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ABSTRACT 

This work deals with the synthesis and characterization of novel oxide materials containing selenium in the 
oxidation states of +4 or +6. The structural types occurring in 33 known oxoselenite minerals have an 
amazing variety, and cover the whole field from 0D isolated complexes to 3D frameworks, which 
offer unexploited potentialities in terms of physical properties. This thesis aims to synthetize and 
investigate new Se based compounds, using methods inspired by mineralogical processes. 

Information based on original building units assembled into original architectures have been 
deduced and compared to related inorganic phases of the literature. In the present study, our innovative 
so-called “geo-inspired” approach is applied in order to obtain complex novel crystalline compounds. This 
approach assumes emulation and modelling of natural crystal growth processes. 

Herein, we used either a traditional descriptive procedure based on consideration of the crystal 
structures in terms of coordinations of cations, or the modern theory of anion-centered tetrahedra 
developed by the St. Petersburg school of crystallography and the UCCS group of solid-state chemistry in 
Lille, in cases when the traditional structural interpretation does not reflect basic principles of crystal 
chemistry. Thus, several metal-oxide chemical systems with Se4+/6+ and various metals (Cu+/2+, Ni2+, Co2+, 
V4+/5+, Mn2+, Fe3+, Pb2+, Bi3+, U6+) were studied in the context of the present work. 

The thesis contains results of synthetic procedures, and crystal chemical characterization of 39 new 
metal selenites, selenates, and selenite-selenates. The analogy of selenite groups with phosphites was also 
investigated. Main results are described with references to more detailed publications given in 
the appendices. 

Keywords: selenite, selenate, uranyl, vanadate, phosphite, copper, nickel, cobalt, manganese, lead, 
bismuth, iron, synthesis, crystal structure, single crystal X-ray analysis, oxo-centered tetrahedra 
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RÉSUMÉ 

Ce manuscrit est consacré à la synthèse et la caractérisation de nouveaux matériaux d'oxyde à base de 
sélénium dans les états d’oxydation +4 ou +6. Les types structuraux rencontrés parmi les 33 oxy sélénites 
minéraux montrent une diversité structurale étonnante, et couvrent le champ des dimensionnalités 0D à 
3D, offrant ainsi des potentialités inexploitées en termes des propriétés physiques. Cette thèse a visé la 
synthèse de l’étude de nouveaux composés du Se, en utilisant des méthodes de synthèse essentiellement 
inspirées des conditions de croissance des minéraux. 

Les informations basées sur l’assemblage de briques élémentaires originales dans des architectures 
structurales ont été déduites et comparées aux données de la littérature sur des phases proches. 

Lors de ce travail, notre approche « géo-inspirée » innovante été appliquée afin d'obtenir de nouveaux 
polytypes complexes. Nous avons donc utilisé des procédés simulant les conditions de croissance des 
minéraux. En termes de description, nous avons également utilisé soit le modèle « standard » basé sur 
l’examen des structures cristallines en termes de coordinations de cations, soit des outils plus modernes 
basés sur l’assemblage de tétraèdres anions-centrés développée par l'école de la cristallographie de Saint-
Pétersbourg et par le groupe de chimie du solide de l’UCCS, à Lille, et ce dans les cas où l'interprétation 
structurale traditionnelle ne reflète pas les principes de base de la cristallochimie. Finalement, plusieurs 
systèmes chimiques métal-oxyde avec du Se4+/6+ et divers métaux (Cu+/2+, Ni2+, Co2+, V4+/5+, Mn2+, Fe3+, Pb2+, 
Bi3+, U6+) ont été étudiés dans le cadre de ce manuscrit. 

La thèse contient les résultats des procédures synthétiques et de la caractérisation cristallochimique 
des 39 nouveaux sélénites, sélénates et sélénite-sélénates des métaux. Les principaux résultats sont donnés 
et font référence aux publications plus détaillées données en annexe. 

Mots-clés: sélénite, sélénate, uranyle, vanadate, phosphite, cuivre, nickel, cobalt, manganèse, fer, plomb, 
bismuth, synthèse, structure cristalline, analyse sur monocristal par diffraction des Rayons-X, tétraèdres 
oxo-centrés 
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1 INTRODUCTION 

Nowadays, in the domain of the fundamental studies and elaboration of novel crystalline materials 
investigations have been slowed down. Actual researchers’ activity focuses on more lucrative projects 
dedicated to specific materials suitable for particular applications in electronics, nuclear, energy, space 
industries etc… In most of the cases, the following research scenario is based on the modifications and re-
investigations of already well-known compounds in order to optimize their physical and chemical 
properties by doping, coating, shaping etc… the so-called “material science”. The current situation leads to 
deficiencies of new atomic-scale architectures for the needs of a whole range of various material sciences 
with their increasing demands for novel materials based on specific crystal structures determining different 
innovating properties. 

On the other hand, Nature has not yet revealed all its own secrets concerning the origin and physical 
conditions of the crystal growth of all mineral species on the Earth. The structural architectures found in 
known crystalline compounds designed by Nature’s hand cover a whole range from 0D to 3D frameworks, 
and offer unexploited potentialities in terms of study of their innovating physical properties. The ways of 
natural formation of many mineral groups remains undiscovered. At the same time, researchers use a wide 
variety of synthetic methods in attempts to perceive the Nature and to emulate the natural techniques in 
laboratory. For example, the chemical vapour transport reactions method provides a unique opportunity to 
model physical and chemical conditions existing in fumarolic environments and may be used not only to 
model exhalative processes, but also to predict possible mineral phases that may form in fumaroles. In 
particular, the K-analogue of ilinskite, a rare mineral sublimate from the fumaroles of the Tolbachik volcano 
(Kamchatka peninsula, Russia), synthesized under the framework of the present study, is not known in 
Nature, whereas it may well form from volcanic gases in a K-rich local geochemical environment. This is 
just an isolated example among so many others. 

This thesis is clearly dedicated to a work at the interface between solid-state chemistry and 
mineralogy. To our knowledge, it is one of the first dedicated to the synthesis of various series of novel 
metal-oxide compounds using innovative so-called “geo-inspired” approach. Here we assume the 
emulation and modelling of natural crystal growth processes in order to obtain complex functional 
materials with a potential in terms of specific physical properties. 

Over the past two decades chemistry of selenium-containing compounds has been developed 
intensively by many researchers, generating a large amount of experimental knowledge in various 
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fundamental and applied research areas: in medicine (Rayman 2000), biochemistry (Tapiero et al. 2003), 
organic chemistry (Pyrzynska 1996), physics (Qu and Peng 2002; Hsu et al. 2008), nuclear technology 
(Puranen et al. 2010), Earth sciences (Mandarino 1994; Séby et al. 2001), and structural chemistry 
(Choudhury et al. 2002; Krivovichev et al. 2005a). 

Selenium has been shown to be a versatile chemical element in terms of crystal chemistry. Depending 
on the growth conditions, selenium occurs in several oxidation states and is, therefore, redox sensitive, at 
the interface between anionic (Se2–) and cationic (Se4+, Se6+) functions. The present work focuses on the Se 
oxide compounds in the oxidation states of +4 (selenites) and +6 (selenates) with broad structural 
diversifications. The field of selenides (Se2– ions) essentially insoluble in water is out of the scope of this 
work. However, it should to be note that they are more prevalent in Nature (85 IMA approved minerals) 
than Se oxysalts. 

In geochemical environments, selenites and selenates are relatively rare oxo-anion groups. By the 
end of the XXth century, only 16 selenium oxysalts were known to occur naturally. Last twenty years have 
witnessed an impressive progress in the chemistry of natural selenium based phases resulted in discovery 
of another 17 new minerals. It gives a total of 33 different mineral species approved by the International 
Mineralogical Association to date. Natural selenites notably dominate selenates among known minerals, as 
probable result of the easy reduction processes of selenates to selenites and elemental selenium in aqueous 
environments. 

The study of selenites and selenates has occupied scientists for over a century and a half. The first Se 
compound, so-called mineral “kerstenite” (discredited in 2006 by IMA and referred to molybdenite or 
olsacherite), was sketchily described by C. Kersten in (Kersten 1839). Nevertheless, although much chemical 
information about Se compounds has been reported in details so far, only a few reviews have been 
published. In 1994 J. Mandarino summarized geochemical characteristics of natural and synthetic selenites 
(Mandarino 1994). Five years later V. Verma presented a complete review of synthetic, thermoanalytical, 
IR, Raman and X-ray studies on metal selenites (Verma 1999). The absence of actual reviews on selenites 
and selenates prompted the present work as well. Here, we also tried to rationalize structural features and 
principles of crystal growth, an important task for the implementation and design of novel functional oxide 
materials. 

Selenium atom has the electron configuration [Ar] 3d10 4s2 4p4, and, therefore, six valence electrons 
in the outermost shell. In the crystal structures of selenates, Se6+ are tetrahedrally coordinated by four O2– 
resulted in (Se6+O4)2– anionic groups commonly described with two Se–O single and two Se=O double 
bonds. In selenites, Se4+ cation form a (Se4+O3)2− triangular pyramid with Se located at its apical corner, 
given as two Se–O single and one Se=O double bond. A lone electron pair is stereochemically active and 
acts as a complementary external ligand forming (ESe4+O3)2− tetrahedra (E: lone electron pair). Note curious 
exceptions in which lone electron pair directly bond to metals observed e.g. in BaCoAs2O5 (David et al. 
2014).The co-presence of such lone pairs combined with the electronic properties of other metals 
(transition, heavy, and actinide) in the structures of compounds leads to engaging inorganic chemistry. 
Furthermore, the interest to selenium oxide compounds has also been stimulated by the attempts to 
understand purely fundamental reasons for such structural diversity and its underlying crystal chemical 
mechanisms. 
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Inorganic copper oxoselenites attract considerable attention due to their fascinating structural and 
physical properties as well as mineralogical and geochemical importance. Of special interest are mixed-
valence Cu+–Cu2+ systems with separate symmetrically independent monovalent and divalent copper sites 
due to their contrasted coordinations combined in one crystal structure. The specific feature of many 
copper oxoselenites is the presence in their crystal structures of oxocentered (μ4–O)Cu4 tetrahedral units 
that polymerize to form extended structural complexes (Krivovichev et al. 2013b). In Chapter 2.2, we report 
on the structural characterization of eight novel copper oxoselenites inspired by mineralogical discoveries 
in such unusual geological conditions as volcanic fumaroles. 

The research on ternary oxoselenite systems with lead and nickel/cobalt as transition metals 
constituents was not yet carried out. In Chapter 2.3, we present a scrupulous investigation of the crystal 
growth in the PbO−NiO−SeO2 system in hydrothermal conditions. It led to the synthesis of four novel lead 
nickel/cobalt selenites. 

The crystal chemistry of selenium-containing vanadates possesses specific structural features due to 
the structural peculiar features of VO4, VO5 and VO6 groups. In addition, this richness of coordination 
number is increased by the various valence states offered in the crystal structures (Evans and Hughes 1990; 
Schindler et al. 2000; Boudin et al. 2000). The incorporation of asymmetric selenite groups and heavy 
cations, such as Pb2+, with stereochemically active lone electron pairs into the structures of vanadates could 
result in a formation of structural cavities leading to materials with open architectures. In Chapter 2.4, we 
describe the pathways for synthesis of lead vanadate selenites, report on crystal structures of three novel 
phases, and discuss the phenomenon of polymorphism in vanadate selenites. 

Chapter 2.5 contains a structural characterization of seven new compounds: one manganese 
selenate, three bismuth selenites, and three manganese bismuth selenites. The last three phases are the 
first examples of oxide compounds containing both bismuth and manganese cations. 

Sixteen novel uranyl selenates and mixed valence selenite-selenates discussed in Chapter 2.6 
demonstrate an exceptional structural diversity, which is studied using a graph theory. The diversity of 
polyhedral units found in uranyl selenates and selenite-selenates formed by polymerization of U and Se 
coordination polyhedra is unique: starting from isolated complexes to nanotubules (Krivovichev et al. 
2005b; Krivovichev et al. 2005a; Alekseev et al. 2008). The topology and geometry of these units is controlled 
by a number of factors governing interactions between organic and inorganic substructures, i.e. 
hydrophillic-hydrophobic interactions, charge-density matching and weak hydrogen bonding. 
Composition–structure relationships in uranyl selenates and selenite-selenates is rationalized using the 
principle of dimensional reduction previously proposed by J. Long et al. (Long et al. 1996; Tulsky and Long 
2001; Alekseev et al. 2007; Krivovichev 2009). 

In Chapter 2.7, the analogy between lone electron pairs of selenite groups and H–P bonds of the 
phosphite anions is discussed through two isotypic compounds, Fe2(SeO3)3 and Fe2(HPO3)3. It 
demonstrates that in solids containing (HPO3)2– and (ESeO3)2– anions, the H atom is negatively charged 
and possesses a partial hydridic character in the phosphites. 
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The present work was carried out under the framework of the international co-tutorial thesis project 
between St. Petersburg State University (Russia) and University of Lille 1 (France). It contains the results of 
syntheses, and crystal chemical characterization of 39 novel oxide compounds containing selenium in the 
oxidation states of +4 and +6. 

Brief overview is provided in Chapter 2 of the thesis. It is subdivided into seven parts: 

1. Objects and methods 
2. Crystal chemical studies of copper selenites 
3. Crystal chemical studies of nickel and cobalt selenites 
4. Crystal chemical studies of vanadium selenites 
5. Crystal chemical studies of selenium compounds with manganese and bismuth 
6. Crystal chemical studies of uranyl selenates and selenite-selenates 
7. Analogy between electron lone pairs of selenites and hydrogen-in-phosphites 

Detailed description of the theoretical and experimental results can be found in 9 original papers 
appended at the end of the present thesis. 
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2 BRIEF DESCRIPTION OF RESULTS 

This work presents the results of synthetic, and crystal chemical characterization of a large variety of novel 
oxide crystalline compounds containing selenium in the oxidation states of +4 and +6. These two states are 
characterized by different oxo-anions, namely (SeO3)2– and (SeO4)2–. Within the framework of this thesis, 
an innovative so-called “geo-inspired” approach assumed emulation and modelling of natural crystal 
growth processes was applied. For the crystal chemical studies we used either a traditional descriptive 
procedure based on consideration of the crystal structures in terms of coordinations of cations, or the 
modern theory of anion-centered tetrahedra (Krivovichev et al. 2013b) developed by the St. Petersburg 
school of crystallography and the UCCS group of solid-state chemistry in Lille, in cases when the traditional 
structural interpretation does not reflect basic principles of structural architecture. Experimental details for 
all studied phases are discussed in relevant chapters. 

2.1 Objects and methods 

Crystalline samples studied in the present work were synthesized and characterized in between the 
University of Lille 1, Unité de catalyse et chimie du solide (France), and the St. Petersburg State University, 
Department of crystallography (Russia). 

In the present work, we used several methods to synthesize the crystalline products. Most of them 
were selected due to their analogy with crystallogenetic chemical processes occurring in Nature. In 
particular, the chemical vapour transport reactions (CVT) (Binnewies et al. 2013) were used for synthesis of 
a series of copper oxoselenites, bismuth selenite oxochlorides, and one vanadate selenite. This method can 
be considered as modelling of the natural environments, e.g. where copper oxoselenites are formed from 
the condensation of volcanic gases emanating from cooling magmatic chambers deep under the Earth’s 
surface long after the period of eruptive activities. Likely, during these volcanic CVT reactions the selenites 
and metal halides play the role of transport agents as it was originally suggested by Filatov et al. (Filatov et 
al. 1992). 

The crystalline samples of lead nickel/cobalt selenites, lead vanadate selenites, and one manganese 
bismuth selenite were prepared by using the hydrothermal techniques. The aqueous reactions were 
performed in 23 ml Teflon-lined autoclaves that were heated in mechanical convection ovens. Although 
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the thermal treatment varied from one phase to another, in general, the autoclaves were held static for 
several days, followed by controlled slow cooling to room temperature. This kind of process is regarded as 
similar to that known from the oxidation zones of mineral deposits at small depths or subsurface zones, 
where most of known natural metal selenium oxysalts are formed. 

For synthesis of a large series of uranyl selenates and selenite-selenates the isothermal evaporation 
from aqueous solutions under ambient conditions was applied. Analogous process of oxidation of high-
level radioactive liquid waste (created by the reprocessing of spent nuclear fuel) accompanying the decay of 
unstable uranium isotopes results in their release into the environment and formation of various crystalline 
uranyl compounds containing different elements formed in thermal fission. Although 79Se isotope exists in 
spent nuclear fuel as a fission product in small amount (<0.05% (Choppin et al. 2001)), its long half-life of 
3.27·105 years (Jörg et al. 2010) combined with its high mobility leads to wide geochemical and 
mineralogical abundance of selenium-containing uranyl complexes in the oxidation zones of uranium 
deposits and the areas of deep geological repositories for disposal of radioactive wastes. 

Single-crystal X-ray diffraction data for novel phases were collected using a Stoe IPDS II Image-Plate 
X-ray diffractometer (University of St. Petersburg, Russia), a Bruker DUO APEX II CCD four-circle 
diffractometer with a Mo-IμS micro-focus tube (University of St. Petersburg, Russia; University of Lille 1, 
France), and a Bruker X8 APEX II CCD diffractometer with a fine-focus X-ray tube (University of Lille 1, 
France). More than a hemisphere of 3D data were collected for each crystal using monochromatic MoKα X-
radiation, λ = 0.71073 Å. 

The crystal structures were solved by direct methods and refined by means of the SHELX program 
package (Sheldrick 2008). The final structural models were checked for missing symmetry operations using 
the PLATON program (Spek 2009). For convenience, sometimes JANA 2006 (Petříček et al. 2006) and the 
charge filling method implemented in SUPERFLIP (Palatinus and Chapuis 2007) was also used. The final 
models included all atomic positional parameters and anisotropic-displacement parameters for atoms in all 
studied crystal structures. 

Powder X-ray diffraction analyses of the powder samples were performed at room temperature using 
a D8 Advance Bruker AXS diffractometer, CuKα X-radiation, λ = 1.5418 Å (University of Lille 1, France). 

Infra-red absorption spectra were measured between 4000 and 400 cm−1 with a Perkin−Elmer 
Spectrum Two spectrometer equipped with a diamond attenuated total reflectance (ATR) accessory 
(University of Lille 1, France). 

Scanning electron microscope and energy-dispersive X-ray (SEM/EDS) analyses were performed on 
a HITACHI S4700 microscope at 20 kV acceleration voltage and a current of 15 μA at different 
magnifications (University of Lille 1, France). The ratios were determined using a semi-quantitative routine 
deconvolution. 

