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Abstract: The Se–Cl interactions in five selenite chlorides (α,β-Zn2(SeO3)Cl2 (sofiite and its
polymorph), α,β-Cu5O2(SeO3)2Cl2 (georgbokiite and parageorgbokiite), and KCdCu7O2(SeO3)2Cl9
(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 Zn2(SeO3)Cl2 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−1, which is comparable to weak hydrogen bonds. Despite their
weakness, these interactions provide additional stabilization of structural architectures. The Se4+–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 (Se4+O3)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 Cu2+, Ni2+, Co2+, and Fe2+ [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 Se4+ and Te4+ 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,
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the chemical nature of the halide-lone-pair association remained unclear. The aim of the present paper
is to investigate interactions between Se4+ and Cl− 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, ρ(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 bcp, ρ(rc) (here
and in the following rc is a radius vector of the bcp); (2) Laplacian of the electron density, ∇2ρ(rc);
(3) electron energy density, H(rc), which is defined as a sum [G(rc) + V(rc)] of kinetic (G(rc)) and
potential (V(rc)) 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 ∇2ρ(rc) and H(rc) parameters. According
to this approach, chemical interactions can be classified as: (1) shared interactions with ∇2ρ(rc) < 0
and H(rc) < 0; (2) closed-shell interactions with ∇2ρ(rc) > 0 and H(rc) > 0; (3) intermediate or transit
interactions with ∇2ρ(rc) > 0 and H(rc) < 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:

∇2ρ(rc) = 4 [2G(rc) + V(rc)], (1)

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

Espinosa et al. [27] and Gatti [26] proposed to use the H(rc)/ρ(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 LiI [28]), there exist specific
anion–anion interactions that stabilize the structure. On the other hand, quantum-chemical calculations
of some salts (such as AlX3 (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 As4Sn (n = 3, 4, 5) [36], arsenolite, As2O3 [34], and orpiment,
As2S3 [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 . . . As and O . . . O interactions.
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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], Tl+ [41], and Se4+ [42,43]. In this report, we investigate
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 Zn2(SeO3)Cl2, two modifications of Cu3(SeO3)2Cl2, and two modifications of Cu5O2(SeO3)2Cl2.

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

# Chemical Formula Mineral Name Space
Group

a, Å/α,
Deg.

b, Å/β,
Deg.

c, Å/γ,
Deg.

Ref.

1 α-Zn2(SeO3)Cl2 sofiite Pccn 10.251/90 15.223/90 7.666/90 [44]
2 β-Zn2(SeO3)Cl2 - P21/c 7.670/90 10.261/100.0 7.657/90 [45]
3 α-Cu5O2(SeO3)2Cl2 georgbokiite P21/c 6.030/90 13.744/95.8 5.562/90 [46]
4 β-Cu5O2(SeO3)2Cl2 parageorgbokiite P21/c 5.398/90 8.054/99.3 11.128/90 [47]
5 KCdCu7O2(SeO3)2Cl9 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-ζ (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. Zn2(SeO3)Cl2 Polymorphs

Sophiite, α-Zn2(SeO3)Cl2, was first discovered in fumaroles of the Tolbachik volcano, Kamchatka
peninsula, Russia [12]. Its β-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 Zn2(SeO3)Cl2 are highly hygroscopic. Their crystal structures are very close to
each other and both are based upon the same type of electroneutral [Zn2(SeO3)Cl2]0 layers formed by
(ZnO2Cl2) tetrahedra, (ZnO4Cl2) octahedra, and (SeO3) trigonal pyramids (Figure 1a). The (ZnO4Cl2)
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 (ZnO2Cl2) 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 β-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 α-Zn2(SeO3)Cl2 should be regarded as 2O-polytype
(orthorhombic structure with two layers per unit cell), whereas β-Zn2(SeO3)Cl2 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 Se4+ cations (Figure 1).

