society
of Chemistry.
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Figure 10. Crystal structure of PbCu;(SeO3),Cl,. (a) The unit cell. Magnetic Cu(1)O4 and Cu(2)0,Cl,
plaquettes are shown as light and dark filled polyhedra. Se-O bonds and Pb atoms are denoted by
lines and large black spheres, respectively. (b) The coordination polyhedron of Pb. (c) Structural
chains, formed by cornersharing Cu(1)Oy distorted plaquettes and Cu(2)O4Cl, octahedra (empty
octahedra, with filled Cu(2)O,Cl, plaquettes; long Cu(2)-O contacts are shown with thick dashed lines).
(d) Magnetic chains. The nearest-neighbor superexchange J; runs via Cu(1)-O- - - O-Cu(2) paths, along
the edge of a SeO3 pyramid (Se-O bonds are shown with lines). Reproduced from Ref. [29] with
permission from the Royal Society of Chemistry.

Though SryCu(SeO3),Cl, has a different structure from MM”(SeO3),Cl, compounds, its magnetic
behavior can also be described in terms of the Heisenberg uniform spin chain with strong interchain
interactions (J &~ 104-106 K). Unlike CaCu;(SeO3),Cl, and PbCu,(S5e03),Cly, in SrpCu(SeOs3),Cly
there is presumably no long-range order observed down to at least 2 K, and magnetic exchange
paths lie through the structural chains built of copper polyhedra and SeO3% groups [46]. Further

76



Crystals 2018, 8, 159

investigation is needed to establish the microscopic magnetic model and to define exchange paths in
the magnetic subsystem.

A different case is with SrCuy(SeO3),Cly. Here, the most appropriate model is the one of slightly
interacting dimers. This is due to the structural features including CuO, corner-shared plaquettes.
In general, according to preliminary measurements data the magnetic behavior of SrCu,(SeO3),Cl, is
similar to that of SrCu;(TeO3),Cl,. Nevertheless, further research should be undertaken in order to
reveal special features inherent to this phase.

2.3. Compound BiyFe(SeO3),0Cl3

As seen from the above-mentioned data, the majority of selenite halides with described magnetic
properties were studied in compounds featuring copper in the oxidation state 2+ which have S =1/2.
An example of a compound where ions with larger spin values may form magnetic sublattice is selenite
oxochloride of iron and bismuth BiyFe(SeO3),OCl3 [30] (Table 1 compound 12). The main feature of
the crystal structure of this compound is the existence of the zig-zag chains of corner-shared [FeOs]
octahedra which are decorated by [BiO4Cl3], [BiO3Cl3] polyhedra and SeO52 groups as shown in
Figure 11. The selenium atoms are connected to the oxygen atoms from different [FeOg] octahedra and
an additional link chain. Different iron octahedron chains are bound by Bi-polyhedra into the layer in
the ab plane of the structure as depicted in Figure 11. Finally, the distance between nearest Fe** ions
in the chain is about 3.56 A and between Fe®* ions from different chains and layers are 8.570(2) and
8.604(2) A. According to this structure’s peculiarity, it may be suggested that the compound will be
magnetically quasi-one-dimensional.

An extensive study is required to establish the character of magnetic behavior in this compound.
The temperature dependence of magnetic susceptibility displays broad maximum at T =~ 130 K, which
indicates the formation of the short-range magnetic order (Figure 12). At lower temperature Ty = 13 K,
long-range antiferromagnetic ordering sets in, and this is confirmed by means of magnetization and
specific heat measurements as well as by Mossbauer spectra. ESR spectroscopy data point out the
quasi-1D nature of magnetic interactions. The first-principle calculations allowed defining of the main
spin-exchange paths in the magnetic structure based on weakly interacted spin-5/2 zig-zag chains
with strong intrachain interactions (Figure 13). Thus, a compound with a higher spin magnetic system
has been demonstrated to be a low-dimensional magnet.