The magnetic properties of the samples were analysed in collaboration with Dr. Silviu Colis at the 
Institut de Physique et Chimie des Matériaux de Strasbourg (IPCMS, France) using a MPMS SQUID-VSM 
(Quantum Design) magnetometer in a temperature and field range of 1.8−300 K and 0−7 T. The 
susceptibility versus temperature was measured under 0.02 T after the sample was cooled in a field of 0.1T 
(FC) or in zero field (ZFC). In some cases, the powders were previously magnetically “aligned” at 7 T in a 
polymeric gel that freezes the particle orientation below ∼303 K. 
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Multiphoton SHG microscopy measurements on single crystals have been carried out in 
collaboration with Dr. Christine Terryn at the Plateforme Imagerie Cellulaire et Tissulaire, Université de 
Reims (France). A laser-scanning microscope LSM 710 NLO Zeiss was used for the measurements with the 
excitation provided by a CHAMELEON femtosecond Titanium-Sapphire laser set at 860 nm, tuning the 
power until SHG was detected on selected single crystal samples deposited on a glass plate. Samples were 
imaged with a 20x, 0.8 NA objective lens. Emitted signal of SHG was collected with a band-pass filter (420 
to 440 nm). 
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2.2 Crystal chemical studies of copper selenites 

Crystallographic data and experimental parameters for the crystal structures of eight novel compounds 
listed below are summarized in Table 2.1. 

c2.1 – K[Cu5O2](SeO3)2Cl3 c2.5 – [NaCl][Cu(SeO2OH)2] 
c2.2 – Na[Cu5O2](SeO3)2Cl3 c2.6 – [Cu+Cl2][Pb2Cu2+

9O4](SeO3)4Cl5 
c2.3 – K[Cu3O](SeO3)2Cl c2.7 – [Cu+Cl2][PbCu2+

5O2](SeO3)2Cl3 
c2.4 – Na2[Cu7O2](SeO3)4Cl4 c2.8 – K(1–x)[Cu+Cl2][PbxCu2+

(6–x)O2](SeO3)2Cl(4–x), x = 0.20 

TABLE 2.1 Crystallographic data and refinement parameters for c2.1, c2.2, c2.3, c2.4, c2.5, c2.6, c2.7, and 
c2.8. 

 c2.1 c2.2 c2.3 c2.4 c2.5 c2.6 c2.7 c2.8 
Mr (g mol–1) 749.07 732.96 535.09 1172.40 755.83 1869.77 2103.20 1992.64 
sp. gr. Pnma Pnma P–1 P–1 C2/c C2/m C2/m C2/m 
a (Å) 18.1691(6) 17.749(2) 7.6821(5) 7.4362(6) 13.9874(7) 18.605(17) 18.4956(4) 15.116(1) 
b (Å) 6.4483(2) 6.4412(6) 8.1179(5) 8.3361(7) 7.2594(4) 6.204(6) 6.1454(1) 6.1853(4) 
c (Å) 10.5684(4) 10.488(1) 8.7836(6) 9.134(1) 9.0421(5) 12.673(11) 15.2985(4) 9.2672(9) 
α (°) 90 90 113.19(1) 110.28(1) 90 90 90 90 
β (°) 90 90 108.73(1) 106.21(1) 127.04(1) 109.87(2) 119.31(1) 95.965(5) 
γ (°) 90 90 98.245(4) 105.16(1) 90 90 90 90 
V (Å3) 1238.19(7) 1199.0(2) 453.32(5) 467.94(8) 732.81(7) 1376(2) 1516.3(1) 861.7(1) 
Z 4 4 2 1 2 2 2 1 
ρ (g/cm3) 4.018 4.060 3.920 4.160 3.425 4.514 4.607 3.840 
μ (mm–1) 15.333 15.523 15.757 16.263 13.313 25.78 25.02 15.52 
λ (MoKα) (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 
total rflns 9584 7946 5607 11190 3926 12055 8423 5430 
indep rflns 2233 2042 1749 2842 1170 3370 2841 1479 
Rint 0.027 0.098 0.050 0.047 0.026 0.093 0.025 0.030 
R1 [I > 2σ(I)] 0.018 0.049 0.048 0.027 0.021 0.035 0.028 0.045 
wR2 [I > 2σ(I)] 0.040 0.065 0.117 0.060 0.051 0.040 0.077 0.116 
R1 [all data] 0.023 0.099 0.080 0.032 0.030 0.095 0.029 0.061 
wR2 [all data] 0.041 0.077 0.133 0.062 0.053 0.048 0.078 0.125 
GOF 1.035 0.991 1.014 1.070 1.081 0.716 1.126 1.070 
∆ρmax, ∆ρmin, 
(e Å–3) 

0.74, 
−0.77 

1.62, 
−1.67 

1.62, 
−1.62 

0.85, 
−0.95 

0.70, 
−0.65 

1.75, 
–1.86 

4.19, 
–3.39 

4.25, 
–1.99 

 

2.2.1 Synthetic procedures 

Single crystals of all novel copper selenites were prepared by the chemical vapour transport (CVT) 
reactions. In the course of the CVT reactions, a precursor is partially transported by a gaseous agent from 
a source zone to a deposition zone under the action of a temperature gradient. The general scheme of the 
CVT method is shown in Figure 2.1a. Mixtures of initial reagents in a various molar ratios (Table 2.2) were 
ground and loaded into silica tubes (ca. 15 cm), which were further evacuated to 10–2 mbar and sealed. The 
tubes were placed horizontally into a tubular two-zone furnace, heated to 500–550 °C for 3–4 days and 
subsequently slowly cooled to room temperature. The temperature gradient between the source (hot) and 
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deposition (cold) zones of the tube in the furnace was about 50 °C. Crystals of novel phases were observed 
in the different zones of the tubes in association with already known compounds are shown in Figure 2.1d. 

 

FIGURE 2.1 General scheme of the CVT method – (a), the source zone of the tube – (b), the crystals of 
K[Cu5O2](SeO3)2Cl3 (c2.1) picked out from the source zone – (c), and a common view of the sealed silica tube after 
the CVT synthesis – (d). 

TABLE 2.2 Experimental details of the CVT syntheses of c2.1, c2.2, c2.3, c2.4, c2.5, c2.6, c2.7, and c2.8. 

 c2.1 c2.2 c2.3 c2.4 c2.5 c2.6 c2.7 c2.8 
molar ratios:         
SeO2 2 2 2 2 2 1 1 1 
CuO 4 4 4 4 4 0 2 2 
CuCl2 1 1 1 1 1 2.25 1.50 1.50 
CuCl 0 0 0 0 0 1.25 0 0 
KCl 1 0 3 0 0 0 0 1 
NaCl 0 1 0 3 3 0.50 1 0 
PbO 0 0 0 0 0 0.75 0.50 0.50 
conditions:         
temp. (°C) 500 500 500 500 500 500 550 550 
time (h) 72 72 72 72 72 96 72 72 
cooling (h) 24 24 24 24 24 12 6 6 

 

2.2.2 Structural description of eight novel phases 

A[Cu5O2](SeO3)2Cl3 (A = K+, Na+) 

K[Cu5O2](SeO3)2Cl3 (c2.1) and Na[Cu5O2](SeO3)2Cl3 (c2.2), are isotypic and represent synthetic analogues 
of natural Na-ilinskite (Vergasova et al. 1997; Krivovichev et al. 2013a). They come from the frame of the 
fascinating study of inorganic topologies based on oxocentered tetrahedra recently reviewed by Krivovichev 
and co-workers (Krivovichev et al. 2013b). The crystal structures of c2.1 (K) and c2.2 (Na) contain four 
symmetrically independent copper sites with different mixed-ligand coordination environments. The 
Cu(1) site is coordinated by five ligands to form {Cu[(4O)+Cl]} square pyramids. The Cu(3) site has a 
distorted [3O+Cl] square coordination. The coordinations of the Cu(2) and Cu(4) sites in c2.1 (K) and c2.2 
(Na) are different as due to the shift of the Cl(3) site induced by the greater size of the K+ cations compared 
to Na+. Thus, the Cu(2) site has a distorted square pyramidal [(3O+Cl)+Cl] coordination in c2.2 (Na), and 
a distorted [(3O+Cl)+2Cl] octahedral environment in the crystal structure of c2.1 (K). The Cu(4) atom 
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possesses an octahedral [(4O)+2Cl] coordination in c2.2 (Na), whereas the shift of the Cl(3) atoms is 
influenced by larger size of K+ cations in c2.1 (K) results in the change of a coordination polyhedron of 
Cu(4) to a five-fold square {Cu[(4O+Cl)]} pyramid with one axial Cu(4)–Cl(3) bond, analogous to the 
environment of the Cu(1) sites in both structures. There are two symmetrically independent selenium sites 
in the crystal structures of c2.1 (K) and c2.2 (Na), which have typical oxygen coordination of triangular 
pyramid with a stereochemically active lone pair of electrons as a complementary ligand. The arrangement 
of coordinating ligands of Na+ in c2.2 (Na) consists of one oxygen and four chlorine atoms, forming a 
distorted {Na[(O+2Cl)+2Cl]} trigonal bipyramid. K+ cations in c2.1 (K) are surrounded by five oxygen and 
four chlorine atoms each. 

Interestingly, the crystal structures of c2.1 (K) and c2.2 (Na) contain “additional” oxygen atoms, 
which are coordinated solely by Cu2+ cations, resulting in the formation of oxocentered (OCu4)6+ tetrahedra. 
The (OCu4)6+ tetrahedra share common corners to form the [Cu5O2]6+ sheets parallel to (100) (Figure 2.2). 
The [Cu5O2] 

6+ sheets in the crystal structures of c2.1 (K) and c2.2 (Na) are surrounded by selenite triangular 
pyramids and chlorine anions to produce a microporous framework. The pores are filled by alkali metal 
cations and lone pairs of electrons of the selenite groups. Detailed description of the crystal structures of 
c2.1 (K) and c2.2 (Na) can be found in the article A-VII (see Included Articles). 

 

FIGURE 2.2 The crystal structures of A[Cu5O2](SeO3)2Cl3 (A+ = K+ (c2.1), Na+ (c2.2)) in two different 
projections featuring side and top view of the [O2Cu5]6+ sheet of oxocentered (OCu4)6+ tetrahedra highlighted by red 
colour. 

K[Cu3O](SeO3)2Cl and Na2[Cu7O2](SeO3)4Cl4 

The structure of K[Cu3O](SeO3)2Cl (c2.3) contains three symmetrically independent Cu2+ sites. The Cu(1) 
site is surrounded by four O and one Cl atoms to form an unusual distorted trigonal bipyramid in a 
{Cu[(2O+Cl)+2O]} coordination. The Cu(2) atom has a typical planar-square [(4O)] coordination. The 
coordination polyhedron of Cu(3) can be described as a distorted {Cu[(4O)+(O+Cl)]} octahedron. All these 
various Cu coordination polyhedra are combined into sheets parallel to (001). The structure of c2.3 contains 
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two symmetrically independent Se4+ cations that form typical (SeO3)2– triangular pyramids. The K+ cation 
is coordinated by seven O2− and two Cl− anions in a distorted arrangement. 

In the crystal structure of Na2[Cu7O2](SeO3)4Cl4 (c2.4), there are four symmetrically independent Cu 
sites. The Cu(1) site forms a {Cu[(4O)]} square, similar to the Cu(2) site in the structure of c2.3. The Cu(2) 
and Cu(4) sites are coordinated by three O and one Cl to form {Cu[(3O+Cl)]} planar squares. The same 
[(3O+Cl)] coordination has been also observed in the crystal structures of c2.1 and c2.2. The Cu(3) site in 
the crystal structure of c2.4 has a triangular bipyramidal [(2O+Cl)+2O] coordination Two symmetrically 
independent Se sites form typical (SeO3)2– trigonal pyramids. The symmetrically unique Na+ cation is 
surrounded by six O2− and one Cl− anion to form an approximately triangular prismatic oxygen 
environment. 

In the crystal structure of c2.3, two (OCu4)6+ tetrahedra share a common Cu∙∙∙Cu edge to form the 
[O2Cu6]8+ dimer, while in c2.4 [O2Cu7]10+ dimeric units and formed by two (OCu4)6+ tetrahedra sharing a 
common Cu atom. The selenite groups and Cl atoms surround these dimers to form the 
{[O2Cu6](SeO3)4Cl2]}2− and {[O2Cu7](SeO3)4Cl4]}2− structural units in c2.3 and c2.4, respectively, which are 
further interconnected into sheets (Figure 2.3). The interlayer space is occupied by the alkali cations. A 
comparison of the mode of linkage of (SeO3)2− with the oxo-centered dimers in known copper oxoselenites 
is given in the Section 2.2.3. Detailed description of the crystal structures of c2.3 and c2.4 (Na) can be found 
in the article A-IX (see Included Articles). 

 

FIGURE 2.3 The crystal structures of K[Cu3O](SeO3)2Cl (c2.3) and Na2[Cu7O2](SeO3)4Cl4 (c2.4). The (OCu4)6+ 
tetrahedra are highlighted by red colour. 

[NaCl][Cu(SeO2OH)2] 

The crystal structure of [NaCl][Cu(SeO2OH)2] (c2.5) contains one symmetrically independent Cu site 
octahedrally coordinated by four O and two Cl atoms. The Cu site forms a (CuO4) square complemented 
by two long Cu–Cl bonds resulting in a [(4O)+(2Cl)] coordination observed for Cu(4) in the structure of 
c2.2. There is one Se site coordinated by three O atoms to form a trigonal (SeO3) pyramid typical for 
selenites. One of the three Se–O bonds is elongated compared to two other bonds owing to the protonation 
of the Oh(1) site. The (CuO4) squares and (SeO2OH) groups share common oxygen atoms to form 
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electroneutral [Cu(SeO2OH)2] sheets parallel to the (100) plane (Figure 2.4). Between two (SeO2OH)– group 
the Oh(1)···O(2) hydrogen bond creates a [(SeO2OH)2]2– dimer that provides additional stabilization of the 
copper diselenite sheet. 

FIGURE 2.4 Projections of the [Cu(HSeO3)2]0 sheet (a) and the crystal structure of [NaCl][Cu(HSeO3)2] (c2.5) 
featuring two-dimensional [Cu(HSeO3)2]0 sheets with intercalated ...–Na–Cl–... chains. 

In the crystal structure of c2.5, the [Cu(HSeO3)2] sheets alternate with the sheets consisting of zigzag 
–Na–Cl–Na–Cl– chains formed by Cl atoms and disordered Na sites. The chains are parallel to the c-axis.
The linkage between the alternating electroneutral [Cu(HSeO3)2]0 and [NaCl]0 sheets is provided by the 
Cu–Cl and Na–O bonds. The coordination of Na is fivefold and consists of three O and two Cl atoms.° 

The c2.5 compound can be considered as a member of the series of compounds based upon the 
M(SeO2OH)2 sheets (M = Cu2+, Co2+, Cd2+). The prototype structure for this group is [Cu(SeO2OH)2] 
(Effenberger 1985) that does not have any chemical species separating the copper hydroselenite sheets. In 
other compounds, the interlayer space between the [Cu(SeO2OH)2]0 sheets is occupied by structural units 
of different complexity. In all the compounds, the [Cu(SeO2OH)2]0 sheets have approximately the same 
planar dimensions (measured as distances between a couple of atoms related by symmetry operations), 
except for [Cu(SeO2OH)2](H2O)2 (Lafront and Trombe 1995), where the sheets are strongly corrugated. 
Detailed description of c2.5 can be found in the article A-VIII (see Included Articles). 

[Cu+Cl2][Pb2Cu2+
9O4](SeO3)4Cl5, [Cu+Cl2][PbCu2+

5O2](SeO3)2Cl3, 
and K(1–x)[Cu+Cl2][PbxCu(6–x)O2](SeO3)2Cl(4–x), x = 0.20 

The crystal structures of these three compounds are very unusual owing to the incorporation of linear 
(Cu+Cl2)– units in the voids of a pseudo honeycomb sheets made of oxo-centetred (O(Cu/Pb)4)6+ tetrahedra 
and (SeO3)2– groups. In [Cu+Cl2][Pb2Cu9O4](SeO3)4Cl5 (c2.6), [Cu+Cl2][PbCu5O2](SeO3)2Cl3 (c2.7), and K(1–

x)[Cu+Cl2][PbxCu2+
(6–x)O2](SeO3)2Cl(4–x), x = 0.20 (c2.8), Cu+ cations form two relatively short Cu+–Cl bonds, 

which result in the formation of tightly bonded (Cu+Cl2)– anionic groups that can be considered as separate 
structural entities. The Cu2+ cations have mixed oxochloride coordinations with typical trends of Jahn-
Teller d9 ions. The Cu(1) and Cu(2) sites in c2.6, the Cu(4) site in c2.7, and Cu(3) site in c2.8 form distorted 
{Cu[(4O)+(2Cl)]} octahedra similar to those found for Cu(4) and Cu(1) in the structures of c2.2 and c2.5, 
respectively. The Cu(3) site in c2.6, the Cu(2) and Cu(3) sites in c2.7, and the Cu(1) site in c2.8 are 
octahedrally [(3O+Cl)+2Cl] coordinated with (CuO3Cl) squares complemented by two long Cu–Cl bonds. 
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The same coordination was observed for Cu(2) in the structure of c2.1. The Cu(4) site in c2.6 forms a 
trigonal {Cu[(3O)+(O+Cl)]} bipyramids, whereas the Cu(1) site in c2.7 and the Cu(4) site in c2.8 are 
[(2O+Cl)+(O+Cl)] coordinated. The Pb atoms have asymmetrical coordinations consisting of three strong 
Pb–O bonds located in one coordination hemisphere and four long Pb–Cl in another. This coordination of 
Pb2+ cations is consistent with the presence of stereoactive lone electron pairs. Se4+ cations form standard 
(SeO3)2– selenite triangular pyramidal oxoanions. The structure of c2.8 has one symmetrically independent 
K site with the site-occupation factor (s.o.f.) equal to 0.8. Its coordination polyhedron can be described as 
a distorted hexagonal bipyramid. 

In the crystal structure of c2.6 there are two additional O atoms, that form (OCu2+
3Pb) and (OCu2+

4) 
tetrahedra, respectively. The oxocentered tetrahedra share common corners to form [O4Pb2Cu2+

9]14+ double 
chains. These chains are growing parallel to the b-axis, and its common value for the three compounds 
(b ≈ 6.2 A) denotes similar arrangement between the oxocentered building units in the full series. These 
types of chains of anion-centered tetrahedra are original and have not been observed in inorganic 
compounds previously. The SeO3 groups are attached to the triangular bases of oxo-centered tetrahedra 
that results in formation of 1D {[O4Pb2Cu2+

9](SeO3)4}6+ complex interconnected via Pb–O bonds into 2D 
metal-oxide double sheets (Figure 2.5a). The projection of the sheets in the (b,c) plane leads to a 
honeycomb-like lattice of tetrahedra (Figure 2.5b). In contrast, monometallic [O2Cu5] honeycomb-sheets 
are reported in several compounds based upon anion-centered tetrahedra (Krivovichev et al. 2013b).The 
sheets are surrounded by Cl– anions in the interleaves and accommodate both linear [Cu+Cl2]– anions and 
Cl– ions in the larger and smaller honeycomb windows, respectively. Taking into account the relative 
strength of the Cu+–Cl bonds and weak interactions between them and the rest of the structure, these units 
may be considered as guest anions embedded in the complex metal oxochloride matrix based upon anion-
centered tetrahedra. 