The lists of bcps found for sofiite and β-Zn2(SeO3)Cl2 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(rc) < 0 and interactions with H(rc) > 0. The first kind of interactions
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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 ∇2ρ(rc) > 0 for all
interactions in the two structures). According to the ρ(rc) values, these bonds can be separated into
Se–O bonds (ρ(rc) = 0.18–0.20 a.u.) and Zn–X bonds (ρ(rc) = 0.02–0.08 a.u.).Crystals 2018, 8, x FOR PEER REVIEW  4 of 17 
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Figure 1. The crystal structures of the Zn2(SeO3)Cl2 polymorphs: (a) the structure of the
[Zn2(SeO3)Cl2]0 layer in sofiite; (b) the projection of the structure of sofiite parallel to the c axis;
(c) the projection of the structure of β-Zn2(SeO3)Cl2 parallel to the c 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 ∇2ρ(rc) > 0 and H(rc) > 0. These bond paths
correspond to the Se–Cl, Cl–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–Cl2 interaction is interlayer. The same
situation is also observed in β-Zn2(SeO3)Cl2 (Figure 3a). In sofiite, the interlayer interaction
corresponds to the shortest Se–Cl distance of 3.317 Å, whereas, in β-Zn2(SeO3)Cl2, the respective Se–Cl
distance is the longest among three Se–Cl contacts with its length equal to 3.514 Å. 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 Cl3 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 Zn2(SeO3)Cl2
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 Cl–Cl bcps in sofiite are located on the twofold axes, whereas
similar bcps in β-Zn2(SeO3)Cl2 are in general positions. In general, the structure of β-Zn2(SeO3)Cl2
contains 12 Cl–Cl bcps 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 Cl–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 Cl–Cl interaction has an interlayer character.
In β-Zn2(SeO3)Cl2, the analogue of the Cl1 position in sofiite is the Cl2 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 Cl–Cl interactions versus one in sofiite. Thus, the total coordination of the Cl2
site in the β-polymorph is sevenfold. The coordination of the Cl2 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 Cl–Cl bond paths. The situation in β-Zn2(SeO3)Cl2 is again
different (Figure 3b). The number of intralayer interactions is the same as in sofiite, but there are
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three interlayer interactions, one Cl–Se and two Cl–Cl. In total, the coordination of the Cl1 site in the
β-polymorph is sixfold versus fivefold in sofiite.
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Figure 2. Geometrical environment of bond critical points of weak closed-shell interactions in sofiite,
α-Zn2(SeO3)Cl2: (a) the bcps around the Se site; (b) the bcps around the Cl1 site; (c) the bcps around
the Cl2 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, α-Zn2(SeO3)Cl2, and their properties.

A1 A2 d [Å] ρ(rc) ∇2ρ(rc) G(rc) V(rc) H(rc) 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 O2 1.701 0.1883 0.4108 0.2196 −0.3364 −0.1168 −0.620

Zn1 O1 1.993 0.0758 0.3908 0.1109 −0.1242 −0.0133 −0.175
Zn1 O2 2.057 0.0667 0.3232 0.0908 −0.1007 −0.0099 −0.148
Zn1 Cl2 2.205 0.0784 0.2664 0.0849 −0.1033 −0.0184 −0.235
Zn1 Cl1 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 2.115 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 Cl2 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, Cl–Cl, and O–O interactions

Se Cl2 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 Cl1 3.533 0.0080 0.0268 0.0057 −0.0046 0.0011 0.138
Cl1 Cl1 3.898 0.0039 0.0143 0.0028 −0.0021 0.0007 0.179
Cl1 Cl1 3.955 0.0029 0.0115 0.0022 −0.0015 0.0007 0.241
Cl2 Cl2 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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Table 3. Bond critical points in the crystal structure of β-Zn2(SeO3)Cl2 and their properties.

A1 A2 d [Å] ρ(rc) ∇2ρ(rc) G(rc) V(rc) H(rc) BD

Se–O and Zn–X bonds (X = O, Cl)

Se1 O3 1.703 0.1901 0.3856 0.2163 −0.3361 −0.1198 −0.630
Se1 O1 1.707 0.1879 0.3797 0.2123 −0.3297 −0.1174 −0.625
Se1 O2 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
Zn1 O1 1.983 0.0779 0.4009 0.1147 −0.1291 −0.0144 −0.185
Zn1 O2 2.031 0.0702 0.3492 0.0984 −0.1096 −0.0112 −0.160
Zn1 Cl1 2.222 0.0761 0.2519 0.0801 −0.0972 −0.0171 −0.225
Zn1 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 O2 2.049 0.0663 0.3304 0.0914 −0.1002 −0.0088 −0.133
Zn2 O3 2.150 0.0546 0.2470 0.0676 −0.0735 −0.0059 −0.108
Zn2 Cl2 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, Cl–Cl, and O–O interactions