Figure 11. The view on [FeOg] octahedra chains decorated by Bi polyhedra and SeO3>~ groups in the
crystal structure of BiyFe(SeO3),OCls.
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Figure 12. Temperature dependence of magnetic susceptibility in BiyFe(SeO3),OCl3. The solid line
represents the fit in a Heisenberg S = oo antiferromagnetic chain model. The inset represents the
temperature dependence of specific heat on the C/T vs. T2 scale. Reprinted with permission from [30]
Copyright (2014) American Chemical Society.

Figure 13. Exchange paths for various magnetic interactions I (in black), ]”’ (in cyan), and J
(in gold) in BiyFe(SeO3),OCl3. Reprinted with permission from [30]. Copyright (2014) American
Chemical Society.

2.4. Francisite Like Compounds CuzM(S5eO3),0,X

The Table 1 shows that the most representative group of compounds with the same structure
symmetry and relative cell constants is formed by compounds with common composition
CuzM(SeO3),0,X [31-37] (Compounds 13-30 Table 1). All these compounds are isostructural to
the rare nature mineral Francisite CuzBi(SeO3),O,Cl [47]. Later, its synthetic analogs for Cl, Br, and I
were prepared in laboratory conditions [31]. It was shown that rare Earth metals may form compounds
with francisite-like structures [32-36]. The crystal structure of francisite contains two copper ions
positions with square planar oxygen atom coordination. Bismuth or rare Earth metal ions are in
distorted cubic surroundings [MOg]. The square planes [CuO,] form kagome-like nets in the crystal
structure (Figure 14). As can be seen in the Figure 14 selenite groups connect [CuOy4] planes and [MOg]
cubes into the 3D framework with the channels running along [0 0 1] direction. Halide atoms are
situated inside these channels. The nearest distance from Cl atom is Cu-Cl which is more than 3 A for
Cu3Bi(5e03),0,Cl (Figure 14). The most recent studies have shown that francisite-like compounds
may be formed for all are Earth Metals from La up to Lu and Y in case of chlorides [35,36] and for
La till Gd in case of bromides [36]. This phenomenon may be explained by the halide ion size factor
where bigger bromide ions could not be combined with smaller Rare Earths and the structure could
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not be formed [36]. The Kagome net in the francisite-like structures is not planar and form waves
as shown in Figure 15. The main attractive structural feature of francisite-like compounds is that
the variation of M>* ion may affect Cu~Cu distance in the Kagome nets. One would expect that
Cu—Cu contact distances should decrease with decreasing Ln®* ionic radii. The experimental data
summarized for chlorides in Figure 16. support such an approach but Cul-Cu2-Cul angle of the net
shows a more complex dependence. There are two Cu-Cu distances in the net. The Cu—Cu distances
in chloride compounds are within the range of 3.13-3.23 A. Figure 16 shows that the differences in the
Cu-Cu distances decrease together with decreasing of Ln®* radii. The variation of M>* and of halide
ions provides an opportunity for the copper sublattice tuning. Substitution of selenium by tellurium
produced the compound Cu3Bi(TeO3),0,Cl [48]. However, the copper Kagome net in the tellurite is
more distorted and one copper atom has become pyramidally coordinated [CuO4Cl]. The existence
of such a wide group of compounds with similar structures, together with the possibility to examine
the influence of the f-element magnetic nature on the magnetic behavior of the copper ions sublattice
stimulate the research of this group of substances.
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Figure 14. The crystal structure of CuzBi(SeO3),Cl. [BiOg] distorted cubes are shown.