FIGURE 2.5 Projections of the structures of [Cu+Cl2][Pb2Cu9O4](SeO3)4Cl5 (c2.6) – (a) and (b), 
[Cu+Cl2][PbCu5O2](SeO3)2Cl3 (c2.7) – (c), and K(1–x)[Cu+Cl2][PbxCu2+

(6–x)O2](SeO3)2Cl(4–x), x = 0.20 (c2.8) – (d). 
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A very similar 'host-guest' principle is at work in the structures of c2.7 and c2.8 as well. Here the 
(OCu2+

3Pb) and (OCu2+
4) tetrahedra share corners to produce single chains extending along the common b 

parameter that have the [O2PbCu5]8+ and [O2PbxCu2+
(6–x)]8+ compositions, respectively. The experimental 

partial Pb2+ for Cu2+ substitution is allowed by the oxo-centered framework in this particular topology. 
Together with SeO3 groups, these chains form 1D {[O2M6](SeO3)2}4+ metal-oxide (M = Cu2+, Pb2+) 
backbones of the structures that are arranged to form pseudo honeycomb sheets (Figure 2.5c, d). Due to 
the elementary single-chains, only large honeycomb windows are created that accommodate the (Cu+Cl2)– 
guest anions as observed in c2.6. The structure of c2.8 contains additional K+ cations located in the 
interlayer space between the metal oxoselenite chloride sheets. In all three structures, lone electron pairs on 
the Pb2+ and Se4+ cations are oriented toward the interlayer space, thus conforming the 'chemical scissor' 
principle of structural organization in compounds with lone electron pair cations. Detailed description of 
the crystal structures of c2.6, c2.7, and c2.8 can be found in the article A-V (see Included Articles). 

2.2.3 Linkage of selenite groups with [OCu4]6+ dimers 

The novel compounds c2.3 and c2.4 are the new members of a structural family of minerals and synthetic 
compounds (Table 2.3) characterized by dimers composed of edge-sharing (O(Cu/Pb)4)6+ tetrahedra 
polymerized into [O2(Cu/Pb)6]8+ units or corner-sharing (OCu4)6+ tetrahedra into [O2Cu7]10+ units. Figure 
2.6 provides an overview of the observed coordination environments of the dimers of oxocentered 
tetrahedra in the crystal structures of related copper minerals and synthetic compounds. Existence and 
frequent occurrence of such oxocentered units in different structures provides an indirect evidence for the 
importance of such units as pre-nucleation building blocks existing in gaseous media as it occurs in volcanic 
fumaroles or evacuated silica ampoules used in the CVT method. 

TABLE 2.3 Crystallographic data for minerals and inorganic copper compounds based upon dimers composed 
of oxo-centered tetrahedra. 

Cu:O Fig. Chemical formula 
Mineral 
name 

Space 
group 

a (Å); 
α (°) 

b (Å); 
β (°) 

c (Å); 
γ (°) 

V (Å3) Ref. 

6:2 2.6a K[Cu3O](SeO3)2Cl P–1 
7.682; 
113.2 

8.118; 
108.7 

8.784; 
98.2 

453 c2.3 

6:2 2.6a Cu[Cu3O](SeO3)3–I P21/a 15.990 
13.518; 
90.5 

17.745 3836 [1] 

6:2 2.6b Cu[Cu3O](SeO3)3–II P–1 
7.992; 
77.3 

8.141; 
66.6 

8.391; 
81.4 

484 [1] 

6:2 2.6c KPb0.5Cu[PbCu5O2]Zn(SeO3)2Cl10 prewittite Pnnm 9.132 19.415 13.213 2343 [2] 

6:2 2.6d NaK[Cu3O](SO4)3 euchlorine C2/c 18.41 
9.43;
113.7 

14.21 2259 [3] 

6:2 2.6d K2[Cu3O](SO4)3 fedotovite C2/c 19.037 
9.479;
111.0 

14.231 2397 [4] 

6:2 2.6e (NMe2H2)4[Cu6O2](SO4)6(DMF)4 P21/n 13.105 
10.514; 
103.2 

18.753 2516 [5] 

6:2 2.6f (NMe2H2)4[Cu6O2](SO4)6(DMF)2 P–1 
8.588; 
106.5 

10.684; 
104.6 

12.817; 
105.9 

1012 [5] 

7:2 2.6h KCd[Cu7O2](SeO3)2Cl9 burnsite P63/mmc 8.781 8.781 15.521 1036 [6] 

7:2 2.6g Na2[Cu7O2](SeO3)4Cl4 P–1 
7.436; 
110.3 

8.336; 
106.2 

9.134; 
105.2 

468 c2.4 

References: 1 – (Effenberger and Pertlik 1986); 2 – (Shuvalov et al. 2013); 3 – (Scordari and Stasi 1990); 4 – (Starova et al. 1991); 
5 – (Burrows et al. 2012); 6 – (Krivovichev et al. 2002; Burns et al. 2002). 
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FIGURE 2.6 Coordination environment of the dimers composed of oxo-centered tetrahedra in the crystal 
structures of different minerals and synthetic compounds listed in Table 2.3. 
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2.3 Crystal chemical studies of nickel and cobalt selenites 

Here we continue to consider divalent transition metals in which the Jahn-Teller effect characteristic for 
metallic cation is more or less pronounced depending on its coordination. One of the goals is to explore 
topologies of selenite compounds in which the transition metal adopts an octahedral coordination. 
Crystallographic data and experimental parameters for the crystal structures of the compounds studied in 
this chapter are summarized in Table 3.1. Detailed description of the solid phases produced in the studied 
system and analysis of the magnetic properties can be found in the article A-IV (see Included Articles). 

TABLE 3.1 Crystallographic data and refinement parameters for α–PbNi(SeO3)2 (c3.1), β–PbNi(SeO3)2 (c3.2), 
PbNi2(SeO2OH)2(SeO3)2 (c3.3), and α–PbCo(SeO3)2 (c3.4). 

c3.1 c3.2 c3.3 c3.4 
Mr (g mol–1) 519.82 519.82 834.47 520.04 
space group Pnma Cmc21 P2/c Pnma 
a (Å) 12.7476(4) 5.4715(4) 13.6824(10) 12.8208(4) 
b (Å) 5.4562(2) 9.1963(6) 5.2692(5) 5.4902(2) 
c (Å) 7.8332(2) 11.4436(9) 19.3476(13) 7.9085(2) 
β (°) 90 90 129.524(4) 90 
V (Å3) 544.83(3) 575.81(7) 1075.94(16) 556.67(3) 
Z 4 4 4 4 
ρ (g/cm3) 6.337 5.996 5.151 6.205 
μ (mm–1) 47.637 45.074 32.668 46.221 
λ (MoKα) (Å) 0.71073 0.71073 0.71073 0.71073 
total rflns 10212 2345 5454 3226 
indep rflns 823 686 2083 742 
Rint 0.0336 0.0260 0.0459 0.0260 
R1 [I > 2σ(I)] 0.0139 0.0141 0.0496 0.0186 
wR2 [I > 2σ(I)] 0.0360 0.0346 0.0992 0.0429 
R1 [all data] 0.0165 0.0142 0.0783 0.0203 
wR2 [all data] 0.0387 0.0346 0.1104 0.0439 
GOF 1.090 1.109 1.187 1.142 
∆ρmax,∆ρmin (e Å–3) 1.573, –1.110 1.310, –1.073 2.916, –2.912 0.971, –1.887 
ICSD 428905 428906 428907 428904 

2.3.1 Crystal growth in the PbO–NiO–SeO2−H2O system 

Synthetic procedures 

In this system we present a systematic exploration of the phase diagram in hydrothermal conditions, a rare 
methodology dealing with solvothermal methods, where most of the reported phases are obtained 
fortuitously. Our exploration of the crystal growth in the PbO–NiO–SeO2−H2O system consisted of 
examination of 36 possible combinations of molar ratios of the solid precursors within the Gibbs triangle 
(Figure 3.1). In all syntheses the mPbO + nNiO + (k/5)SeO2 (m, n, k = 1, 2,… 8) molar sum was fixed as 
constant equaled to 10 mmol, and the mixture was completed with 6 ml of distilled water. It has been 
experimentally established that only acidic conditions favor the crystallization of structural varieties. Thus, 
a large stoichiometric excess of SeO2 was necessary to achieve successful reactions, and the amount of 
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selenium dioxide was multiplied by five. The pH values increase from ~1 to ~5.5–6.0 on decreasing the 
SeO2 content in studied experimental range. The solid products were systematically analyzed by powder 
XRD analysis, while representative crystals of each of the present phases were also selected by morphology 
and colors and tested by single-crystal XRD analysis. It led to the single crystal phase distribution given in 
Figure 3.1a, where the crystallization domains of phases are illustrated by different colors. 

FIGURE 3.1 Experimental crystallization diagram of the PbO–NiO–SeO2–H2O system at 200 °C with the pH 
zones shown in background by grey colors – (a); series of the experiments with a PbO / NiO / SeO2 molar ratio of 
5 : 3 : 10 corresponding to the P1 point with various pH values – (b). 

The hydrothermal chemical reactions were performed during 36 hours in 23 mL Teflon-lined vessels 
heated in an oven at 200 °C. At the end of the experiment time, the vessels were cooled during 48 hours. 
The precipitate was filtered through filter paper. Single crystals of three novel lead nickel selenites, α–
PbNi(SeO3)2 (c3.1), β–PbNi(SeO3)2 (c3.2), and PbNi2(SeO2OH)2(SeO3)2 (c3.3), have been observed in the 
mixtures with already reported compounds: Ni(SeO3)(H2O) (Engelen et al. 1996), Ni3(SeO3)3(H2O) 
(Wildner 1991; Mcmanus et al. 1991), Ni12(OH)6(SeO3)8(OH)2 (Amorós et al. 1996), and Pb(SeO3) 
(Popovkin et al. 1963; Fischer 1972; Koskenlinna and Valkonen 1977). Single crystals of the cobalt selenite, 
α–PbCo(SeO3)2 (c3.4), were obtained by the reaction analogous to that used to obtain compound c3.1. 
Attempts to synthesize the Co-analogue of compounds c3.2 and c3.3 using similar techniques proved 
unsuccessful. The novel lead selenites crystals occur as yellow needles (c3.1), yellow prisms (c3.2), green 
plates (c3.3), and purple needles (c3.4) up to 300 μm in maximal dimension. 
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Brief analysis of the synthesized phases 

The analysis of the different produced solid phases allows a rough rationalization on the basis of the starting 
stoichiometry and pH value. The Pb(SeO3) compound is the most frequent phase in the system, and it has 
been observed as a solid product with variable degree of crystallinity in each hydrothermal experiment, 
sometimes found as a predominant white powder. This proves a preferred complexation of Pb2+ by (SeO3)2− 
and enhanced precipitation independently of the pH. Also we note that rich lead compounds appear in the 
right zone of the diagram while lead-free nickel selenites have been obtained at the left side with low Pb 
concentrations. This result, even though expected, demonstrates formation mechanisms controlled by the 
solution concentrations of each species. Finally, occulting the systematic presence of Pb(SeO3), low pH 
values favor reactivity of (SeO2OH)− groups (e.g. in c3.3), while selenite groups dominate at higher pH 
values (e.g. in c3.1 and c3.2 polymorphs). 

Role of pH 

To gain more information about the reaction processes in the PbO–NiO–SeO2−H2O phase diagram, an in-
depth investigation was carried out for the particular P1 (PbO / NiO / SeO2 molar ratio of 5 : 3 : 10) 
stoichiometric mixture at various pH values up to 7.5 (in order to prevent the reduction of SeO2 to γ – Se 
metal (Pourbaix 1974; Takeno 2005)). The reagents were mixed with 1.75 M aqueous NaOH solution until 
the required pH values. Then, the hydrothermal treatment was applied. The resulted products of these series 
as a function of the pH values are shown in Figure 3.1b. The results obtained in the course of the 
hydrothermal experiments demonstrate an essential role of the pH values, especially dealing with the 
influence of the degree of condensation of the ionic species. Once more at all pH the Pb(SeO3) is revealed 
as very stable. For the other products, we observe that water molecules and, subsequently, hydroxide anions 
are progressively incorporated into the compound structures on increasing the pH. In particular, at low pH 
of 1.5−2.5 only condensed compounds, α–PbNi(SeO3)2 (c3.1) and Pb(SeO3) are formed. The reaction 
occurring with pH value of 3.5 leads to reported compound Ni3(SeO3)3(H2O) with one-third of Ni2+ 
coordinated by water molecules. Increasing the pH to 5.0−6.0 markedly increases the incorporation of water 
molecules and/or hydroxyl groups leading to Ni12(OH)6(SeO3)8(OH)2 and Ni(SeO3)(H2O). The crystal 
structure of the latter is only composed of NiO5(H2O) polyhedra, while the tubular crystal structure of 
Ni12(OH)2(SeO3)8(OH)6 contains half of the protonated (NiO5(OH))9− octahedra. With pH values greater 
than 7.0, only the very stable solid products Pb(SeO3) phase is observed. 

2.3.2 Structural description of three novel structural forms 

α–PbM(SeO3)2 (M = Ni2+, Co2+) 

The isotypic compounds c3.1 and c3.4 are built up from a 3D framework composed of anionic (SeO3)2- and 
(MO6)10– building units sharing common corners (Figure 3.2). We find one symmetrically independent M2+ 
position with rather regular (MO6)10– octahedral coordination. There are two independent Se atoms per 
formula unit, where Se4+ cations form typical (SeO3)2– triangular pyramids. The unique Pb2+ site is 
surrounded by O anions shared by (SeO3)2– and (MO6)10– groups. It forms asymmetric Pb2+ coordination 
with a stereochemically active lone pair directed toward the empty space. In Figure 3.2b, a 3D metal cationic 
framework of the crystal structures of c3.1 and c3.4 is represented as a black-and-white graph with black 
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and white nodes symbolizing coordination polyhedra of M2+ and Se4+, respectively. It highlights the 
topological connectivity of the SeO3 and MO6 polyhedra in complex 3D framework with stretched 
rectangular channels extending along [010] direction occupied by the lead cations and the Se4+ lone pairs. 
In the (010) plane, their sections are arranged in a crossed manner with alternate of the two orientations 
[201] and the [20-1] with respect to the Pnma symmetry. The channels are bordered by six MO6 and six 
SeO3 polyhedra (Figure 3.2a). Divalent lead cations reside in the cavities and balance the charge of the 
framework of the compounds c3.1 and c3.4. Detailed description of the crystal structures of c3.1 and c3.4 
can be found in article A-IV (see Included Articles). 

FIGURE 3.2 General projection of the crystal structures of α–PbM(SeO3)2 (M = Ni2+ (c3.1), Co2+ (c3.4)) along 
the b-axis – (a), and the corresponding black-and-white graph – (b), M2+ Se4+ are black and white circles, respectively. 

β–PbNi(SeO3)2 

The crystal structure of c3.2 contains one symmetrically independent Ni2+ cation that forms a slightly 
distorted NiO6 octahedron. Two independent Se4+ sites have a trigonal pyramidal coordination. In the 
crystal structure of c3.2 a coordination polyhedron of a unique Pb2+ ion is asymmetric and obviously 
indicates that the 6s2 lone pair is stereochemically active. Similarly to what found in the α–PbNi(SeO3)2 form 
(c3.1), the β–form is built up from isolated NiO6 octahedra interlinked by SeO3 groups via common oxygen 
corners. However, the linkage modes differ in both structures. The crystal structure of c3.2 (Figure 3.3) is 
essentially two dimensional (2D) and is based upon [Ni(SeO3)2]2– sheets, which lay parallel to (001). The 
lone pairs of electrons of Se4+ cations are oriented in the [001] direction toward the vacant part of the 
interlayer space. Cavities are filled by the Pb2+ cations, which serve to balance charge and achieve the 
cohesion between the sheets. The shortest interlayer O···O contacts across the interlayer is about 3.36 Å, 
much greater than the sum of van der Waals radii and involves a true 2D-character. The black-and-white 
graph corresponding to the layered nickel selenite structural units is shown in Figure 3.3c. This kind of 
layered topology is one of the most common in inorganic oxysalts (Krivovichev 2004; Krivovichev 2009). 
The noncentrosymmetric character of c3.2 is well evidenced on Figure 3.3a where only “up” SeO3 
orientations are found in the crystal structure. Detailed description of the crystal structure of c3.2 can be 
found in the article A-IV (see Included Articles). 
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FIGURE 3.3 The crystal structure of β–PbNi(SeO3)2 (c3.2) in two different projections – (a) and (b), and the 
black-and-white graph corresponding to the Ni–Se sheet in the structure– (c). 

PbNi2(SeO2OH)2(SeO3)2 

In the crystal structure of c3.3 there are two symmetrically independent Ni2+ sites with rather regular 
octahedral coordination. The four crystallographically inequivalent Se4+ atoms are asymmetrically 
coordinated by three oxygen atoms in a trigonal pyramidal geometry. However, two of them are protonated 
leading to strongly distorted (Se(3)O2OH)– and (Se(4)O2OH)– trigonal pyramids with one long Se–O bond, 
and two shorter Se–O bonds. The two independent Pb2+ cations are eight-fold oxygen coordinated. They 
both show a distorted square antiprismatic arrangement with lone pairs of electrons oriented toward the 
longest oxygen neighbors. 

In the crystal structure of c3.3, the NiO6 octahedra are sharing their vertices with SeO3 groups, 
forming a 3D framework encapsulating channels propagating along the [010] direction (Figure 3.4a). Four 
independent channels are occupied alternately by divalent lead cations and lone pairs of electrons of the 
Se4+ cations. It is striking that in the (a,b) projection the similitude between Pb1 and Pb2 channels suggests 
a V/2 sub-cell. In fact the projection in the (a,b) plane evidences channels growing along the c-axis with a 
clear distinction between Pb1 and Pb2 sites (Figure 3.4b). 

Figure 3.4c shows the black-and-white graph corresponding to a 3D metal cationic framework of 
c3.3. Its structural architecture is closely related to that observed in the crystal structure of PbFe2(SeO3)4 
(Johnston and Harrison 2004) and represents an interesting topological variation of the primitive cubic 
(pcu) network (Krivovichev 2014). Detailed description of the crystal structure of c3.3 can be found in the 
article A-IV (see Included Articles). 
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FIGURE 3.4 General projection of the crystal structure of PbNi2(SeO2OH)2(SeO3)2 (c3.3) along the b and c-axis 
– (a) and (b), respectively; its black-and-white graph – (c); and more detailed fragment of the structure – (d). 
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2.4 Crystal chemical studies of vanadate selenites 

Crystallographic data and experimental parameters for the crystal structures of the compounds studied in 
this chapter are summarized in Table 4.1. 