Se1 Cl2 3.382 0.0106 0.0343 0.0075 −0.0064 0.0009 0.085
Se1 Cl1 3.482 0.0096 0.0297 0.0065 −0.0055 0.0010 0.104
Se1 Cl1 3.514 0.0085 0.0252 0.0053 −0.0044 0.0009 0.106
Cl1 Cl2 3.534 0.0079 0.0225 0.0051 −0.0046 0.0005 0.063
Cl1 Cl2 3.956 0.0029 0.0113 0.0021 −0.0014 0.0007 0.241
Cl2 Cl2 3.869 0.0041 0.0151 0.0030 −0.0022 0.0008 0.195
O2 O2 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 bcps in β-Zn2(SeO3)Cl2 compared to sofiite might be related to the
higher stability of the β-polymorph. Its physical density, 3.68 g.cm−3 is slightly higher than that of
sofiite, 3.65 g.cm−3, which manifests the higher efficiency of layer packing, which, in turn, may lead
to the formation of more interlayer interactions, thus stabilizing the β-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 [Zn2(SeO3)Cl2]0 in the structures.
Nevertheless, the Cl–Cl interactions are also of importance, providing additional contributions to the
structural stability.
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3.2. Cu5O2(SeO3)2Cl2 Polymorphs

In fact, α-Cu5O2(SeO3)2Cl2 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 Cu5O2(SeO3)2Cl2, 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 Se4+ 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 Cu5O2(SeO3)2Cl2, there are additional O atoms not
bonded to Se and tetrahedrally coordinated by four Cu atoms thus forming (OCu4) oxocentered
tetrahedra. In both structures, (OCu4) tetrahedra share Cu–Cu edges and Cu corners to form
[O2Cu5] chains shown in Figure 4a. The (SeO3) groups are attached to (OCu4) 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
{[O2Cu5](SeO3)2}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.
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Figure 4. The basic structural module for the crystal structures of the Cu5O2(SeO3)2Cl2 polymorphs
(georgbokiite and parageorgbokiite): (a) the [O2Cu5] chain formed by alternating edge- and
corner-sharing (OCu4) tetrahedra; (b) the {[O2Cu5](SeO3)2} 1-dimensional module formed by the
face-to-face attachment of (SeO3) groups to (OCu4) tetrahedra.

Figure 5 shows a successive (step-by-step) construction of the crystal structure of georgbokiite,
α-Cu5O2(SeO3)2Cl2, if viewed in terms of anion-centered tetrahedra. The [O2Cu5] 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 {[O2Cu5](SeO3)2}2+ 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 [O2Cu5] chains) and these channels are occupied by Cl− anions
(Figure 5c). 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,
α-Cu5O2(SeO3)2Cl2: (a) the arrangement of the [O2Cu5] chains of edge- and corner-sharing (OCu4)
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 bcps 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 bcps.

The mode of linkage of the basic structural modules in the structure of parageorgbokiite,
β-Cu5O2(SeO3)2Cl2, is different, which is illustrated in Figure 6.

In contrast to georgbokiite, the [O2Cu5] chains in parageorgbokiite have different relative
orientations (Figure 6a) and are parallel to the a axis. Their linkage through (SeO3) groups (attached to
the (OCu4) 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 Cl− anions (Figure 6c) and hosting
the bcps 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 ∇2ρ(rc) > 0 and H(rc) < 0 (intermediate bonding
interactions);

(2) the Cu–O and Cu–Cl interactions with ∇2ρ(rc) > 0 and H(rc) > 0 (closed-shell interactions);
the Cu3–Cl interaction (2.739 Å) deserves special attention as this interaction lies exactly on the
border between intermediate and closed-shell interactions (H(rc) = 0);

(3) the closed-shell Se–Cl, Cl–Cl, and Cl–O interactions with ∇2ρ(rc) > 0 and H(rc) > 0.

The appearance of the second group of interactions (which is absent in the Zn2(SeO3)Cl2
polymorphs) is due to the Jahn–Teller distortion of Cu2+ 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 Å. It is of interest that the ρ(rc) 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 α-Cu5O2(SeO3)2Cl2 and their properties.