The discussion of the magnetic properties of the francisite family representatives should be started
with the consideration of the synthetic analogs of this mineral with the composition CuzBi(SeO3),0,X
(X =Cl, Br). According to magnetic susceptibility measurements data, antiferromagnetic ordering
in spin-1/2 copper subsystem takes place at 23.5(5) K [31] and 27.4(5) K [49] for Cu3Bi(SeO3),0,Cl
and Cu3Bi(SeO3),0,Br, respectively. The magnetic ground state can be described as distorted kagome
layers in ab plane, coupled antiferromagnetically. It should be noted that the layers exhibit a canted
ferromagnetic spin arrangement. Applying an external magnetic field triggers a metamagnetic
transition in both compounds (BC ~ 0.8 T) [49-51]. Many research groups contributed to the
studies of the microscopic magnetic structure of the synthetic francisites. These fruitful structural,
electromagnetic, and optical studies combined with the theoretical calculations resulted in discoveries
of some interesting features of the francisite-like compounds [49-61]. Thus, a structural transition
was detected in CuzBi(SeO3);0,Cl, but surprisingly it was not observed in Cu3Bi(SeO3),0O,Br.
Moreover, the origin of this transition is still not clear [59-61]. The most recent publications suggest
spin-flip-induced multiferroic behavior in CuzBi(SeO3),0,Cl1 [57,59] and this might be a consequence
of a structural transformation. However, this requires further clarification.
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Figure 15. The copper-oxygen net in the crystal structure of Francisite-like compounds crystal structure
shown in different direction. Cu-Cu contacts are marked as green. The right part of the figure shows
the buckled nature of the kagome net.
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Figure 16. The variation of Cul-Cul, Cul-Cu2, and ZCul-Cu2-Cul angles as function of ionic REM
radii for CuzLn(SeO3),0,Cl compounds.

The compounds of composition CuzM(SeO3),0,X (M = La-Lu, X = Cl, Br) may be divided
into two groups: the first one containing nonmagnetic rare earth ions such as Y3+, La%*, Eu®t,
and Lu®*, and the second one featuring magnetic M>* ions. Representatives of the first group
demonstrate magnetic behavior similar to that of Cu3Bi(SeO3),0,X (X = Cl, Br) [32,33,35]. x(T)
and M(H) curves typical for francisite-like compounds with non-magnetic rare earth ions are shown
in Figure 17. The presence of two magnetic ions in one crystal structure leads to a much more
complicated magnetic behavior. It manifests itself in the appearance of the second sharp maximum on
the magnetic susceptibility curve at T < Ty, as well as on the heat capacity temperature dependence
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curve (Figure 18). Up to now a detailed study has been undertaken for only two representatives,
which are CuzSm(SeO3),0,Cl [34] and CuzYb(SeO3),0,Cl [37]. In both compounds, the magnetic
system undergoes the spin-reorientation transition influenced by the rare earth ion’s magnetic moment.
Exchange paths in the samarium compound are shown in Figure 19.
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Figure 17. (a) The temperature dependence of the magnetic susceptibility of CuzY(SeO3),0,Cl at
applied field strengths of 1-9 T, with a field step of 1 T. The inset represents the temperature dependence
of the magnetic susceptibility at 0.1 T along with the Curie constant as a function of temperature. The
dotted line represents an extrapolation of the Curie-Weiss type dependence from the high temperature
region. (b) The field dependence of the magnetization in CuzY(SeO3),O,Cl over the temperature
range of 5-30 K in steps of 5 K. The inset shows the field dependence of the magnetization at 2 K and

its field derivative. Reprinted figure with permission from [32] Copyright (2014) by the American
Physical Society.
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Figure 18. (a) The temperature dependences of magnetic susceptibility in CuzSm(SeO3),0,Cl in ZFC
(squares) and FC (circles) regimes taken at B = 0.02 T. Inset: The ZFC curve in the range 2-320 K
and its fit (dash). Also shown is the temperature dependence of Curie constant C = (x — xo)(T — ©).
(b) The temperature dependences of specific heat in selected magnetic fields for CuzSm(SeO3),O,Cl.

Inset: Temperature dependence of magnetic entropy Smag Reprinted figures with permission from [34].
Copyright (2016) by the American Physical Society.
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Figure 19. The exchange paths for various magnetic interactions in CuzSm(SeO3),0,Cl. Reprinted
figure with permission from [34]. Copyright (2016) by the American Physical Society.