TABLE 4.1 Crystallographic data and refinement parameters for β–(V2O3)(SeO3)2 (c4.1), Pb2(VO)(SeO3)3 
(c4.2), and β–Pb4(V3O8)2(SeO3)3(H2O) (c4.3). 

 c4.1 c4.2 c4.3 
Mr (g mol–1) 403.80 862.20 1789.30 
space group P21/c P21/n P–1 
a (Å) 7.1812(3) 5.1938(3) 7.1425(2) 
b (Å) 7.0753(2) 16.1141(9) 7.1933(2) 
c (Å) 14.0486(5) 11.2533(6) 21.5261(7) 
α (°) 90 90 90.0190(10) 
β (°) 101.5462(15) 90.527(2) 98.1800(10) 
γ (°) 90 90 94.5980(10) 
V (Å3) 699.35(4) 941.79(9) 1091.12(6) 
Z 4 4 2 
ρ (g/cm3) 3.835 6.081 5.446 
μ (mm–1) 13.105 48.272 38.305 
λ (MoKα) (Å) 0.71073 0.71073 0.71073 
total rflns 7488 9381 21653 
indep rflns 2126 3062 6579 
Rint 0.0252 0.0305 0.0272 
R1 [I > 2σ(I)] 0.0232 0.0236 0.0260 
wR2 [I > 2σ(I)] 0.0503 0.0411 0.0535 
R1 [all data] 0.0298 0.0322 0.0302 
wR2 [all data] 0.0527 0.0429 0.0549 
GOF 1.065 1.059 1.042 
∆ρmax,∆ρmin (e Å–3) 1.03, –0.49 1.40, –1.34 5.06, –2.96 

 

2.4.1 Pathways for synthesis of lead vanadate selenites 

The PbO−VOx−SeO2 ternary system has not been widely explored so far, and it counts only six known 
phases, namely, Pb2(V5+

2O5)(SeO3)2 (Li et al. 2010), Pb2(V4+O)3(SeO3)5 (Li et al. 2010), 
Pb4(V5+O2)2(SeO3)4(Se2O5) (Yeon et al. 2012), α–Pb4(V5+

3O8)2(SeO3)3(H2O) (Cao et al. 2014), 
Pb2(V5+O2)(SeO3)2Cl (Cao et al. 2014), and Pb(V5+O2)(SeO3)F (Cao et al. 2014). Further investigation was 
motivation for us in this part of the present study. Most of the reported compounds have been prepared by 
the hydrothermal techniques at 200–230 °C, which is expected owing to good solubility and reactivity of 
(Se4+O3)2− anions in solution, while Pb2+ oxysalts are prone to the phase formation in aqueous solutions as 
demonstrated by our previous results. Only two of the compounds, Pb4(V5+O2)2(SeO3)4(Se2O5) (Yeon et al. 
2012) and Pb2(V5+O2)(SeO3)2Cl (Cao et al. 2014), were synthesized using the CVT method. Interestingly, 
the latter can be also obtained by the hydrothermal method (Cao et al. 2014). 

In the context of the present work, single crystals of the new β–(V5+
2O3)(SeO3)2 (c4.1) have been 

grown by the chemical vapor transport (CVT) method described in general form in the Section 2.1, while 
new Pb-containing phases, Pb2(V4+O)(SeO3)3 (c4.2) β–Pb4(V5+

3O8)2(SeO3)3(H2O) (c4.3), were obtained by 
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using the hydrothermal techniques in the course of the phase diagram exploration. Due to time restrictions, 
“hydrothermal” phase diagrams using both PbO and PbCl2 precursor have not been studied systematically, 
in contrast with the Ni-containing system developed in the Section 2.1. At least our investigation of the 
systems included an examination of several combinations of molar ratios of the solid precursors within the 
Gibbs’ triangle (Figure 4.1) in a similar way as described in the Section 2.3.1. 

 

FIGURE 4.1 Experimental crystallization diagram of the PbCl2−V2O5−SeO2−H2O (a) and 
PbO−V2O5−SeO2−H2O (b) systems at 200 °C with the pH zones shown in the background by gray colors. 

The reaction products have been identified by means of single crystal (for both systems) and powder 
(only for the PbO−V2O5−SeO2−H2O system) X-ray diffraction methods. As in the case of the Ni-system, 
self-acidification was achieved owing to the SeO2 reaction with water according to the following reactions: 

SeO2 + H2O ↔ H2SeO3 (1) 
H2SeO3 ↔ H+ + (HSeO3)– (pKa = 2.62) (2) 
(HSeO3)– ↔ H+ + (SeO3)2– (pKa = 8.32) (3) 

In the PbCl2−V2O5−SeO2−H2O system, the Pb2(VO2)(SeO3)2Cl (Cao et al. 2014) and Pb(VO3)Cl (Jo 
et al. 2009) phases dominate, while PbCl2 and Pb(V2O7) occur in the PbCl2-rich and V2O5-rich regions of 
the diagram, respectively. Using the PbO precursor, more contrasted phases have been identified depending 
on the zone of the crystallization diagram. Our study allowed to identify one new phase in each system, 
namely, Pb2(V4+O)(SeO3)3 (c4.2), and β–Pb4(V5+

3O8)2(SeO3)3(H2O) (c4.3), described below. 

2.4.2 Structural description of three novel phases 

β–(V2O3)(SeO3)2 

The crystal structure of the new β–polymorph of (V2O3)(SeO3)2 (monoclinic symmetry, P21/c) (c4.1) 
contains two V5+ atoms and two Se4+ atoms. The V(1) site is coordinated by six oxygen atoms to form an 
irregular [1s+4+1t]-octahedron with one short (V(1)–O(4) = 1.586 Å) and one elongated bond (V(1)–
O(3) = 2.385 Å). The V(2) site forms a square [1s+4]-pyramid with one short V(2)–O(9) = 1.570 Å bond. 
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This kind of five-fold coordination has been observed e.g. in the crystal structures of A4Cd(VO)(V2O7)2Cl 
(A = Rb, Tl) (Mertens and Müller-Buschbaum 1997). Se4+ cations form the typical (SeO3)2– triangular 
pyramids with a stereoactive lone pair acting as a complementary ligand. 

In the structure of c4.1, a pair of edge-sharing vanadate octahedra shares their common oxygen 
corners with two vanadate square pyramids to from a (V4O18)16– tetramer. The selenite anions play different 
structural roles. The Se(2)O3 triangular pyramids are attached to the tetramer in such a way that selenite 
triangular O3 bases are relatively parallel to the V–V–V–V plane of the tetramer. The Se(1)O3 groups are 
located in between the vanadate tetramers and provide their linkage into the metal-oxide sheets through 
the formation of the Se–O–V bridges (Figure 4.2a). The 2D vanadate selenite complexes with an interlayer 
spacing of about 3.3 Å are oriented parallel to (-201) plane. The structural feature of this type of sheets in 
addition to their electro-neutrality is the presence of large lengthy channels of size 3 × 10 Å running along 
[100]. 

 

FIGURE 4.2 Projections of the structures and optical images of the crystals of c4.1, c4.2, c4.3, and α–
Pb4(V3O8)2(SeO3)3(H2O). VO6 octahedra, VO5 square pyramids, SeO3 triangular pyramids, and Pb2+ cations are blue, 
green, orange, and grey, respectively. 

Polymorphism of (V2O3)(SeO3)2 

The crystal structures of the two polymorphs, α–(V2O3)(SeO3)2 (Lee and Kwon 1996) and β–(V2O3)(SeO3)2 
(c4.1), both consist of vanadate tetrameric structural units with different geometry. The crystal structure of 
α–modification is based upon chains extended along the a-axis, and composed of (SeO3)2– pyramids and 
square-like octahedral (V4O18)16– tetramers shown in Figure 4.3a. The tetramer is built up from two pairs of 
edge-shared V5+ octahedra linked through common oxygen equatorial corners. Its V5+ centers have rather 
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regular square planar geometry with the V(1)∙∙∙V(2) lengths of 3.41, 3.53 Å and the V–V–V angles between 
88.7° and 91.3°. In contrast, in the structure of β–form (c4.1), the tetramer is cruciform (Figure 4.3b). The 
two mutually perpendicular V(1)∙∙∙V(1)' and V(2)∙∙∙V(2)' distances across the tetramer are 3.20 Å and 6.28 
Å, respectively. The distribution of short and long V–O distances is highlighted in the Figure 4.3b. 

 

FIGURE 4.3 Vanadate tetrameric structural units in the structures of α–(V2O3)(SeO3)2 and β–(V2O3)(SeO3)2 
(c4.1) – (a) and (b), respectively. 

It is noteworthy that the crystal structures of both polymorphic compounds are related with those of 
chemically similar (V2O3)(TeO3)2 (Darriet and Galy 1973; Millet et al. 1999) and (V2O3)(XO4)2 (X = S, Se) 
(Tudo et al. 1969; Richter and Mattes 1992; Tyutyunnik et al. 2010). Such a wide variety of the crystal 
structures of similar chemical compositions can be caused by the presence of chemically differ strong short, 
equatorial and weak long bonds in VOn polyhedra, which give rise to a large diversity of different geometries 
of structural units. Also contributing is the fact that the asymmetric selenite groups with stereochemically 
active lone electron pair could form structural cavities leading to materials with open architectures. 

Pb2(V4+O)(SeO3)3 

This phase is fundamentally different from the other ones since it contains so-called vanadyl (V=O)2+ ions. 
In the crystal structure of Pb2(V4+O)(SeO3)3 (c4.2), there is a unique V4+ position octahedrally coordinated 
by six O atoms and isolated in the cell. The (VO6)8– octahedron contains one short vanadyl bond (V(1)–
O(7) = 1.615 Å), four equatorial bonds with the average bond length of 2.035 Å, and one shortened trans 
bond (V(1)–O(5) = 2.096 Å). Occurrence of such short trans bond length is rather rare for the compounds 
with octahedrally coordinated V4+ sites (Schindler et al. 2000), and is commonly more closed to 2.2 Å. 
Nevertheless, it has been observed e.g. in the crystal structures of A2(VO)3(P2O7)2 (A = Rb, K) (Leclaire et 
al. 1988; Lii et al. 1990). In both cases, the valence bond of this “long” oxygen corner is completed by bonding 
to an oxo-anion (SeO3 or P2O7), while the V=O oxygen atom it is not further bonded. Three symmetrically 
independent Se sites form typical (SeO3)2– triangular pyramids. The structure of c4.2 contains two 
symmetrically independent Pb2+ sites. Both lead cations are surrounded by ten common O atoms with 
vanadate and selenite groups. Generally, all Pb2+ cations demonstrate short and strong Pb–O bonds in one 
coordination hemisphere and long weaker Pb–O bonds in another. 
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The structure of c4.2 can be considered as formed from 1D vanadate selenite chains with divalent 
lead cations located in between providing 3D cohesion of the structure (Figure 4.2b). Single vanadate 
octahedra share five their oxygen corners with adjacent selenite triangular pyramids to form 
[(VO2)(SeO3)3]4– chains running along the a-axis. Both bidentate Se(2)O3 and Se(3)O3 groups bridge 
between two adjacent V(1)O6 octahedra, whereas Se(1)O3 triangular pyramid is monodentate and shares 
only one corner with the trans-one of the vanadate octahedron. Orientation of the 1D structural units can 
be considered as planar and parallel to (010) with divalent lead cations providing their linkage (Figure 4.2b). 

β–Pb4(V3O8)2(SeO3)3(H2O) 

New β–polymorphic modification of Pb4(V3O8)2(SeO3)3(H2O) (c4.3) contains six V5+, three Se4+, and four 
Pb2+ cations per one unit cell. Pentavalent vanadium cations occupy six-fold and five-fold sites. V(1), V(2), 
and V(4) sites are octahedrally [1s+4+1t] coordinated by six O atoms with each one short bond. V(3), V(5), 
and V(6) have a distorted square [1s+(1s+3)]-pyramidal environment with two short bonds (<V–Os> equals 
1.643 Å, 1.651 Å, and 1.652 Å for V(3), V(5), and V(6), respectively) and three equatorial bonds. In the 
structure of c4.3, there are three symmetrically independent Se4+ cations that have typical oxygen 
coordination of triangular pyramid. The coordination polyhedra of four unique Pb2+ cations are strongly 
distorted because of the stereoactivity of their 6s2 lone electron pairs. Pb(1) and Pb(2) cations are 
surrounded by eight O atoms with six and seven relatively short strong Pb–O bonds. The O(26) atom 
located at a distance of 2.616 Å from Pb(1) belongs to a water molecule. It links via hydrogen bonding with 
non-bonded oxygen vertex of the Se(3)O group (O(26)–O(20) = 2.644 Å), and it forms a long hydrogen 
contact (O(26)–O(17) = 3.269 Å) with the oxygen atom bridged between Se(3)O and V(3)O5 groups. Pb(3) 
and Pb(4) sites are coordinated by nine O atoms. Six of them are located at relatively short distances. 

The crystal structure of c4.3 is built up from vanadate selenite 1D structural units (Figure 4.4) further 
bridged by divalent lead cations into a 3D framework (Figure 4.5). It will be discussed in the next section 
by analogy to the α–form. An interesting feature of the crystal structure of c4.3 is a presence of two chiral 
vanadate selenite arch-like ribbons related to each other by the inversion centre (Figure 4.2c). Adjacent 
chiral ribbons bridged via strong metal oxide linkages form 2D structural units parallel to (010) (Figure 
4.5b). Pb(1) and Pb(2) cations provide additional interconnection of the layers into a 3D framework. Water 
molecules filled the remaining void space in the structure and hydrogen bonding does not participate in the 
connection of adjacent structural units. 
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FIGURE 4.4 Structural units in the crystal structure of β–Pb4(V5+
3O8)2(SeO3)3(H2O) (c4.3). 

Polymorphism of Pb4(V3O8)2(SeO3)3(H2O) 

Both α– and β–polymorphic compounds have been synthesized within the framework of the present study. 
But the α–form of Pb4(V3O8)2(SeO3)3(H2O) has been very recently described in (Cao et al. 2014). It 
crystallizes in the monoclinic noncentrosymmetric P21 space group, while the β–form (c4.3) has triclinic 
symmetry, space group P–1. Crystal structures of both polymorphs based upon the same 1D vanadate 
selenite units are very similar and have very close unit-cell parameters with approximately equal volumes 
(Figure 4.2c, d). 

Significant differences between them are that the structure of α–Pb4(V3O8)2(SeO3)3(H2O) consists 
of two rotated vanadate selenite ribbons (designated as A and A21) as a result of operation of the 21 screw 
axis, whereas the structure of β–modification (c4.3) contains two chiral inverted vanadate selenite ribbons 
(designated as A and A-1) related to each other by the inversion centre (Figure 4.5). The mode of packing 
of the vanadate selenite ribbons along the b- and c-axis respectively for the two forms remains the same in 
both polymorphic modifications, and this is achieved by SeO3 groups common in the two structures, which 
is very rare to the best of our knowledge. In the structure of the α–polymorph, the ribbon A is connected to 
adjacent rotated ribbon A21 forming a layer composed of alternating ribbons in a …A-A21-A-A21-A… 
sequence (Figure 4.5a). The structure of β–phase (c4.3) has a …A-A-1-A-A-1-A… packing sequence of the 
vanadate selenite ribbons (Figure 4.5b). Adjacent layers of the same sequences in both structures are placed 
directly under each other. 
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FIGURE 4.5 Mode of stacking of the vanadate selenite ribbons in the crystal structures of α–
Pb4(V3O8)2(SeO3)3(H2O)– (a) and β–Pb4(V3O8)2(SeO3)3(H2O) (c4.3) (b). 
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2.5 Crystal chemical studies of selenium compounds with 
manganese and bismuth 

Bi3+ ion has strong affinity to oxo-centered topologies (Huvé et al. 2006; Colmont et al. 2008; Aliev et al. 
2012; Kozin et al. 2013; Colmont et al. 2013; Aliev et al. 2013; Lü et al. 2014), and, therefore, its combination 
with SeO3 groups promises to appear very unusual phases. In addition, the substitution of Bi3+ for Mn2+ ion 
in several oxo-centered phases (Abraham et al. 2002; Aliev et al. 2014) encouraged us to work with 
manganese phases as well. Although our results showed only one oxo-centered new phase (c5.2), seven 
novel compounds have been identified. Crystallographic data and experimental parameters for the crystal 
structures of the compounds studied in this chapter and listed below are summarized in Table 5.1. 

c5.1 – Mn(SeO4)(H2O)2 c5.5 – Bi6(SeO3)4Cl10 
c5.2 – Mn2[Bi2O](SeO3)4 c5.6 – β–Bi(SeO3)Cl 
c5.3 –MnBi(SeO3)2Cl c5.7 – PbBi10(SeO3)12Cl8 
c5.4 –Mn4(Mn5,Bi)(SeO3)8Cl5  

TABLE 5.1 Crystallographic data and refinement parameters for c5.1, c5.2, c5.3, c5.4, c5.5, c5.6, and c5.7. 

 c5.1 c5.2 c5.3 c5.4 c5.5 c5.6 c5.7 
Mr (g mol–1) 233.93 1051.68 553.29 1896.37 2116.22 371.4 4104.1 
space group Pbca Pccn P–1 Pbcm P21/c Cc Ccca 
a (Å) 10.4353(5) 10.8771(3) 7.0926(8) 10.7914(2) 21.460(2) 22.7052(3) 15.819(6) 
b (Å) 9.2420(5) 19.9770(5) 7.2695(6) 15.9782(3) 8.4012(9) 76.785(4) 17.871(7) 
c (Å) 10.5349(6) 5.5058(1) 8.0160(8) 17.5682(3) 15.3370(18) 16.0550(3) 15.857(6) 
α (°) 90 90 88.226(4) 90 90 90 90 
β (°) 90 90 72.005(3) 90 110.639(5) 135.000(2) 90 
γ (°) 90 90 64.560(4) 90 90 90 90 
V (Å3) 1016.02(9) 1196.37(5) 352.47(6) 3029.23(10) 2587.7(5) 19792.4(12) 4483(3) 
Z 8 4 2 4 4 192 4 
ρ (g/cm3) 3.059 5.839 5.213 4.158 5.432 5.981 6.079 
μ (mm–1) 9.71 43.63 37.40 19.55 47.37 52.08 53.17 
λ (MoKα) (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 
total rflns 6089 8112 7238 32242 25390 242854 10469 
indep rflns 1808 1895 2194 4767 4534 35097 2253 
Rint 0.0295 0.0247 0.0198 0.0310 0.0421 0.0962 0.0496 
R1 [I > 2σ(I)] 0.0227 0.0285 0.0208 0.0220 0.0291 0.0612 0.0667 
wR2 [I > 2σ(I)] 0.0467 0.0620 0.0436 0.0529 0.0711 0.0645 0.0639 
R1 [all data] 0.0302 0.0325 0.0219 0.0317 0.0333 0.1124 0.1057 
wR2 [all data] 0.0489 0.0637 0.0441 0.0565 0.0767 0.0694 0.0859 
GOF 1.030 1.143 1.056 1.021 1.088 1.32 0.92 
∆ρmax,∆ρmin (e Å–3) 0.70, –0.93 2.54, –1.47 1.90, –1.67 0.73, –1.16 3.42, –2.95 5.39, –4.51 5.38, –7.01 

2.5.1 Synthetic procedures 

Novel compounds studied in this chapter have been synthesized by different techniques. 
Evaporation method from aqueous solution of hydrated manganese(II) chloride (2.4 mmol), 40% 

selenic acid H2SeO4 (4.7 mmol) and distilled water (10 ml) was used for synthesis of Mn(SeO4)(H2O)2 (c5.1). 
The solution was stirred with a magnetic stirrer at 80 °C for 3 hours until it became fully homogeneous, 
then was poured onto a watch glass and left in a fume hood at room temperature. It should to be noted that 
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on heating above 160 °C the selenic acid H2Se6+O4 can be easily decomposed with the formation of selenious 
acid H2Se4+O3 and oxygen (De 2003). Single crystals of c5.1 suitable for X-ray analysis were grown after two 
days. 