A1 A2 d [Å] ρ(rc) ∇2ρ(rc) G(rc) V(rc) H(rc) BD

Cu1 O1 1.923 0.0979 0.3812 0.1339 −0.1725 −0.0386 −0.394
Cu1 O4 1.962 0.0855 0.3506 0.1189 −0.1501 −0.0312 −0.365
Cu1 O4 2.046 0.0694 0.2766 0.0922 −0.1153 −0.0231 −0.333
Cu1 Cl 2.282 0.0682 0.1701 0.0658 −0.0890 −0.0232 −0.340
Cu1 Cl 2.570 0.0371 0.1248 0.0352 −0.0392 −0.0040 −0.108
Cu2 O2 1.944 0.0877 0.3727 0.1248 −0.1564 −0.0316 −0.360
Cu2 O1 1.971 0.0857 0.3284 0.1144 −0.1467 −0.0323 −0.377
Cu2 Cl 2.954 0.0164 0.0608 0.0138 −0.0123 0.0015 0.091
Cu3 O2 1.989 0.0786 0.3254 0.1089 −0.1364 −0.0275 −0.350
Cu3 O1 1.956 0.0911 0.3433 0.1214 −0.1570 −0.0356 −0.391
Cu3 O1 1.952 0.0935 0.3464 0.1238 −0.1611 −0.0373 −0.399
Cu3 O3 2.024 0.0723 0.2917 0.0973 −0.1217 −0.0244 −0.337
Cu3 O2 2.430 0.0283 0.1314 0.0327 −0.0326 0.0001 0.004
Cu3 Cl 2.739 0.0254 0.0915 0.0229 −0.0229 0.0000 0.000
Se O2 1.674 0.1998 0.4741 0.2453 −0.3721 −0.1268 −0.635
Se O3 1.709 0.1870 0.3738 0.2105 −0.3275 −0.1170 −0.626
Se O4 1.724 0.1820 0.3276 0.1952 −0.3084 −0.1132 −0.622
Se Cl 3.310 0.0129 0.0378 0.0083 −0.0072 0.0011 0.085
Se Cl 3.544 0.0086 0.0244 0.0053 −0.0045 0.0008 0.093
Cl O2 3.216 0.0113 0.0358 0.0082 −0.0074 0.0008 0.071
O2 O2 3.972 0.0083 0.0297 0.0062 −0.0050 0.0012 0.145

Table 5. Bond critical points in the crystal structure of β-Cu5O2(SeO3)2Cl2 and their properties.

A1 A2 d [Å] ρ(rc) ∇2ρ(rc) G(rc) V(rc) H(rc) BD

Cu1 O1 1.919 0.0976 0.3890 0.1350 −0.1727 −0.0377 −0.386
Cu1 O2 1.966 0.0824 0.3500 0.1164 −0.1453 −0.0289 −0.351
Cu1 O3 1.969 0.0834 0.3406 0.1153 −0.1455 −0.0302 −0.362
Cu1 Cl 2.268 0.0706 0.1716 0.0676 −0.0923 −0.0247 −0.350
Cu1 O4 2.944 0.0096 0.0425 0.0081 −0.0056 0.0025 0.260
Cu1 Cl 3.185 0.0096 0.0392 0.0079 −0.0060 0.0019 0.198
Cu2 O1 1.929 0.0944 0.3815 0.1314 −0.1675 −0.0361 −0.382
Cu2 O4 1.974 0.0823 0.3329 0.1128 −0.1425 −0.0297 −0.361
Cu3 O1 1.945 0.0934 0.3585 0.1260 −0.1625 −0.0365 −0.391
Cu3 O2 1.961 0.0832 0.3576 0.1187 −0.1480 −0.0293 −0.352
Cu3 O1 1.975 0.0885 0.3237 0.1158 −0.1506 −0.0348 −0.393
Cu3 O3 2.057 0.0672 0.2650 0.0881 −0.1099 −0.0218 −0.324
Cu3 O4 2.399 0.0311 0.1409 0.0363 −0.0374 −0.0011 −0.035
Cu3 Cl 2.705 0.0283 0.0977 0.0254 −0.0264 −0.0010 −0.035
Se O4 1.675 0.2000 0.4610 0.2428 −0.3704 −0.1276 −0.638
Se O3 1.713 0.1850 0.3654 0.2061 −0.3208 −0.1147 −0.620
Se O2 1.724 0.1813 0.3406 0.1971 −0.3091 −0.1120 −0.618
Se Cl 3.300 0.0133 0.0408 0.0093 −0.0083 0.0010 0.075
Se Cl 3.327 0.0123 0.0357 0.0078 −0.0067 0.0011 0.089
Cl O2 3.321 0.0097 0.0278 0.0065 −0.0060 0.0005 0.052
Cl Cl 3.501 0.0104 0.0284 0.0068 −0.0065 0.0003 0.029
Cl Cl 3.810 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 Cu5O2(SeO3)2Cl2 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 Cl–Cl interactions. In contrast,
in parageorgbokiite (Figure 7b), the channels are larger and have both (SeO3) groups and Cl− anions on
both sides. Each Se atom participates in two Se–Cl interactions, whereas each Cl atom participates in
two Se–Cl, two Cl–Cl and one Cl–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 α- and β-polymorphs, respectively. According to Krivovichev et al. [47], parageorgbokiite
is most likely a high-temperature modification of Cu5O2(SeO3)2Cl2, 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.
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3.3. Burnsite, KCdCu7O2(SeO3)2Cl9 

Burnsite, KCdCu7O2(SeO3)2Cl9, was discovered in Tolbachik fumaroles in 2002 [18]. By analogy 
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[O2Cu7] dimer (Figure 8a) similar to those recently observed in the crystal structure of 

Na2Cu7O2(SeO3)4Cl4 [72,73].  