Thus, a series of isostructural compounds have similar magnetic properties, which may be
described in terms of a quasi-2D model. In all these compounds an antiferromagnetic transition in
the copper subsystem occurs at Ty =~ 31-41 K. In case of CuzM(SeO3),0,Cl1 (M =Y, La, Eu, Lu) it
can be seen that the linear decrease of the ionic radii of M3* leads to the decrease of the unit cell
parameters (Table 1), as well as to the increase of Ty and the critical field of metamagnetic transition
(Table 2). Further research in this field will enable establishing the relationships between the chemical
composition, the crystal structure, and the magnetic properties of compounds in this family.

Table 2. Néel temperatures of antiferromagnetic ordering and metamagnetic transitions critical field
values for CuzM(SeO3),0,Cl (M =Y, La, Eu, Lu) and CuzM(SeO3),0,Br (M = Bi, La).

Tn, K BC, T Ref.
Cu3Bi(SeO3),0,Br 27.4 0.8 [49]
CuzLa(Se05),0,Cl 312 24 [33]
CuzLa(SeO3),0,Br 34.3 2.45 [33]
Cu3Eu(SeO3)202Cl 36 2.6 [35]
CU3Y(SEO3)202C1 36.3 2.6 [32]
Cu3Lu(SeO3)202CI 38 3.0 [35]

2.5. llinskite Like Compounds MCu5(SeO3),0,Cl3

To the best of our knowledge, the most recently described group of selenite halide d-metal
compounds for which structural and physical properties characterization was reported, are copper
compounds with alkali metals MCus(SeO3),0,Cl3 M = Na and K [38,39,62,63] and two isostructural
halides NayCuy(SeO3)10,Xs X = Cl and Br [40,64,65] while the chloride is only magnetically
characterized (compounds 31-33 in Table 1). The first group comprises compounds derived from
the naturally occurring mineral ilinskite NaCus(SeO3),0,Cl3 [62]. There were obtained synthetic
compounds with the same composition and structure for sodium and potassium [38,39,63]. The
four copper atoms in the structure may be divided in the two types of planar coordination: [CuOy4]
and [CuOsCl] (Figure 20a). In NaCus5(SeO3),0,Cl3 and KCus(SeO3),0,Cl3 these plaquettes form
well-defined layers in the bc plane. The layers are bridged by SeO3%" groups and interleaved by the M*
ions. The authors of Ref. [36] reported that the pure sodium compound is less stable due to the alkali
metal ion size effect. Sodium atoms have five nearest neighbors [(O + 2Cl) + 2Cl] whereas potassium is
surrounded by five oxygen and four chlorine atoms. In both compounds there is a group of Cu-Cu
distances in the range of 2.85-3.28 A. The magnetic behavior of KCus(5eO3),0,Cl3 was studied in [63]
and may be described by a model of a system built by corner-sharing Cu4 tetrahedra. A part of the Cu
sublattice with shortest distances is given in Figure 20b.
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Figure 20. The crystal structure of NaCus(5eO3),0,Cl3. Two types of [CuO4] and [CuO5Cl] plaquettes
are shown (a); A fragment of the corner shared Cuy tetrahedra sublattice layer in the crystal structure
of ilinskite like compounds (b).

In spite of the fact that the main motifs of the ilinskite structure are in general similar to those of
other copper selenite halides, magnetic behavior of KCus(SeO3),0,Cl; is drastically different [63]. The
X(T) curve shows broad maximum at T =~ 50 K, but there is no evidence for any long-range order down
to 2 K (Figure 21a). The absence of a A-type anomaly on the Cp(T) curve confirms this (Figure 21b). The
negative value of the Curie-Weiss temperature reflects the predominant antiferromagnetic interactions
in the magnetic copper sublattice.
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Figure 21. (a) Magnetic susceptibility x(T) for KCusO,(SeO3),Cls obtained at different values of the
external magnetic field in the field-cooling regime. The inset shows the Curie-Weiss approximation in
the 100-380 K temperature range with the parameters 6 = 60 K and C = 2.3 emu K/mol, as denoted
by the green line. (b) The magnetization curve measured at T = 1.5 K. (left) Temperature dependence
of the specific heat, C,(T)/T, for KCus0,(SeO3),Cl3 measured in zero field. Reproduced from [63]
under Creative Commons Attribution 4.0 International License. To view a copy of this license, visit
http:/ /creativecommons.org/licenses /by /4.0/.