Single crystals of Mn2[Bi2O](SeO3)4 (c5.2), have been obtained from the hydrothermal reaction of 
SeO2 (2.5 mmol), MnO2 (2.0 mmol), Mn2O3 (0.25 mmol), and BiOCl (3.0 mmol). The reaction was run in 
the 23-mL autoclave for two days at 200 °C and then cooled at a rate of 3.7 °C/h to 22 °C. 

The other compounds have been prepared using the CVT method. The MnBi(SeO3)2Cl (c5.3) and 
Bi6(SeO3)4Cl10 (c5.5) compounds were grown together as a result of the same chemical vapour transport 
reaction of SeO2 (4 mmol), Mn2O3 (1.0 mmol), Bi2O3 (1.0 mmol) and BiCl3 (2.0 mmol) performed in a sealed 
evacuated silica tube over a temperature gradient of 400 °C to 350 °C during 100 hours. The 
Mn4(Mn5,Bi)(SeO3)8Cl5 (c5.4) phase was synthesized by the CVT reaction of the same stoichiometric 
mixture that used for two previous compounds. The temperature gradient was 450 °C to 400 °C for 240 
hours of thermal treatment. Concurrently, in the UCCS research group, other two new compounds, 
β−Bi(SeO3)Cl (c5.6) and PbBi10(SeO3)12Cl8 (c5.7), have been synthesized by Dr. Almaz Aliev. The crystals 
of c5.6 were grown by the CVT reaction of the mixture of SeO2 (1.0 mmol), MnO2 (1.0 mmol), BiOCl (1.0 
mmol), and a drop of concentrated solution of HCl, while the mixture of SeO2 (1.0 mmol), PbO (1.0 mmol), 
BiOCl (1.0 mmol), and a drop of concentrated solution of HCl was used for preparation of the compound 
c5.7. The drops of hydrochloric acid were considered and used as a transport agent in these cases. 

2.5.2 Structural description of seven novel phases 

Mn(Se6+O4)(H2O)2 

The crystal structure of Mn(SeO4)(H2O)2 (c5.1) contains one symmetrically inequivalent octahedrally 
coordinated Mn2+ cation. Four of six of its oxygen ligands are interacting with adjacent Se6+ cations, while 
two others belong to water molecules arranged in cis-position relative to each other. A unique 
crystallographically independent Se6+ site has tetrahedral coordination and linked by sharing of all its four 
vertices with adjacent MnO4(H2O)2 octahedra into a 3D framework (Figure 5.1a). 

The framework of the crystal structure of c5.1 can be regarded as composed of interlinked 
heteropolyhedral sheets (Figure 5.1b). The structural topology of analogous framework was described by 
S.V. Krivovichev at the example of Zn(SeO4)(H2O)2 using a graphical approach (Krivovichev 2007). The 
representation of the sheet as a black-and-white graph is shown in Figure 5.1c. It is based upon hexagonal 
non-planar rings. The orientations of black (Mn2+) and white (Se6+) vertices relative to the graph plane are 
depicted by symbols U (up) and D (down). The symbols also designate the direction of links between 
adjacent sheets within the 3D framework of the crystal structure. 

The structure of c5.1 belongs to the variscite structural type M(TO4)(H2O)2, where M = Fe3+, Al3+, 
Ga3+, In3+ or Zn2+, and T = P5+, As5+ or Se6+. This type includes such minerals as mansfieldite, scorodite, 
strengite, yanomaite, and variscite itself. It should to be noted, that Mn(SeO4)(H2O)2 is the second example 
of the variscite-type compound containing metal cations in the oxidation state of +2 and Se cations in 
tetrahedral coordination. 
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FIGURE 5.1 View of the crystal structure of Mn(SeO4)(H2O)2 (c5.1) projected along the a-axis – (a); 
heteropolyhedral sheet parallel to the (001) plane – (b) and its black-and-white graph with symbols designating the 
direction of bonds to adjacent sheets – (c). 

Mn2[Bi2O](SeO3)4 

The structure of Mn2[Bi2O](SeO3)4 (c5.2) contains only a single crystallographic Bi site coordinated by 8 
oxygen atoms. The coordination polyhedron of Bi3+ can be described as a distorted square anti-prism. The 
unique Mn2+ cation site has a distorted octahedral coordination. Each MnO6 octahedron shares two edges 
with adjacent octahedra to form [MnO4]6– zigzag chains running along the c-axis (Figure 5.2a). Two 
crystallographically independent Se4+ sites form typical selenite pyramids. The crystal structure of c5.2 
contains an “additional” oxygen atom, which is coordinated solely by four Bi3+ cations forming oxo-
centered (OBi4)10+ tetrahedra. They share trans-oriented edges to form infinite [Bi2O]4+ chains along the c-
axis (Figure 5.2c). These chains are rather common in the crystal chemistry of oxo-centred bismuth phases, 
e.g. in [Bi2O]AuO4 (Krivovichev et al. 2013b). The chains are further linked through SeO3 groups and 
[MnO4]6– structural units into a 3D framework with pseudo-tetragonal empty channels occupied by lone 
electron pairs of Se4+ cations (Figure 5.2b). 

 

FIGURE 5.2 Projection of the crystal structure of Mn2[Bi2O](SeO3)4 (c5.2) (b) composed of [MnO4]6– (a) and 
[Bi2O]4+ chains (c). 
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The structural architecture of c5.2 is closely related to that observed in the crystal structures of 
Tb2O[SeO3]2 (Wontcheu and Schleid 2002) and M3O2Cl[SeO3]2 (M3+ = Tb (Wontcheu and Schleid 2005) 
and Y (Zitzer et al. 2011)). In their structures the lone electron pairs of Se4+ cations form similar empty 
channels running between four cationic [Tb2O]4+ chains in Tb2O[SeO3]2 and [M3O2]5+ double chains in 
M3O2Cl[SeO3]2 (M3+ = Tb and Y). 

MnBi(SeO3)2Cl 

In the crystal structure of MnBi(SeO3)2Cl (c5.3), there is one symmetrically inequivalent Mn site. The Mn2+ 
cations form (MnO4Cl2)8– octahedra, which are interconnected via common Cl–Cl and O–O edges to 
infinite zigzag chains running along the a-axis (Figure 5.3). The chains are further linked by typical selenite 
SeO3 groups into sheets parallel to (001). 

 

FIGURE 5.3 General projections of the crystal structure of MnBi(SeO3)2Cl (c5.3) along [010] – (a) and [001] – 
(b) (disordered O sites are omitted for clarity); anionic arrangement of metal cations in the structure – (c). 

During the structure solution and refinement process, two possible conformations of one of two 
symmetrically inequivalent selenite anions were observed due to disorder of two O sites. A refinement of 
the occupancies of the disordered O atoms gave ratios of 0.50/0.50 and 0.67/0.33 for O(5)a/O(5)b and 
O(6)a/O(6)b, respectively. A refinement of the anisotropic thermal parameters of the O(3) site placed at the 
third corner of the Se(2)O3 group resulted in normal thermal values, while the Se(2) showed the high 
thermal parameters. The two conformations of the Se(2)O3 selenite group (Figure 5.3c) may denote partial 
Bi/Mn disorder that was not taken into account at this stage. In the structure of c5.3, a symmetrically unique 
Bi3+ cation is in nine-fold distorted coordination of eight oxygen and single chlorine atoms (Figure 5.3c). 
The Bi3+ cations separate the sheets composed of selenite and manganese polyhedra from one another and 
serve to balance charge. 



 2.5.2 Structural description of seven novel phases 

33 

The structure of c5.3 is isotypic with previously studied MnSm(SeO3)2Cl, CoSm(SeO3)2Cl, and 
CuGd(SeO3)2Cl (Wickleder and Hamida 2003). 

Mn2+
4(Mn2+

5,Bi3+)(SeO3)8Cl5 

The compound Mn4(Mn5,Bi)(SeO3)8Cl5 (c5.4) is an example of a partially Bi/Mn disordered structure, in 
the sense that several subunits assembled in the crystal structure show statistic cationic distribution over 
mixed sites. The crystal structure of c5.4 is based upon 2D structural units composed of distorted square 
antiprisms of four crystallographically inequivalent mixed sites statistically occupied by mainly Mn2+ and 
Bi3+ cations. The edge-sharing antiprisms are arranged in check-wise fashion (Figure 5.4a). A refinement of 
the mixed sites gave the following cationic distributions: 0.97Mn2+/0.03Bi3+, 0.92Mn2+/0.08Bi3+, 
0.87Mn2+/0.13Bi3+, and 0.37Mn2+/0.63Bi3+ for Mn(3), Mn(4), Mn(5), and Bi(6), respectively, under 
restraints of neutral charge. 

 

FIGURE 5.4 Projection of the crystal structure of Mn4(Mn5,Bi)(SeO3)8Cl5 (c5.4) along [100] – (c), the sheet of 
square antiprisms – (a), the tetrameric unit – (d), and their arrangement in the structure – (b). 

In the structure of c5.4, there are two fully ordered Mn2+ sites, which are octahedrally surrounded by 
three oxygen and three chlorine atoms each. A couple of the octahedra share their common Cl3 face to form 
a dimer, which is further linked through one of the Cl corners with adjacent dimer into a square-like 
tetrameric unit. Four symmetrically inequivalent Se4+ triangular pyramids are connected to the O corners 
of the tetrameric unit as shown in Figure 5.4d. An inspection of a Fourier difference electron-density map 
showed that two of five crystallographically independent Cl– sites are disordered. A refinement of their 
occupancies indicated the same 0.58/0.42 ratio for both Cl(1)a/Cl(1)b and Cl(2)a/Cl(2)b sites. The 
arrangement of the tetrameric units in the structure of c5.4 is shown in Figure 5.4b. 

The tetrameric units are connected to the 2D sheets via sharing of O–O edges of octahedra and 
selenite pyramids with the square antiprisms resulting in a complex 3D framework with large pseudo-
tetragonal empty channels occupied by lone electron pairs of Se4+ cations along the a-axis (Figure 5.4c). 
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Bi6(SeO3)4Cl10 

The crystal structure of Bi6(SeO3)4Cl10 (c5.5) is formed by six distorted oxochloride polyhedra of bismuth, 
Bi(1)O3Cl4, Bi(2)O5Cl4, Bi(3)O3Cl5, Bi(4)O5Cl4, Bi(5)O5Cl4, and Bi(6)O5Cl4, linked to four 
crystallographically inequivalent Se4+ cations resulting in a 3D framework. The stereoactive behaviour of 
the lone electron pairs on the Bi3+ cations is manifested by the particularly asymmetric coordination 
environments around these cations. Coordination polyhedra of Bi share their edges and corners to build 
Bi6(SeO3)4Cl10 blocks linked together in such a way as to create an open structure with some kind of empty 
channels bordered by the anions (essentially Cl−) and parallel to the b-axis (Figure 5.5). 

 

FIGURE 5.5 Projection of the crystal structure of Bi6(SeO3)4Cl10 (c5.5) on the (010) plane, showing BiOxCly 
polyhedra (yellow) and SeO3 groups (orange) sharing their edges and corners. 

In the structure of c5.5, the cavities are around 9.7 Å long and 3.8 Å wide. The close inspection of a 
Fourier difference electron-density map showed a high residual peak (8.71 e/Å3) at a distance of 0.86 Å from 
the Se(3) site indicating its possible splitting into two satellite positions. The coupled refinement of the 
occupancies of the Se(3)/Se(3)' sites resulted in the 0.95/0.05 ratio. While the Se−O distances for Se(3) are 
plausible (1.71−1.74 Å), those for the Se(3)' site are too long (2.09−2.41 Å), which suggested its occupation 
by Bi3+. The final Bi(3)a/Bi(3)b and Se(3)a/Se(3)b occupancies were refined to the ratio of 0.96/0.04. 
Detailed description of the crystal structure of c5.5 can be found can be in the article A-III (see Included 
Articles). 

β−Bi(SeO3)Cl with giant unit cell 

The crystal structure of β−Bi(SeO3)Cl (c5.6) is very unusual and complex. Noteworthy, beyond its NCS 
character, the volume cell is strikingly large (19792 Å3). A total of 48 bismuth, 48 selenium, and 48 chlorine 
crystallographically independent atoms have been localized. The structure of c5.6 can be described as built 
from two blocks, [Bi8Cl16]8+ (Figure 5.6c) and [Bi12Cl32]4+ (Figure 5.6d), regularly sandwiched between 
[Bi14(SeO3)24]6− sheets (Figure 5.6d). In Figure 5.6a, the BiOx polyhedra are shown by yellow color, whereas, 
for the sake of clarity, the [Bi8Cl16]8+ and [Bi12Cl32]4+ sheets are represented as an arrangement of Bi (yellow) 
and Cl (green) atoms (Figure 5.6b). It should to be note that similar halide layers with the composition 
[Bi8Cl16]8+ have also been found in the new compound PbBi10(SeO3)12Cl8 (c5.7) described below. The 
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[Bi14(SeO3)24]6− structural unit is built by the association of Bi3+ cations and SeO3 pyramids. In BiOx units 
with x in between 8 and 10, all the Bi-centered polyhedra are asymmetric, which is typical of the bismuth 
coordination due to the stereoactive behaviour of the 6s2 lone pairs on Bi3+ cations. 

 

FIGURE 5.6 Projection of the crystal structure of β−Bi(SeO3)Cl (c5.6) along [100] – (a). An alternation of three 
different parallel layers: [Bi14(SeO3)24]6– – (b), [Bi12Cl32]4+ – (c), and [Bi8Cl16]8+ – (d). 

The large value of the b-parameter (∼76 Å) can be explained by the variety of different modules 
stacked along the b-axis. In other words, the ordering between the [Bi8Cl16]8+ and [Bi12Cl32]4+ cationic units 
sandwiched between the [Bi14(SeO3)24]6− anionic sheets is the key factor for the formation of a giant cell and 
responsible for the doubling of b-parameter (Figure 5.6f). Detailed examination of the crystal structure of 
c5.6 and the analysis of the α  β  γ phase transitions associated with a dramatic fluctuation of structural 
complexity together with the transitional character of the β phase can be found in the article A-III (see 
Included Articles). 

PbBi10(SeO3)12Cl8 

The crystal structure of PbBi10(SeO3)12Cl8 (c5.7) contains five independent sites occupied by heavy cations. 
One of them, Bi(1), is fully occupied by Bi3+, while a refinement of the four others indicated the same mixed 
Bi3+/Pb2+ occupancy of 0.9/0.1. Taking into account Bi/Pb−O and Bi−Cl bond lengths smaller than 3.10 Å, 
the following irregular coordination polyhedra of heavy cations can be observed: Bi(1)O8, Bi(2)O10, 
Bi(3)O10, Bi(4)O10, and Bi(5)O4Cl4. Three crystallographically inequivalent triangular pyramidal selenite 
groups are connected to the 2D structural units composed of Bi(1)O8, Bi(2)O10, Bi(3)O10 and Bi(4)O10 
polyhedra by sharing of common O–O edges (Figure 5.7). Generally, the structure of c5.7 can be described 
as a 2D network, with the [(Pb,Bi)14(SeO3)24]n− sheet (Figure 5.7b) sandwiched between the [(Pb,Bi)8Cl16]n+ 
layers (Figure 5.7c) laying parallel to the (010) plane. The structural architecture of c5.7 is closely related to 
that observed in the crystal structure of CaNd10(SeO3)12Cl18 (Berdonosov et al. 2007). Detailed description 
of the crystal structure of c5.7 can be found can be in the article A-III (see Included Articles). 
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FIGURE 5.7 Projection of the crystal structure of PbBi10(SeO3)12Cl8 (c5.7) along the a axis – (b), two parallel 
cationic and anionic layers: [(Pb,Bi)14(SeO3)24]n− – (a) and [(Pb,Bi8)Cl16]n+ – (c). 
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2.6 Crystal chemical studies of uranyl selenates and selenite-
selenates 

Crystallographic data and experimental parameters for the crystal structures of 16 novel compounds listed 
below are summarized in Table 6.1 and 6.2. 

c6.1 – 
[CH6N]2 

[(UO2)(SeO4)2(H2O)](H2O) 
c6.9 – 

[C2H8N]2 

[(UO2)(SeO4)2(H2O)] 

c6.2 – 
[CH6N]2 

[(UO2)(SeO4)2(H2O)] 
c6.10 – 

[C2H8N]2 

[(UO2)2(SeO4)3(H2O)] 

c6.3 – 
[CH6N]2 

[(UO2)2(SeO4)3] 
c6.11 – 

[C4H15N3][H3O]0.5 

[(UO2)2(SeO4)2.93(SeO3)0.07(H2O)](NO3)0.5 

c6.4 – 
[CH6N](H3O) 
[(UO2)2(SeO4)3(H2O)](H2O) 

c6.12 – 
[C2H8N]3[H5O2] 
[(UO2)2(SeO4)3(H2O)2]2(H2O)5 

c6.5 – 
[CH6N]4 

[(UO2)3(SeO4)5](H2O)4 
c6.13 – 

[C2H8N]2[H3O] 
[(UO2)3(SeO4)4(HSeO3)(H2O)](H2SeO3)0.2 

c6.6 – 
[CH6N](H5O2)(H3O)2 

[(UO2)3(SeO4)5](H2O)4 
c6.14 – 

[C4H12N]3[H3O] 
[(UO2)3(SeO4)5(H2O)] 

c6.7 – 
[CH6N]4(H3O)2 

[(UO2)5(SeO4)8(H2O)](H2O)4 
c6.15 – 

[C2H8N]3(C2H7N) 
[(UO2)3(SeO4)4(HSeO3)(H2O)] 

c6.8 – 
[CH6N]1.5(H5O2)1.5(H3O)3 

[(UO2)5(SeO4)8(H2O)](H2SeO4)2.6(H2O)3 
c6.16 – 

[C2H8N][(H5O2)(H2O)] 
[(UO2)2(SeO4)3(H2SeO3)](H2O) 

TABLE 6.1 Crystallographic data and refinement parameters for c6.1, c6.2, c6.3, c6.4, c6.5, c6.6, c6.7, and 
c6.8. 