Figure 6. The scheme of successive (step-by-step) construction of the crystal structure of
parageorgbokiite, β-Cu5O2(SeO3)2Cl2: (a) the arrangement of the [O2Cu5] chains of edge- and
corner-sharing (OCu4) 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 bcps 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, KCdCu7O2(SeO3)2Cl9

Burnsite, KCdCu7O2(SeO3)2Cl9, was discovered in Tolbachik fumaroles in 2002 [18]. By analogy
with Cu5O2(SeO3)2Cl2 polymorphs, its crystal structure contains additional O atoms tetrahedrally
coordinated by four Cu atoms [48]. Two (OCu4) tetrahedra share a common Cu atom to
form a [O2Cu7] dimer (Figure 8a) similar to those recently observed in the crystal structure of
Na2Cu7O2(SeO3)4Cl4 [72,73].

In the crystal structure of burnsite, the [O2Cu7] dimers are surrounded by two (SeO3) groups
each of them attached to the (OCu4) tetrahedra in a face-to-face fashion (Figure 8b). The resulting
{[O2Cu7](SeO3)2} groups are linked via Cu–O bonds into an open three-dimensional framework
(Figure 9a) with large cavities occupied by Cd2+, K+, and Cl− ions (Figure 9b).

Table 6 provides a list of bcps 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 ∇2ρ(rc) > 0 and
H(rc) < 0, except for the Se–Cl interactions that are of the closed-shell type (∇2ρ(rc) > 0 and H(rc) > 0).
Figure 8c shows the atomic configuration inside the cavity occupied by two (SeO3) groups and three
Cl− ions.

Table 6. Bond critical points in the crystal structure of burnsite, KCdCu7O2(SeO3)2Cl9, and
their properties.

A1 A2 d [Å] ρ(rc) ∇2ρ(rc) G(rc) V(rc) H(rc) BD

Cd Cl1 2.614 0.0426 0.1420 0.0395 −0.0436 −0.0041 −0.096
Cu1 O1 1.899 0.1016 0.4263 0.1447 −0.1828 −0.0381 −0.375
Cu1 O2 1.916 0.0906 0.4215 0.1362 −0.1670 −0.0308 −0.340
Cu1 O2 2.127 0.0580 0.2304 0.0736 −0.0896 −0.0160 −0.276
Cu1 Cl2 2.555 0.0369 0.1152 0.0331 −0.0374 −0.0043 −0.117
Cu1 Cl1 2.612 0.0331 0.1101 0.0300 −0.0324 −0.0024 −0.073
Cu2 O1 1.914 0.0980 0.4169 0.1409 −0.1776 −0.0367 −0.374
Cu2 Cl2 2.451 0.0484 0.1460 0.0464 −0.0562 −0.0098 −0.202
Se O2 1.687 0.1936 0.4591 0.2350 −0.3553 −0.1203 −0.621
Se Cl2 3.532 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 Se4+ ions can be viewed as trigonal prismatic, similar to that observed in the crystal
structures of the Zn2(SeO3)Cl2 polymorphs (see above). Each Cl2 atom participates in two Cl–Se
closed-shell interactions.
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filling framework cavities by Cd2+, 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 [∇2ρ(rc) > 0 and H(rc) < 0] and closed-shell interactions [∇2ρ(rc) > 0 and H(rc) > 0].
In the Zn2(SeO3)Cl2 polymorphs and burnsite, all Me–X interactions are of the first type, whereas,
in georgbokiite and parageorgbokiite, the Jahn–Teller distortion of the Cu2+ 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 Se4+ and Cl− 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 Å, whereas the sum of
the van der Waals radii (RW) is equal to RW

Se + RW
Cl = 1.9 + 1.8 = 3.7 Å [77]. The energy of the Se–Cl

closed-shell interactions, Eint, can be estimated using the equation proposed by Espinosa et al. [78]:

Eint = −313.754 V(rc), (2)

where V(rc) is the potential electron energy density at bcp expressed in atomic units (a.u.). Taking
into account that the V(rc) 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−1.
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 α-HIO3 [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 Cl− 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 Se4+ 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 Se4+ cations possessing a lone electron pair to
participate in attractive Se4+–Cl− interactions, which cannot be realized in Se6+ 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 Se4+–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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