Application of DFT calculations combined with thermodynamic measurements resulted in a
suggestion of a possible microscopic model of spin interactions in KCus5(SeO3),0,Cl3. The magnetic
structure can be interpreted as layers of corner-sharing tetrahedra Cuy with numerous magnetic
interactions between copper atoms. Most of the exchange couplings take place between nearest
neighbors, and this would lead to a strong frustration effect, but the influence of non-magnetic SeO3
groups results in the reduction of frustration. Dissimilar interactions render the system quasi-1D. Thus,
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the magnetic behavior can be described in terms of non-frustrated one-dimensional units (spin ladders
or tubes) with only weak and frustrated couplings between these units.

2.6. Compound Na,Cu7(Se03)40,Cly

Compound NapCuy(SeO3)0,Cly [40,65] is an example of a unique structure. There are four
independent Cu crystallographic sites. These atoms form heptanuclear clusters (Figure 22 left panel).
The Cu-Cu distances in the clusters are in the range of 2.96-3.25 A. Every cluster is formed by
the two tetrahedra connected by a common vertex. Copper atoms in the vertices have the square
planar surrounding [CuOy], two atoms in tetrahedra have the planar coordination [CuO3;Cl] and
finally one copper atom is surrounded by four oxygen atoms and one chlorine atoms forming
[CuO4Cl] triangular bipyramid. NayCuy(SeO3),0,Cly displays a three-dimensional network built
by isolated [CuyO14C14]'8~ clusters connected by SeO52~ groups (right panel of Figure 22), in which
Na* ions are located inside the vacancies. The same structure was found for the bromide analog
NayCuy(5e03)40,Bry [64] taking into account that Cu-O and Na-O distances are elongated compared
to the chloride compound.
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Figure 22. [Cu;014,Cl4]"8 cluster (left) and the copper polyhedra with SeO3%" groups in the crystal
structure of Nap,Cuy(SeO3);,0,Cly (right) [40].

In NapCuy(SeO3)40,Cly, antiferromagnetic long-range ordering takes place below Ty ~ 5 K. The
Curie-Weiss temperature value is indicative of predominant antiferromagnetic interactions between
the copper atoms. Field dependent magnetization measurements data specify the spin-flip magnetic
transition. The presence of a hysteresis loop may be attributed to the ferromagnetic ground state.
A magnetization plateau was observed in the magnetization curve, corresponding likely to the 3/7
magnetization plateau suggested by theoretical prediction in a reverse triangular spin-bipyramid. This
data allowed proposal of a geometrical model for possible spin arrangements in magnetic sublattice.

The existence of a group with an odd number of possible spin interactions should lead to the
spin-frustration effect within such groups. For Na,Cuy(SeO3)4O0,Cly this effect was indeed found [40].
A frustration effect was evaluated using the empirical frustration parameter f:

¢ 1Ocwl
Tn

The value of f > 10 indicates a strong frustration effect. For the above-mentioned compound this
value is calculated to be 13.6, and it is comparable with those calculated for similar known compounds
with a magnetic frustration.
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3. Conclusions and Outlook