 c6.1 c6.2 c6.3 c6.4 c6.5 c6.6 c6.7 c6.8 
Mr, (g mol–1) 639.99 623.99 1020.98 1042.96 1692.97 1678.91 2709.91 2946.25 
sp. gr. Pnma P21/c P21 P21/c Pnna Ibca Pca21 Pnma 
a (Å) 7.5496(7) 8.2366(10) 8.583(1) 8.4842(10) 16.422(1) 20.956(2) 31.505(2) 30.973(2) 
b (Å) 12.014(1) 7.5888(6) 10.073(1) 10.2368(8) 18.4773(9) 34.767(8) 10.369(1) 37.022(2) 
c (Å) 15.836(1) 22.260(2) 10.095(1) 24.228(2) 10.3602(5) 18.663(2) 16.242(1) 10.417(1) 
β (°) 90 104.566(9) 95.98(1) 102.803(9) 90 90 90 90 
V (Å3) 1436.3(2) 1346.7(2) 867.7(2) 2051.9(3) 3143.7(3) 13597(4) 5305.9(6) 11945(1) 
Z 4 4 2 4 4 16 4 8 
ρ (g/cm3) 2.960 3.078 3.908 3.376 3.577 3.280 3.392 3.277 
μ (mm–1) 16.423 17.507 25.012 21.166 21.319 19.720 20.814 20.086 
λ (MoKα) (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 
total rflns  10099 12119 5477 12326 18468 32094 27846 61466 
indep rflns 1605  3656 2931 3602 2774 4913 8463 10116 
Rint 0.0875 0.0828 0.1271 0.1698 0.1191 0.3280 0.2070 0.2139 
R1 [I > 2σ(I)] 0.0467 0.0466 0.1072 0.0674 0.0541 0.1040 0.0852 0.0858 
wR2 [I > 2σ(I)] 0.0860 0.0637 0.2712 0.1551 0.1119 0.1867 0.1901 0.1736 
R1 [all data] 0.0566 0.0785 0.1126 0.0957 0.0790 0.2138 0.1305 0.1556 
wR2 [all data] 0.0882 0.0688 0.2766 0.1693 0.1216 0.2287 0.2150 0.2083 
GOF 1.334 0.996 1.083 1.049 1.104 0.968 0.997 1.055 
∆ρmax, ∆ρmin, 
e Å–3 

1.44, 
–3.13 

1.59, 
–2.21 

8.61, 
–3.16 

2.84 
 –1.99 

2.23, 
–1.82 

2.58, 
–1.43 

2.44, 
–1.84 

2.90, 
–1.49 

CCDC # 866552 866549 866547 866553 866546 866551 866548 866550 
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TABLE 6.2 Crystallographic data and refinement parameters for c6.9, c6.10, c6.11, c6.12, c6.13, c6.14, c6.15, 
and c6.16. 

 c6.9 c6.10 c6.11 c6.12 c6.13 c6.14 c6.15 c6.16 
Mr, (g mol–1) 666.15 1079.14 2256.03 2267.28 1685.05 1770.70 1685.07 1217.08 
sp. gr. P212121 P212121 P21/c P21/c P21/m P21/m Pnma P21/n 
a (Å) 7.5363(7) 11.2154(5) 11.1679(4) 12.451(5) 8.3116(4) 8.941(2) 11.659(1) 14.7979(8) 
b (Å) 12.202(1) 11.2263(5) 10.9040(4) 31.126(5) 18.6363(8) 19.300(4) 14.956(2) 10.0238(6) 
c (Å) 16.760(2) 16.9138(8) 17.9913(6) 14.197(4) 11.5623(5) 11.377(3) 22.194(2) 16.4176(9) 
β (°) 90.00 90.00 98.019(1) 120.39(2) 97.582(1) 97.510(4) 90.00 111.628(1) 
V (Å3) 1541.2(2) 2129.6(2) 2169.6(2) 4746(2) 1775.3(1) 1946.5(7) 3870.0(7) 2263.8(2) 
Z 4 4 2 4 2 2 4 4 
ρ (g/cm3) 2.871 3.366 3.457 3.173 3.152 3.021 2.892 3.571 
μ (mm–1) 15.306 20.394 20.036 18.323 19.286 17.217 17.310 20.822 
λ (MoKα) (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 
total rflns  13644 17184 23671 34682 23753 18435 10911 25431 
indep rflns 4492 6112 4988 10896 5323 4597 1680 5476 
Rint 0.056 0.065 0.072 0.096 0.076 0.120 0.112 0.073 
R1 [I > 2σ(I)] 0.031 0.029 0.033 0.048 0.036 0.040 0.060 0.027 
wR2 [I > 2σ(I)] 0.063 0.048 0.074 0.106 0.097 0.058 0.096 0.052 
R1 [all data] 0.035 0.038 0.049 0.104 0.055 0.099 0.095 0.041 
wR2 [all data] 0.064 0.050 0.077 0.122 0.102 0.066 0.105 0.054 
GOF 0.940 0.934 0.964 0.875 0.979 0.737 1.127 0.928 
∆ρmax, ∆ρmin, 
e Å–3 

2.34, 
–1.45 

1.10, 
–1.20 

2.82, 
–2.00 

4.61, 
–4.34 

2.79, 
–2.23 

1.65, 
–1.38 

1.05, 
–1.21 

2.39, 
–1.81 

CCDC # 901940 901941 901942 901943 901944 901945 901946 824406 

2.6.1 Synthetic procedures 

Single crystals of all novel uranyl selenates and selenite-selenates were prepared by isothermal evaporation 
under ambient conditions from aqueous solutions of uranyl nitrate hexahydrate, 40%–solution of selenic 
acid, the respective amine, and deionized distilled water. Yellow-green homogeneous liquid solutions in the 
vials were left open to the air in a fume hood at the room temperature for several days, after which they 
were capped and left standing at room temperature. Experimental details containing various molar ratios 
of initial reagents for syntheses of 16 novel phases are summarized in Table 6.3. 

TABLE 6.3 Experimental details of the isothermal evaporation syntheses of novel uranyl selenates and selenite-
selenates (temperature: 23°C; time: 72 hours). 

c.: 6.1 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 6.10 6.11 6.12 6.13 6.14 6.15 6.16 
molar ratios:                 
SeO2 0.5 0.4 0.7 0.4 0.8 0.7 0.4 0.7 4.1 4.1 0.7 0.7 0.7 4.7 0.5 0.8 
UO2(NO3)2· 
·6H2O 1 

0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.2 0.4 0.4 0.2 0.1 0.1 0.1 0.1 0.1 

CH5N 2 0.4 0.5 0.2 0.5 0.1 0.1 0.5 0.1         
C2H7N 3            0.2 0.2  0.4 0.1 
C4H11N 4              0.1   
C4H13N3 5           0.1      
C3H7NO 6         1.3 1.3       
H2O (ml) 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
1 uranium materials used in these experiments were depleted; 2 methylamine (MA); 3 dimethylamine (DMA); 4 diethylamine 
(DEA); 5 diethylenetriamine (DETA); 6 N,N-dimethylformamide (DMF). 
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2.6.2 Structural description of sixteen novel phases 

All novel phases of organically templated uranyl selenates and selenite-selenates presented in this work can 
be diversified as belonging to several groups according to different U6+:Se6+/4+ ratios of inorganic structural 
units: 1:2 – c6.1, c6.2, c6.9, c6.16; 2:3 – c6.3, c6.4, c6.10-c6.12; 3:5 – c6.5, c6.6, c6.13-c6.15; and 5:8 – c6.7, 
c6.8. The crystal structures of all phases contain uranyl (UO7)8– pentagonal bipyramids, selenate (Se6+O4)2– 
tetrahedra, or/and selenite (Se4+O3)2– triangular pyramids with a stereochemically active lone pair of 
electrons as a complementary ligand. The polyhedra are linked into inorganic structural units with relatively 
open architectures (those where corner-linkage of polyhedra dominates over edge-linkage). In the crystal 
structures, U6+ cations form approximately linear uranyl ions, [UO2]2+, with the average <U=O> bond 
length of 1.756 Å among all the structures presented in this study. These basic uranyl entities are 
coordinated in their equatorial planes by five oxygen atoms (or four O and one H2O molecule) to form UO7 
(or UO6(H2O)) pentagonal bipyramids with the average <U–Oeq> bond length equal to 2.390 Å. Generally, 
the U–OeqH2 bond lengths are longer and lie in range of 2.42–2.54 Å. The average <Se–O> bond distance 
in selenate and selenite groups equals to 1.628 Å. In the structures, the 1D and 2D inorganic structural units 
are separated and templated by organic species and water molecules. Detailed description of all the crystal 
structures of novel synthesized uranyl selenates and selenite-selenates can be found in the articles A-I 
(c6.16), A-II (c6.1-c6.8), and A-VI (c6.9-c6.15) (see Included Articles). Only topological features of the 
structures are discussed below in this chapter. 

Topology of uranyl selenate and selenite-selenate units in the structures under consideration can be 
visualized using the nodal representation. Within this approach (Krivovichev 2004; Krivovichev 2009; 
Krivovichev 2010), the U6+ and Se6+/4+ coordination polyhedra are symbolized by black and white nodes, 
respectively. The vertices are linked by an edge if two respective polyhedra share a common oxygen atom. 
The resulting graph is used to investigate topological relations between similar structures. Figure 6.1 shows 
a whole topological diversity of inorganic structural units in the crystal structures of novel compounds c6.1-
c6.16. 

Compounds with U:Se = 1:2 

Crystal structures of [CH6N]2[(UO2)(SeO4)2(H2O)](H2O) (c6.1), [CH6N]2[(UO2)(SeO4)2(H2O)] (c6.2), and 
[C2H8N]2[(UO2)(SeO4)2(H2O)] (c6.9), are based upon structural units with composition 
[(UO2)(SeO4)2(H2O)]2–. In the structures of c6.1 and c6.9 the (UO6(H2O))6– pentagonal bipyramids share 
corners with two adjacent (SeO4)2– tetrahedra to form [(UO2)(SeO4)2(H2O)]2– 1D chains arranged into the 
pseudo sheets parallel (Figure 6.1a, b), while the structure of c6.2 is based upon 2D sheets of the same 
composition (Figure 6.1c, d). The chains have been observed first in the structure of 
Mn[(UO2)(SO4)2(H2O)](H2O)5 (Tabachenko et al. 1975) and later in a number of amine-templated uranyl 
oxysalts. The layered topology of c6.2 is common for a large number of sheet topologies with the 
composition [AnO2(SO4)2(H2O)] (Krivovichev 2009). 

The crystal structure of [C2H8N][(H5O2)(H2O)][(UO2)2(SeO4)3(H2SeO3)](H2O) (c6.16) is based upon 
[(UO2)2(SeO4)3(H2SeO3)]2– sheets formed as a result of condensation of the (UO7)8–, (Se6+O4)2–, and 
(Se4+O(OH)2)0 coordination units by sharing common oxygen atoms. In topological structure of the sheet 
(Figure 6.1e, f), the selenate group coordinates three uranyl ions, whereas diprotonated selenite groups 
coordinate one uranyl ion each. This topology has never been observed in any other inorganic oxysalts. 
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FIGURE 6.1 Topological diversity of inorganic structural units in the crystal structures of novel compounds. 
Uranyl pentagonal bipyramids and selenate/selenite groups are shown by yellow and orange in polyhedral 
representation and by black and white vertices in graphs. 

Compounds with U:Se = 2:3 

In the crystal structures with a U:Se ratio of 2:3, [CH6N]2[(UO2)2(SeO4)3] (c6.3), 
[CH6N](H3O)[(UO2)2(SeO4)3(H2O)](H2O) (c6.4), [C2H8N]2[(UO2)2(SeO4)3(H2O)] (c6.10), 
[C4H15N3][H3O]0.5[(UO2)2(SeO4)2.93(SeO3)0.07(H2O)](NO3)0.5 (c6.11), and 
[C2H8N]3[H5O2][(UO2)2(SeO4)3(H2O)2]2(H2O)5 (c6.12), coordination polyhedra of U6+ and Se6+/4+ share 
common ligands to produce 2D sheets with the chemical compositions [(UO2)2(SeO4)3–x(SeO3)x(H2O)n]2– 
(n = 0, 1, 2; x = 0, 0.07). Topology of the sheet with n = 0 observed in c6.3 is based only upon 4-membered 
rings of alternating uranyl and selenate polyhedra (Figure 6.1g, h). It was already reported e.g. in 
[CH6N3]2[(UO2)2(SeO4)3] (Krivovichev et al. 2009). 
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Crystal structures of c6.4, c6.10, and c6.11 with n = 1 are based upon structural units with same 
composition [(UO2)2(SeO4)3(H2O)]2–, but with different topologies of linkage of U and Se polyhedra. The 
structure of c6.4 contains 2D sheets (Figure 6.1i, j) similar to those found in the structure of c6.16. The 
important difference between these two topologies is related to the presence of additional selenite polyhedra 
coordinated uranyl group and located in large 8-membered rings of the sheet in the crystal structure of 
c6.16. The topology of the sheet in c6.4 is rare and has been observed in unique uranyl selenate 
K(H3O)[(UO2)2(SeO4)3(H2O)](H2O)6 (Ling et al. 2010). 

In the sheets of c6.10 and c6.11 (Figure 6.1k, l), 6-membered rings share edges to form chains 
separated by complex chains of dense 4-membered rings. This type of structural unit was observed in half 
dozen organically templated crystal structures with protonated molecules as counter ions (Krivovichev 
2009). 

The analysis of the topology of the sheets of c6.10 and c6.11 indicates that non-shared corners of 
selenate groups may have either up-, down- or disordered (up-or-down) orientations relative to the plane 
of the sheet. This ambiguity gives rise to geometric isomers with various orientations of the selenium 
polyhedra. To identify and classify the isomers of this type, Krivovichev and Burns proposed a geometrical 
approach based on orientation matrices of the isomers (Krivovichev and Burns 2003). According to this 
approach, as applied to the structures in hand, the symbols u (up), d (down), m (orientation up-down 
topologically equivalent) or ☐ (white vertex is missing in the graph) are assigned to each white vertex. 
Interestingly, the orientation matrices of the sheets in the crystal structures of c6.10 and c6.11 are equivalent 
and can be written in row as (u☐dd)(uu☐d). Thus, the uranyl selenate sheets observed in these crystal 
structures correspond to the same geometrical isomers. 

The topology of the [(UO2)2(SeO4)3(H2O)n]2– sheet with n = 2 in c6.12 contains columns of edge-
shared large hollow 8-membered rings and dense 4-membered rings (Figure 6.1m, n). This topology has 
never been observed in uranyl selenates. 

Compounds with U:Se = 3:5 

The crystal structures of [CH6N]4[(UO2)3(SeO4)5](H2O)4 (c6.5) and 
[CH6N](H5O2)(H3O)2[(UO2)3(SeO4)5](H2O)4 (c6.6) are based upon topologically similar inorganic sheets 
with the composition [(UO2)3(SeO4)5]4– (Figure 6.1o, p). The sheets are built from 4- and 6-membered 
rings. This topology of uranyl was observed in some uranyl selenate and chromate compounds (Krivovichev 
2009). 

Using the geometrical approach based on determination of the orientation of non-shared vertices of 
selenate tetrahedra, the orientation rows for the sheets in c6.5 and c6.6 may be written as 
(☐uu☐dd)(mddmuu) and (☐ud☐ud)(duuddd)(☐du☐du)(ddddud), respectively. Thus, the uranyl 
selenate and selenite-selenate sheets observed in these crystal structures correspond to different geometrical 
isomers. 

The crystal structures of [C2H8N]2[H3O][(UO2)3(SeO4)4(HSeO3)(H2O)](H2SeO3)0.2 (c6.13), 
[C4H12N]3[H3O][(UO2)3(SeO4)5(H2O)] (c6.14) and [C2H8N]3(C2H7N)[(UO2)3(SeO4)4(HSeO3)(H2O)] 
(c6.15) have the same topology of inorganic sheets (Figure 6.1q, r) built up from 4- and 6-membered rings. 
This topology of inorganic complexes is typical for uranyl selenite-selenates, and it was observed e.g. in 
[C5H14N]4[(UO2)3(SeO4)4(HSeO3)(H2O)](H2SeO3)(HSeO4) (Krivovichev et al. 2006). 
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The orientation matrices for c6.13, c6.14 and c6.15 have dimensions 6×2. The series of symbols 
written in row (duuudd)(ud☐du☐), (dumudm)(ud☐du☐) and (ududud)(ud☐du☐) for their inorganic 
sheets completely characterizes the topological structure of the geometric isomers c6.13, c6.14 and c6.15. 

Compounds with U:Se = 5:8 

The crystal structures of [CH6N]4(H3O)2[(UO2)5(SeO4)8(H2O)](H2O)4 (c6.7) and 
[CH6N]1.5(H5O2)1.5(H3O)3[(UO2)5(SeO4)8(H2O)](H2SeO4)2.6(H2O)3 (c6.8) are based upon sheets with the 
chemical composition [(UO2)5(SeO4)8(H2O)]6– (Figure 6.1s, t). They contain 4- and 6-membered rings: 6-
membered rings share vertices to form corner-sharing pairs separated by chains of edge-sharing 4-
membered rings. The pairs are stretched alternatively along mutual perpendicular directions. The 
compounds c6.7 and c6.8 are the first examples of this topology for uranyl selenates. 

Using the geometrical approach based on determination of the orientation of non-shared vertices of 
selenate tetrahedra, the orientation rows for the sheets in c6.7 and c6.8 may be written as 
(uu☐uu)(ddud☐), (dd☐dd)(duuu☐), and (du☐dd)(dudu☐), respectively. Thus, the uranyl selenate and 
selenite-selenate sheets observed in these crystal structures correspond to different geometrical isomers. 

2.6.3 Dimensional reduction 

In order to investigate the chemistry-structure relationships, we employed the dimensional reduction 
principle (Long et al. 1996; Tulsky and Long 2001). Here, the whole range of the compounds with the 
general formula An(UO2)p(TO4)q(H2O)r (A+ = monovalent cation, and T6+ = Se, S, Cr, Mo) has been analysed. 
It was supposed that the basic highly-polymerized 3D parent structure is that of (UO2)(TO4), whereas the 
role of reducing agents is played by A2(TO4) and H2O. As a consequence, the relationships between different 
compositions and structures may be visualized using the UO2TO4 – A2TO4 – H2O compositional diagram 
(Figure 6.2). List of all relevant compounds and dimensional characteristics of their structures can be found 
in the article A-II (see Included Articles). 