We have attempted to show that interesting magnetic interactions in 3-D metal selenite halides
appear due to the influence of lone pairs of SeO3%~ groups and the affinity of halide ions to bind
with metal ions instead of selenium. In addition to the described compounds there are a lot of
selenite halides with promising crystal structures. Some of such compounds were mentioned
by us previously. For example, the compound Cus(SeO3)4Br; [64] (Table 3) shows dimorphism
and crystallizes in « form which is isostructural to Cus(SeO3)4Cl, [22] whereas 3 form is close to
Co5(Se03)4 Xy X = Cl, Br [23] and Ni5(SeO3)4Br; [25]. Both « and 3 polymorphs show 3-D Cu-Cu
frameworks with Cu-Cu distances 3.16-3.61 and 3.10-3.44 A, respectively. Such values suggest the
magnetic exchange between copper ions in Cus(SeO3)4Br,. A similar situation may be observed
in case of NayCuy(SeO3)10,Bry [64] (Table 3), an analog of the frustrated chloride compound [40].
Na,Cuy(SeO3);0,Bry demonstrates the same isolated [CuyOq4Bry]18—
2.96-3.27 A close to those in N a,Cuy(Se03)40,Cly [40].

Another alkali metal copper selenite chloride K[CuzO](SeO3),Cl [65] possesses a very interesting,
unprecedented structure (Table 3). The unit cell of K[CuzO](SeO3),Cl contains three Cu?* ions, two in
[CuOy4] plane coordination and squeezed tetrahedra and one [CuO4Cl] polyhedron. Copper atoms
are situated in the range 2.94-3.35 A and form layers in the structure of K[CuzO](SeO3),ClL. The layer
may be presented as formed by edge shared pairs of Cuy tetrahedrons which are connected into the
layer in ab plane of the crystal structure Figure 23. Distances between copper atoms from different
layers are about 6 A. The system of magnetic exchange of vertex shared tetrahedra was studied in [63].
Compound K[Cu30](Se03),Cl possess different type of tetrahedra connection but it may be expected
that magnetic exchange will be found in this compound.

clusters with Cu—Cu distances

Figure 23. The presentation of the copper-oxygen layer decorated by SeO32" groups in different
directions in the crystal structure of the K[Cu30O](SeO3),Cl [65]. Blue lines represent Cu—Cu contacts.
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In addition to the listed compounds, some other selenite halide 3d-metals have been described in
the literature and structurally characterized. These are Cuz(SeO3),Cl; [15,66], Cus0,(SeO3),Cl, [67-69],
CU702(SEO3)2C16 [70], Cu902(SeO3)4Cl6, [71—73], CUICUH4O(SQO3)C15 [74], C04(8803)3C12 [75], and
the diselenite cobalt compound Co3(Se;O5)2Cl, [75]. Symmetries and cell constants for these
compounds are listed in Table 3. As follows from the listed data these compounds frequently form
polymorphs and some of them were found in nature as copper minerals Georgbokiite [67,68,88],
Parageorgbokiite [69], Nicksobolevite [70], and Chloromenite [72] while in the laboratory conditions
other crystal polymorphs may be obtained. These compounds, if they will be obtained in the
phase-pure form or as crystals suitable for measurements, appear as good objects for metal-metal ions
magnetic exchange studies. The majority of the listed compounds show M-M distances in the range
of 2.9-3.4 A. Taking into account these distances, a complex nature of the magnetic exchange in the
compounds under consideration may be expected. From the crystallographic point of view, the most
attractive compounds are layered monoclinic C2/m modifications of Cuz(SeO3),Cl, [66] and cobalt
diselenite chloride Coz(Se2Os5),Cl, [75], where chains of [CoO4Cly] octahedra are divided by diselenite
Se,05% groups in the crystal structure Figure 24. The compound Cu!Cu";O(SeO3)Cl5 [74] is a good
example of a structure where Cu?* ions form complex chains in the crystal structure separated by
chains constructed by [CulCl3]> triangles, as shown in Figure 25.

Figure 24. The chain built by [CoO4Cl,] octahedra in the crystal structure of Co3(Se;Os5)Cl, (left) and
view on chains interconnected by diselenite groups (right) [75].