The diagram shown in Figure 6.2 may be divided into regions, where structures have the same 
dimensionality values (0 = finite clusters, 1 = chains, 2 = sheets, 3 = frameworks). Definition of the borders 
between the fields is not unambiguous and is rather tentative in character. For instance, due to the presence 
of only one point (36) corresponding to the 0D phases, the borders between the 0D and 1D fields are 
hypothetical. We suppose these borders are subparallel to the borders between 1D-and-2D, 2D-and-3D 
fields, and are in agreement with the principle of dimensional reduction for inorganic oxysalts. However, 
some deviations are observed. The points 21 and 23 are located within the 2D field, but correspond to the 
3D framework structures with the A6(UO2)2(TO4)3(H2O)6 and A6(UO2)2(TO4)3(H2O)7.5 compositions, 
respectively. We attribute these deviations to the double role of H2O: in most cases, it acts as reducing agent, 
whereas, in the cases of 21 and 23, it simply fills cavities of the uranyl-based framework. 
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FIGURE 6.2 Dimensional fields on the compositional diagram of the UO2TO4 – A2TO4 – H2O (A = monovalent 
cation, T = S, Se, Cr, Mo) system. 

For more detailed demonstration of the principle of dimensional reduction in the system, one may 
consider the line originating from the left and ending at the top corner of the diagram. The line describes 
compounds with the composition An(UO2)p(TO4)q. The points 24, 30, 28, and 36 correspond to the 
structures with dimensionalities equal to 3, 2, 1, and 0, respectively. The points 16 and 8 are located on the 
borders between 2D-and-3D, 1D-and-2D fields, respectively. Thus, the dimensionality of the structural unit 
is decreasing from the points 24 to 36, which is in agreement with the principle of dimensional reduction. 
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2.7 Analogy between electron lone pairs of selenites and 
hydrogen-in-phosphites 

In this section we present the fascinating results obtained at the end of this co-tutorial thesis project, with 
original evidence of negatively charged hydrogen in phosphites. These (HPO3)2– anions, which result from 
phosphonic acid HPO(OH)2 upon deprotonation, are commonly encountered as a tridentate or more 
tetrahedral ligand in solids. The H–P bond of (HPO3)2– is commonly viewed as resulting from protonation 
of the phosphorus lone pair. Although the phosphite groups in solution have been subject of spectroscopic 
studies (Loub 1991), there has been no clear characterization of the H–P bond of phosphite anions in 
crystalline solids. 

In the context of the present studies, we have synthesized two isotypic compounds, Fe2(SeO3)3 and 
Fe2(HPO3)3. The tunnel crystal structures of those clearly show an analogy between lone electron pairs of 
selenite groups and H–P bonds of phosphite anions. It demonstrates that in solids containing (HPO3)2– and 
(ESeO3)2– anions, the H–P bond in phosphites has the same role as does the lone pair E of selenites (Figure 
7.1), suggesting that the H atom is negatively charged and the H–P bond possesses some hydridic character 
in (HPO3)2– anions. 

 

FIGURE 7.1 Lewis structures and simplified artistic representation of orbital models of (ESeO3)2– (a) and 
(HPO3)2– (b) anions, which highlight the similar role of HHPO3 and ESeO3 from the geometrical point of view. 

2.7.1 Synthesis and structural characterization of iron selenite and phosphite 

Single crystals of Fe2(SeO3)3 (c7.1) and Fe2(HPO3)3 (c7.2) have been prepared by hydrothermal techniques. 
The reagents FeCl3·6H2O, Li2CO3 and SeO2/H3PO3 were mixed in a molar ratio of 1 : 1.5 : 2.5, and then 
dissolved the mixture in 6 ml of distilled water. The hydrothermal reactions were performed in 23 ml 
Teflon-lined autoclaves that were heated to 160 °C in ovens. The temperature of autoclaves was held 
constant for two days, followed by cooling to room temperature during 48 hours. It should to be note that 
another way for synthesis of Fe2(HPO3)3 was reported in (Sghyar et al. 1991), where the crystalline 
compound was obtained by an isothermal slow evaporation from the aqueous solution containing 20% of 
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Fe2O3, 30% of H3PO3, and 50% of water at 90 °C. Crystallographic data and experimental parameters for the 
crystal structures of the compounds are summarized in Table 7.1. 

TABLE 7.1 Crystallographic data and refinement parameters for Fe2(SeO3)3 (c7.1) and Fe2(HPO3)3 (c7.2). 

 c7.1 c7.2 
Mr (g mol–1) 492.58 351.63 
space group P63/m P63/m 
a (Å) 7.8720(9) 8.0195(2) 
c (Å) 7.3258(10) 7.3700(2) 
V (Å3) 393.15(10) 410.48(2) 
Z 2 2 
ρ (g/cm3) 4.161 2.845 
μ (mm–1) 17.603 4.144 
λ (MoKα) (Å) 0.71073 0.71073 
total rflns 3894 8590 
indep rflns 472 475 
Rint 0.0303 0.0325 
R1 [I > 2σ(I)] 0.0141 0.0133 
wR2 [I > 2σ(I)] 0.0308 0.0413 
R1 [all data] 0.0157 0.0154 
wR2 [all data] 0.0311 0.0433 
GOF 1.098 1.249 
∆ρmax,∆ρmin (e Å–3) 0.451, –0.426 0.423, –0.309 

 
The crystal structures of Fe2(SeO3)3 (c7.1) and Fe2(HPO3)3 (c7.2) contain [Fe2O9]12– dimers of face-

sharing Fe3+O6 octahedra. The average Fe–O bond lengths of Fe2(SeO3)3 and Fe2(HPO3)3 are nearly the same, 
and so are their Fe–Fe distances (2.987 Å and 2.980 Å, respectively). The [Fe2O9]12– dimers share all their 
six vertices with (ESeO3)2–or (HPO3)2– tetrahedra, forming hexagonal channels along the c-axis (Figure 7.2). 
The H–P bonds are pointed toward the axis of each tunnel as do the lone pairs of (ESeO3)2–. The Se–O 
bonds (1.676–1.722 Å) are longer than the P–O bonds (1.513–1.540 Å), but the tunnel is larger in diameter 
for Fe2(HPO3)3 than for Fe2(SeO3)3. The H–P bond is 1.310 Å, whereas the center of each lone pair of selenite 
anion is at a distance of ≈0.260 Å from the Se (calculated using the program HYBRIDE based on a theory 
developed by Verbaere and co-workers. (Verbaere et al. 1978)). 

 

FIGURE 7.2 View of the crystal structures of Fe2(SeO3)3 (c7.1) and Fe2(HPO3)3 (c7.2) along the c-axis – (a) and 
(c), respectively; mode of linkage of iron (brown) and selenite (orange) polyhedra in c7.1 – (b). 
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2.7.2 Calculation of partial charges 

For a number of phases of already reported phosphite phases with various crystal structures of different 
dimensionalities, the partial charges on P and H were calculated using the Henry’s method (Henry 2002; 
Henry 2008) in order to find systematic residual partial negative charges on the H atoms (Table 7.2). The 
latter indicates a weak but significant hydride character, e.g. the weakly negative charge of –0.024 electron 
units (e.u.) found for the H atoms in Fe2(HPO3)3, and –0.108 e.u. and –0.099 e.u. for the H atoms of two 
inequivalent phosphite groups in Sr(H2O)2[(UO2)(HPO3)2] (Villa et al. 2013). 

TABLE 7.2 Calculated partial charges for featured selected compounds. 

 partial charges, ±q  
 H P / Se / As O / Cl ref. 

Fe2(HPO3)3 –0.024 +0.170 –0.382 (×2), –0.293 [1], c7.2 

Sc2(HPO3)3 –0.068 +0.304 –0.602 (×2), –0.695 [2] 

Al2(HPO3)3 –0.042 +0.454 –0.504 (×2), –0.573 [3] 

Ga2(HPO3)3 –0.032 +0.479 –0.437 (×2), –0.483 [3] 

Fe2(HPO3)F2 –0.048 +0.401 –0.453 (×2), –0.452 [4] 

Sr(H2O)2[(UO2)(HPO3)2] 
–0.108 +0.170 –0.539, –0.707, –0.695 

[5] 
–0.099 +0.199 –0.666, –0.585, –0.676 

Ni11(HPO3)2(OH)6 
–0.045 +0.478 –0.420 (×3) 

[6] 
–0.048 +0.459 –0.432 (×3) 

PCl3  +0.340 –0.114 (×2), –0.113 [7] 

Fe2(SeO3)3  +0.056 –0.353 (×2), –0.280 c7.1 

Sc2(SeO3)3  +0.088 –0.558 (×2), –0.661 [8] 

Zn3(AsO3)2 
 +0.231 –0.468 (×2), –0.467 

[9] 
 +0.206 –0.469 (×2), –0.470 

[1] – (Sghyar et al. 1991); [2] – (Ewald et al. 2003); [3] – (Morris et al. 1994); [4] – (Liu et al. 2009); [5] – (Villa et al. 2013); [6] – 
(Marcos et al. 1993); [7] – (Enjalbert et al. 1980); [8] – (Wontcheu and Schleid 2003); [9] – (Ghose et al. 1977).  

 
In Fe2(HPO3)3, the calculated partial charges for O and P atoms are δO ≈ –0.34 e.u. and δP ≈ +0.17 

e.u., respectively. Dealing with bigger ligands, e.g. chlorides in PCl3, the bond P3+–Cl– polarization is 
displaced in favor of high partial positive charge on the phosphorus atom (δCl = –0.11 and δP = +0.34), 
which is not suitable for the formation of a H–P bond. Similar effects can be expected in arsenites by 
lowering the metal electronegativity (χP > χAs), which play in favor of stereoactive “free” lone pairs in AsO3 
groups. A more electronegative selenium cation (χSe >> χP) generates less polarized Se–O bonds, as in 
Fe2(SeO3)3, leading to δSe ≈ +0.056 e.u., which is also not suitable for the formation of H–Se bonds and is 
responsible for (ESeO3)2– ions in solids. 

In fact, complementary ab-initio molecular calculations performed in collaboration with the group 
of Prof. Dr. M. Whangbo have validated the partial negative charge of the H atom due to the almost zero 
participation of p-states and strong contribution of H in the HOMO molecular orbital. We have also proved 
that due to its geometry and charge the HPO3 groups are very weak magnetic connectors between two 
magnetic centres, e.g. PO4, SeO3… This work is still in preparation. 
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3 CONCLUSION AND PERSPECTIVES 

The exploration of several metal-oxide chemical systems containing selenium with various metals (Cu+/2+, 
Ni2+, Co2+, V4+/5+, Mn2+/3+, Fe3+, Pb2+, Bi3+, U6+) were presented in this work. Crystal chemistry of a large 
group of novel oxide compounds of Se4+ and Se6+ was mainly investigated by means of X-ray single crystal 
structural analysis. Further characterizations have not been detailed in this manuscript but can be found in 
the appended articles, accepted during my work. From the crystallographic viewpoint, most of the phases 
present a very well ordered assembly between distinct units leading to very good quality crystals. Only 
compounds described on the basis of oxo-centered O(Bi/Mn)4 units show a tendency for disorder. This is 
a general situation favoured in the Bi3+ case, because O–Bi bonds based on the sums of ionic radii give a 
contribution of 0.596 valence unit, greater than the 0.5 needed and leading to distortion or Bi substitution, 
which is the case here. 

This thesis is one of the first dedicated to the synthesis of the series of novel metal-oxide compounds 
using the “geo-inspired” approach assumed emulation of natural crystal growth processes in order to obtain 
complex functional materials with a potential in terms of specific physical properties. A large variety of 
resulted novel compounds clearly shows the appropriateness of using this approach for prospecting of new 
functional materials. The good results obtained from the CVT and in solution validates that selenite and 
selenate groups are very suitable structural templating agents for the crystal growth of minerals in various 
geochemical environments. 

In the context of this work, eight novel copper oxoselenites were obtained by the chemical vapour 
transport reactions. This result proves the efficiency of the CVT method for the synthesis of unique mixed 
Cu+–Cu2+ oxyhalide compounds. The compounds described herein are based upon oxocentered (μ4–O)Cu4 
tetrahedral units that polymerize to form structural complexes of different dimensionality. 

The PbO−NiO−SeO2 ternary system was scrupulously investigated in hydrothermal conditions. 
Three novel lead nickel selenites and one novel lead cobalt selenite were synthesized and characterized. 
According to the experimental results, the pH values of the solution play the essential role in hydrolysis and 
condensation processes by hydrothermal reactions in the studied system, and determine structural 
architectures of resulted products of the syntheses. 

Three novel compounds were prepared in the course of the investigation of the ternary systems with 
lead, vanadium, and selenium. Two of them are new polymorphic modifications of already known 
compounds. Discussion of polymorphism demonstrated a large diversity of geometries of structural units 
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in the crystal structures of vanadate selenites, which can be caused in part by the presence of chemically 
differ bonds in (V5+On) polyhedra. Also contributing is the fact that the asymmetric selenite groups with 
stereochemically active lone electron pairs could form structural cavities leading to materials with open 
architectures. 

Seven novel Se compounds containing manganese and bismuth were synthesized by using various 
techniques: evaporation from aqueous solution, hydrothermal reactions, and chemical vapour transport 
reactions. Three phases of them represent the first examples of oxoselenites containing both bismuth and 
manganese cations. 

Sixteen novel selenium-containing uranyl oxysalts templated by organic amines were reported. The 
observed topologies of the structural units of new compounds have been investigated using a graph theory, 
and a special approach based upon construction of orientation matrices has been applied to distinguish 
different geometrical isomers of uranyl selenates and selenite-selenates with the same structural topologies. 
Analysis of known An(UO2)p(TO4)q(H2O)r compounds (A+ = monovalent cation, and T6+ = Se, S, Cr, Mo) 
using the principle of dimensional reduction combined with the composition-structure diagram allowed to 
separate on it specific fields corresponding to the formation of uranyl structures with specific 
dimensionalities of their structural units. 

The given analogy between lone electron pairs of selenite groups and H–P bonds of phosphite anions 
at the examples of isotypic selenite and phosphite compounds supported by calculations of partial charges, 
suggests that the H atom is negatively charged and the H–P bond possesses some hydridic character in 
(HPO3)2–. It offers promising potentialities for synthesis of open structures decorated by polarized P–H or 
Se–E units, i.e. cationic intercalation materials, molecular sieves, catalysis etc… 

Overall results of the present study contribute to the fundamental knowledge of the crystal chemistry 
of synthetic and natural oxide compounds of selenium in the oxidation states of +4 and +6. The “geo-
inspired” approach used for the synthesis of novel metal-oxide compounds is innovative and can be used 
within the framework of renewal of modern inorganic chemistry and purposeful design of novel complex 
functional materials with a potential in terms of specific physical properties. The number of discovered Se 
oxo-compounds allows to predict possible mineral phases that may form in various geochemical 
environments. Observed open architectures in most of the new compounds give an opportunity to use their 
cavities for the intercalation/extraction of mobile organic ions into/out of them for catalysis and ion 
exchange chemistry in perspective. Further elaboration of more condensed Se structures with transition 
metals can lead to interesting magnetic properties. The only limitation is synthetic methods due to high 
volatility of selenium oxysalts. 
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The oxo salt compounds of uranyl have been intensively studied 
owing to their importance in radioactive waste management, 
uranium mineralogy, catalysis, ion-exchange, etc.1 Special atten-
tion was attracted to organically templated uranyl compounds as 
promising materials for separation and extraction technologies. 
A variety of compounds of this class, including organically 
templated uranium sulfates,2–6 selenites,7 molybdates,8–12 vana-
dates13,14 and silicates,15 have been prepared recently. Uranyl 
selenates,16–21 which can form nanotubular structures22–24 that 
have no analogues among well-known inorganic oxo salts, are 
of special interest. Here, we report on the synthesis† and struc-
tural characterization of a new uranyl selenite-selenate, [C2H8N]-
[(H5O2)(H2O)][(UO2)2(SeO4)3(H2SeO3)](H2O) 1, with an unpre-
cedented layer topology.

The crystal structure of 1‡ contains two independent U atoms 
that form the linear uranyl cation [O=U=O]2+. The U=O bond 
lengths are 1.751(5)–1.765(4) Å. Both uranyl cations formed by 
the U(1) and U(2) atoms are surrounded in the equatorial plane 

by five Oeq atoms to form the pentagonal bipyramids [UO7]8–. 
In the crystal structure of 1, the U–Oeq bond lengths vary from 
2.378(4) to 2.414(5) Å. In the structure of 1, three sites [Se(1), 
Se(2) and Se(3)] of four independent Se positions correspond 
to SeVI, whereas the Se(4) site is occupied by SeIV. The SeVI 
positions are surrounded by four O atoms each with the average 
〈Se–O〉 bond lengths of 1.638, 1.636 and 1.642 Å for Se(1), 
Se(2) and Se(3), respectively. The Se(4) site has a trigonal 
pyramidal coordination with an apex occupied by the SeIV atom. 
This coordination is typical of the SeIV atom with a stereoactive 
lone electron pair. The Se(4)O3 trigonal pyramid is strongly 
distorted with one short Se(4)–O(17) bond [1.661(4) Å], and the 
Se(4)–O(18) and Se(4)–O(19) bonds being appreciably longer 
[1.713(5) and 1.735(5) Å, respectively]. Such a distorted coor-
dination geometry is typical of biprotonated selenite groups 
(H2SeO3); in particular, it was observed in the structure of 
[C5H14N]4(UO2)3(SeO4)4(HSeO3)(H2O)(H2SeO3)(HSeO4).27

The crystal structure of 1 is based upon [(UO2)2(SeO4)3-
(H2SeO3)]2– layers formed as a result of the condensation of 
[UO7]8–, [SeO4]2– and (H2SeO3) coordination units by sharing 
common oxygen atoms. The [(UO2)2(SeO4)3(H2SeO3)]2– layers 
are parallel to (101) (Figure 1). Protonated dimethylamine mole-
cules, [C2H8N]+, and [H5O2]+ hydroxonium complexes are located 
in the interlayer space and form hydrogen bonds to the O atoms 
of uranyl groups and selenium oxo complexes.

Figure 2(a) shows the structure of the [(UO2)2(SeO4)3-
(H2SeO3)]2– layer in more detail. The selenate tetrahedra and 
(H2SeO3) trigonal pyramids coordinate uranyl ions in a mono-

Unprecedented layer topology in the crystal structure  

of a new organically templated uranyl selenite-selenate 

Vadim M. Kovrugin,*a Vladislav V. Gurzhiy,a,b Sergey V. Krivovichev,a  
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The crystal structure of the new organically templated uranyl selenite-selenate [C2H8N][(H5O2)(H2O)][(UO2)2(SeO4)3(H2SeO3)](H2O) 

is based upon complex layers with a unique topology, which was not observed previously in inorganic compounds.