Figure 25. The complex chains of Cu?* jons in the structure of CulCull,0(SeO3)Cl5 [74] separated by
[CulCl3]* groups and decorated by SeO32" groups.

88



Crystals 2018, 8, 159

As a 3d transition metal, zinc forms a selenite chloride known as mineral Sophiite with
the composition Zny(SeO3)Cl, [89] and its synthetic polymorph [90] but due to its 3d19 electron
configuration it cannot possess magnetic properties.

Recently, a new tellurite-selenite chloride of iron with the composition Fe[(Te; 55e(5)O5]Cl has
been prepared and structurally characterized [91]. The composition of this compound is close to that
of FeTe;O5Cl1 [13] that shows a unique structure and possesses interesting magnetic properties, see for
example [92-95]. The mixed selenite tellurite chloride of iron (III) shows the different structure [91]
which is layered and contains dimers of the [FeO5Cl] octahedra, linked via common O-O edges, and
mixed [Te3SeOqg]* tetramers. The Fe—Fe distance in the [Fe,OgCl,] dimers is 3.30 A and suggests
some kind of magnetic exchange at least between Fe-Fe ions in these groups.

In addition to the above-mentioned compounds and compositions, some more complex mixed
cation selenite halides have been described in the literature and may attract attention due to the
possible low dimensional magnetism of 3d metal ions sublattice (Table 3 substances 15-29) [76-87].
Some of them were found in nature as minerals [80-82]. Among the listed compounds, the compounds
of Mn2* MnSm(SeO3),Cl [79] and MnBi(SeO3),Cl [84] deserve mentioning. The magnetic behavior of
Mn?* jons with S = 5/2 as well as of chromium (IIT) compounds in selenite halides was not described at
all. To the best of our knowledge even selenites of chromium are less explored than the iron analogues.
According to the literature data [96] diselenites M»(Se2O5)3 M = Fe, Cr crystallize in the same structures
and behave as three-dimensional isotropic antiferromagnets with the weak antiferromagnetic coupling
of M3* ions at relatively high temperatures, but at low temperature Fe,(Se,Os); possesses a long range
AF order while Cr;(Se;0O5)3 does not, according to [96].

As was mentioned in the introduction, selenites (selenium (IV) compounds) are strong oxidants.
The compound Pb, VO, (SeO3),Cl (Table 3 compound 28) [86] is the only example of vanadium selenite
halides, but in this compound the V atom is in the oxidation state +5 and has no valence electrons
and could not display any magnetic interaction. For this reason, there is no data about the selenite
halide compounds with V or Ti in low oxidation states, as well as with Fe?* or Mn®*. At the same
time, an anhydrous selenite of Mn(II) and Mn(III), namely, Mn3O(SeO3)3 is known [97] suggesting
the possibility to obtain manganese selenite halides. As it was demonstrated for Bi compounds with
the francisite type of structures, the properties may be varied within one structure type by changing
the halide ion (chloride for bromide). This serves as an attractive approach to find new compounds
because bromides may sometimes show different structures and magnetic properties compared to
chlorides, as evidenced for example by Ni5(SeO3)4Cl, and Ni5(SeO3)4Br; [24,25]. It is obvious that
selenite iodides are difficult to prepare due to the possible facile oxidation of the iodide ions, but the
existence of Pb3(SeO3),1, [98] and Cu3Bi(SeO3),0,1 [31] demonstrates the possibility to find proper
synthesis conditions and therefore opens further opportunities for future research.

The existence of the wide range of compounds for which it is possible to expect low-dimensional
magnetic interactions gives reason for chemists to develop synthetic methods suitable for the
preparation of these substances in the phase-pure form or as large single crystals.

In conclusion, we would like to underline again that 3d transition metal selenites, as well as
closely related tellurites, are a promising and attractive family of inorganic compounds with rich
crystal chemistry and possible occurrence of low-dimensional magnetic subsystems with a wide variety
of topologies.
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