† The yellowish green transparent plates of 1 were prepared by evapora-
tion from aqueous solutions. A mixture of 0.0503 g (0.1 mmol) of 
UO2(NO3)2·6H2O, 0.0045 g (0.1 mmol) of dimethylamine, 0.1160 g 
(0.8 mmol) of 40% H2SeO4, and 2 ml of distilled water was stirred until 
complete homogenization, poured onto a watch glass, and kept in a fume 
hood at room temperature. The crystals of 1 crystallized on the bottom 
of the vessel after three days.
‡ Crystallographic data. Crystals of 1 (C2H19NO23Se4U2, M = 1217.08) are 
monoclinic, space group P21/n, at 293 K: a = 14.7979(8), b = 10.0238(6) 
and c = 16.4176(9) Å, b = 111.628(1)°, V = 2263.8(2) Å3, Z = 4, dcalc = 
3.571 g cm–3, m(MoKα) = 20.822 cm–1, F(000) = 2168. Intensities of 25 431 
reflections were measured with a Bruker SMART APEX II CCD diffrac-
to meter [l(MoKα) = 0.71073 Å, 2qmax = 58°] and 5476 independent 
reflections (Rint = 0.0734) were used in further refinement. The structure 
was solved by direct method and refined by the full-matrix least-squares 
technique against F2 in the anisotropic-isotropic approximation. Hydro-
gen atoms of H2O groups were located from the Fourier synthesis of the 
electron density. The H(C,N) atom positions were calculated. The refine-
ment converged to wR2 = 0.0538 and GOF = 0.928 for all independent 
reflections [R1 = 0.0265 was calculated against F for 4285 observed reflec-
tions with I > 2s(I)]. All calculations were performed using SHELXTL 
PLUS 5.0.16.
 CCDC 824406 contains the supplementary crystallographic data for 
this paper. These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
For details, see ‘Notice to Authors’, Mendeleev Commun., Issue 1, 2012.

c a

Crystal structure of Figure 1 1 projected along the b axis. Displacement 
ellipsoids are drawn at a 50% probability level.
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dentate fashion; however, their topological roles are remarkably 
distinct. The selenate group coordinates three uranyl ions, whereas 
protonated selenite groups coordinate one uranyl ion each. This 
is in agreement with the empirical rule formulated previously 
that, in uranyl selenite-selenate complexes, the connectivity of 
selenite is lower than that of selenate anions.28 The linkage 
topology of the U and Se polyhedra can be described in terms of 
the graph theory29 if U and Se atoms are symbolized by black 
and white nodes. The nodes are linked by a line if the corre-
sponding atoms are bonded to the same bridging O atom. An 
idealized version of the black-and-white graph for the uranyl 
selenite-selenate complex in 1 is shown in Figure 2(b). This 
topology is unprecedented for both the chemistry of uranium and 
the structural chemistry of uranyl oxo salts in general. The topology 
is remarkable due to the presence of 1-connected branches inside 
eight-membered rings; this feature has been observed in just two 
other organically templated uranyl oxo salt compounds21,30 and 
has never been observed in other inorganic oxo salts.

This work was supported by the Federal Target Programme 
‘Scientific and Scientific-Pedagogical Personnel of the Innovative 
Russia’ (contract no. 02.740.11.0326) and the St. Petersburg State 
University (grant no. 3.37.84.2011).
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(a)

(b)

(Figure 2 a) Projection of the uranyl selenite-selenate layer in the crystal 
structure of 1 (displacement ellipsoids at 50% probability level) and (b) its 
topology shown as a graph (U and Se polyhedra are symbolized by black 
and white nodes, respectively).
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Abstract Single crystals of eight novel uranyl selenates,

(CH3NH3)2[(UO2)(SeO4)2(H2O)](H2O) (I) and (CH3NH3)2
[(UO2)(SeO4)2(H2O)] (II), (CH3NH3)2[(UO2)2(SeO4)3] (III)

and (CH3NH3)(H3O)[(UO2)2(SeO4)3(H2O)](H2O) (IV),

(CH3NH3)4[(UO2)3(SeO4)5](H2O)4 (V) and (CH3NH3)

(H5O2)(H3O)2[(UO2)3(SeO4)5](H2O)4 (VI), (CH3NH3)4
(H3O)2[(UO2)5(SeO4)8(H2O)](H2O)4 (VII), and (CH3NH3)1.5
(H5O2)1.5(H3O)3[(UO2)5(SeO4)8(H2O)](H2SeO4)2.6(H2O)3 (VIII),

have been prepared by isothermal evaporation from aqueous

solutions and structurally characterized. The observed

structural topologies of uranyl selenate units have been

investigated using graph theory. The principle of dimen-

sional reduction has been used for analysis of the uranyl

oxysalts with general chemical formula An(UO2)p(TO4)q
(H2O)r (A = monovalent cation, and T = S, Se, Cr, Mo),

which allowed to construct three-component composition-

structure diagram with separate dimensionality fields for

different chemical compositions.

Keywords Uranium � Selenium � Methylamine �

Uranyl oxysalts � Crystal structure � Single crystal X-ray

diffraction � Topology � Dimensional reduction

Introduction

Mathematical and topological models of inorganic chemical

structures are of particular importance for understanding

relations between their chemical composition and structural

geometry and topology [1]. Simple topological models

allowed to establish some important regularities, relationships

and hierarchy among known simple and complex structure

types [2–5]. In this paper,we report on structural topologies of

eight novel uranium selenates and structure–composition

relationships in complex uranyl compounds in general. It

should be noted that structural chemistry of inorganic uranium

compounds has had many important advances over the last

15 years partially summarized in [6–9]. In particular, intro-

duction of two-dimensional tilings (so-called anion topologies

[10]) and graphs [11, 12] led to deeper understanding of

topological organization in uranium-based systems, including

nanoscale structures such as uranium peroxide nanospheres

[13–15] and uranyl selenate nanotubules [16–18]. The use of

novel synthesis techniques allowed to prepare whole series of

novel uranium compounds, e.g., mixed-valent uranium sili-

cates [19–21] and uranyl borates [22–24]. Owing to their

environmental and technological importance, uranyl oxysalts

containing tetrahedral oxyanions ofVIth group of the Periodic

Table received particular attention [25]. Alekseev et al. [26]

rationalized ‘‘composition–structure’’ relationships in uranyl

molybdates using the principle of dimensional reduction

proposed by Long et al. [27] for the description of decreasing

dimensionality of chalcogenide structural units in Re sulfides

and selenides. This principle was applied to variousmaterials,

including a wide class of ternary compounds [28], organic–

inorganic composites [29], and some inorganic-oxysalt-based

systems [12]. The principle of dimensional reduction states

that incorporation of an ionic reagent and water into parent

salts results in derivative compounds with decreasing
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dimensionality of the structural unit. In addition to new

experimental data on uranyl selenates, the present paper

reports further extension of the dimensional reduction prin-

ciple onto wide class of uranyl oxysalts containing monova-

lent organic and inorganic cations that play the role of

reduction agents in complex systems.

Experimental

Caution

Although all uranium materials used in these experiments

are depleted, extra care should always be used when han-

dling uranium-containing materials.

Materials

Methylamine (40 wt% in H2O, Sigma-Aldrich), selenic

acid (40 wt% in H2O, 99.95 %, Aldrich), and

UO2(NO3)2�6H2O (Vekton) were used as received.

Deionized distilled water was also used in these syntheses.

Synthesis

Crystals of new eight organic–inorganic compounds

(CH3NH3)2[(UO2)(SeO4)2(H2O)](H2O) (I), (CH3NH3)2
[(UO2)(SeO4)2(H2O)] (II), (CH3NH3)2[(UO2)2(SeO4)3] (III),

(CH3NH3)(H3O)[(UO2)2(SeO4)3(H2O)](H2O) (IV), (CH3

NH3)4[(UO2)3(SeO4)5](H2O)4 (V), (CH3NH3)(H5O2)(H3O)2
[(UO2)3(SeO4)5](H2O)4 (VI), (CH3NH3)4(H3O)2[(UO2)5
(SeO4)8(H2O)](H2O)4 (VII) and (CH3NH3)1.5(H5O2)1.5
(H3O)3[(UO2)5(SeO4)8(H2O)](H2SeO4)2.6(H2O)3 (VIII) have

been prepared by evaporation from aqueous solutions of

uranyl nitrate, 40 %—solution of selenic acid, 40 %—solu-

tion of methylamine, and deionized distilled water. Yellow–

green homogeneous liquid solutions were left in a fume hood

at room temperature. The crystals of compound I were syn-

thesized through the reaction of 0.0502 g (0.1 mmol) of

uranyl nitrate, 0.0124 g (0.4 mmol) of methylamine,

0.0725 g (0.5 mmol) of selenic acid, and 2.0031 g

(111.3 mmol) of deionized distilled water. The solid products

were formed after 2 days in small amount. The crystals of

compounds II, IV, and VII were synthesized through the

reaction of 0.0504 g (0.1 mmol) of uranyl nitrate, 0.0155 g

(0.5 mmol) of methylamine, 0.0580 g (0.4 mmol) of selenic

acid, and 2.0067 g (111.5 mmol) of deionized distilled water.

The solid products were formed after 3 days in small amount.

The crystals of compound III were synthesized through the

reaction of 0.0498 g (0.1 mmol) of uranyl nitrate, 0.0061 g

(0.2 mmol) of methylamine, 0.1015 g (0.7 mmol) of selenic

acid, and 1.9954 g (110.9 mmol) of deionized distilled water.

The solid products were formed after 2 days in small amount.

The crystals of compound V were synthesized through the

reaction of 0.0505 g (0.1 mmol) of uranyl nitrate, 0.0031 g

(0.1 mmol) of methylamine, 0.1160 g (0.8 mmol) of selenic

acid, and 1.9986 g (111.0 mmol) of deionized distilled water.

The solid products were formed after 2 days in small amount.

The compounds VI and VIII were synthesized through the

reaction of 0.1004 g (0.2 mmol) of uranyl nitrate, 0.0030 g

(0.1 mmol) of methylamine, 0.1014 g (0.7 mmol) of selenic

acid, and 2.0023 g (111.2 mmol) of deionized distilled

water. The solid products were formed after 3 days in small

amount.

X-ray crystallographic analysis

Single crystals selected for data collection were examined

under an optical microscope, encased in epoxy and mounted

onaglass fiber.Datawerecollected bymeansof aSTOEIPDS

II diffractometer using monochromated MoKa radiation and

framewidths of 2° inx. The unit-cell parameters were refined

by least-squares techniques. The data were corrected for

Lorentz, polarization, and background effects. An analytical

absorption correction based on the indexed faces was applied.

The structures were solved by direct methods and refined by

means of the programs SHELXL–97 [30] and SIR–92 [31].

Attempts to refine anisotropic parameters of several oxygen

atoms positions and positions of atoms in organic methyl-

aminemolecules resulted in physically unrealistic values.Due

to the low quality of crystals of most phases, their metasta-

bility and sensitivity to air, only relatively rough structural

models could be obtained.As a consequence, crystallographic

agreement index (R1) values for some crystals are not of the

same order as those obtained from perfect crystals. Due to

these reasons, we were unable to localize the positions of H

atoms as well, and the details of the hydrogen bonding system

remain unclear. However, some approximate schemes can be

derived from O–O contacts involving sites occupied by the

H2O molecules and hydronium cations. Relevant crystallo-

graphic data are listed in Tables 1 and 2. Selected interatomic

distances are given in Table 3. CCDC files 866553, 866549,

866547, 866553, 866546, 866551, 866548, and 866550 con-

tain the supplementary crystallographic data for the com-

pounds I, II, III, IV, V, VI, VII, and VIII reported in this

paper. These data can be obtained free of charge from The

Cambridge Crystallographic Data Centre via www.ccdc.

cam.ac.uk/data_request/cif.

Results

Compounds with U:Se = 1:2

Compounds with U:Se = 1:2 can be described by the

general formula (CH3NH3)[(UO2)(SeO4)2(H2O)](H2O)n,
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where n = 1 (I) and 0 (II). These compounds are probably

the most stable in the system, which is manifested by their

frequent occurence in the experiments and relatively high

quality of their crystals. The crystal structures of I and II

contain one symmetrically independent U6? cation each

that forms two short U6?–O2- bonds [1.755(10)–

1.775(6) Å] resulting in formation of nearly linear uranyl

cations, [UO2]
2?. This basic uranyl entity is coordinated in

the equatorial plane by four oxygen atoms and one H2O

molecule, which forms pentagonal bipyramids with the

U6?–Oeq bond lengths in range of 2.331(9)–2.360(7) Å.

There are two independent Se atoms per formula unit in

each structure. The Se6? cations in the structures are tet-

rahedrally coordinated by four O atoms, forming [SeO4]
2-

tetrahedra. The interpolyhedral Se–Obr bonds are longer

(1.628(9)–1.656(6) Å; Obr = O atom bridging between U

and Se polyhedra) than the Se–Ot bonds (1.593(10)–

1.624(7) Å; Ot = terminal O atom in selenate group).

Crystal structures of I and II are based upon complex

units with composition [(UO2)(SeO4)2(H2O)]
2-, but with

different topologies of linkage of U and Se polyhedra for

different values of n. For n = 1, the structure contains 1D

chains, for n = 0 the structure is based upon 2D sheets

(Fig. 1). The [UO6(H2O)]
6- pentagonal bipyramids share

corners with two [SeO4]
2- tetrahedra to form [(UO2)

(SeO4)2(H2O)]
2- chains running parallel to the c axis in the

structure of I, and [(UO2)(SeO4)2(H2O)]
2-sheets which are

parallel to (10�1) in the structure of II. The chains of I are

arranged into sheets parallel to (010) plane.

In both structures, protonated [CH3NH3]
? methylamine

cations and water molecules are arranged between the

chains and the sheets and provide their linkage into a three-

dimensional structures.

Compounds with U:Se = 2:3

In the crystal structures of III and IV, there are two sym-

metrically independent U positions. They have typical

pentagonal bipyramidal coordination. The uranyl bond

lengths are in the range of 1.746(9)–1.771(10) Å. In the

equatorial plane, both uranyl cations are coordinated by

five O2- anions of the selenate groups in the crystal

structure of III, whereas, in the structure of IV, the U(2)

site is coordinated by four O2- anions and one H2O(17)

group. The average hU–Oeqi bond length is 2.34 Å in III.

In the crystal structure of IV, the U–Oeq bond lengths are in

the range of 2.32(1)–2.41(1) Å, and the U–H2O(17) bond

length is 2.494(16) Å. Each structure contains three

Table 1 Crystallographic Data for I–V in the system UO2(NO3)2–H2SeO4–methylamine–H2O

Compound I II III IV

Empirical formula (CH3NH3)2[(UO2)(SeO4)2
(H2O)](H2O)

(CH3NH3)2[(UO2)

(SeO4)2(H2O)]

(CH3NH3)2
[(UO2)2(SeO4)3]

(CH3NH3)(H3O)[(UO2)2
(SeO4)3(H2O)](H2O)

fw 639.99 623.99 1020.98 1042.96

Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic

Space group Pnma P21/c P21 P21/c

a (Å) 7.5496(7) 8.2366(10) 8.5827(13) 8.4842(10)

b (Å) 12.0135(9) 7.5888(6) 10.0730(15) 10.2368(8)

c (Å) 15.8362(13) 22.260(2) 10.0915(14) 24.228(2)

a (deg) 90.00 90.00 90.00 90.00

b (deg) 90.00 104.566(9) 95.980(12) 102.803(9)

c (deg) 90.00 90.00 90.00 90.00

V (Å3) 1436.3(2) 1346.7(2) 867.7(2) 2051.9(3)

Z 4 4 2 4

Dc (g cm-1) 2.960 3.078 3.908 3.376

l (mm-1) 16.423 17.507 25.012 21.166

2h range (deg) 4.26–53.66 3.78–58.64 4.06–50.00 3.44–50.00

Reflections collected 10099 12119 5477 12326

Independent reflections 1605 [R(int) = 0.0875] 3656 [R(int) = 0.0828] 2931 [R(int) = 0.1271] 3602 [R(int) = 0.1698]

gofa 1.334 0.996 1.083 1.049

R1, wR2 [I[ 2r(I)]a 0.0467, 0.0860 0.0466, 0.0637 0.1072, 0.2712 0.0674, 0.1551

R1, wR2 [all data] 0.0566, 0.0882 0.0785, 0.0688 0.1126, 0.2766 0.0957, 0.1693

wR2 = [R[w(Fo
2
- Fc

2)2/Rw(Fo
2)2]1/2

a gof = [Rw(Fo
2
- Fc

2)2/(nobs- nparam)]
1/2

b R1 = R(|Fo| - |Fc|)/R|Fo|
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symmetrically independent [SeO4]
2- tetrahedra. The hSe–Oi

bond lengths are 1.66 and 1.62 Å for III, and the com-

pound IV, respectively.

In both structures, the [UO7]
8-, [UO6(H2O)]

6- and

[SeO4]
2- coordination polyhedra share common ligands to

produce 2D sheets with the chemical compositions

[(UO2)2(SeO4)3]
2- in III and [(UO2)2(SeO4)3(H2O)]

2- in IV.

The sheets are parallel to (100) and (10�1) in the compounds III

and IV, respectively (Fig. 2). The interpolyhedral Se–Obr–U

angles are in the range of 136(2)–146(3)°, with the average

value of 140° in III, and 133.9(8)–144.8(9)°, with the average

value of 138.5° in IV, which is in general agreement with the

average value of 136.8° reported in [32].

The structure of III contains two protonated linear

methylamine molecules [CH3NH3]
? as interlayer species.

In the interlayer space of IV, there are two protonated

[CH3NH3]
? cations and one H2O molecule.

Compounds with U:Se = 3:5

The crystal structures of V and VI contain three crystal-

lographically independent U atoms each. All the U6? sites

adopt the pentagonal bipyramidal coordination geometry

with two short uranyl bonds (hU–OUri = 1.75 Å in both

V and VI). In the equatorial plane, the uranyl cations are

surrounded by five O atoms (hU–Oeqi = 2.40 Å). There

are five tetrahedrally coordinated Se sites in each structure

(hSe–Oi = 1.64 and 1.62 Å in V and VI, respectively). In

the structure of VI, one of the tetrahedra is disordered in

terms of the O(13) and O(14) sites, which have 50 %

occupancy each.

In both structures, the [UO7]
8- pentagonal bipyramids and

[SeO4]
2- tetrahedra are linked through common vertices to

form sheets with the composition [(UO2)3(SeO4)5]
4-. In the

structure of V, the uranyl selenate sheets are corrugated and

oriented parallel to (100). In the structure ofVI, the inorganic

two-dimensional complexes are more or less planar and run

parallel to (010) (Fig. 3).

Both structures contain protonated methylamine mole-

cules [CH3NH3]
? and water molecules that provide three-

dimensional linkage of the uranyl selenate sheets via

hydrogen bonding. In the interlayer space of the crystal

structure of VI there is one independent [H5O2]
? cation

(the respective O(33)–O(34) interatomic distance is

2.30(12) Å) and two hydronium cations [H3O]
?.

Table 2 Crystallographic Data for VI–IX in the system UO2(NO3)2–H2SeO4–methylamine–H2O

Compound V VI VII VIII

Empirical formula (CH3NH3)4[(UO2)3
(SeO4)5](H2O)4

(CH3NH3)(H5O2)(H3O)2
[(UO2)3(SeO4)5](H2O)4

(CH3NH3)4(H3O)2[(UO2)5
(SeO4)8(H2O)](H2O)4

(CH3NH3)1.5(H5O2)1.5(H3O)3[(UO2)5
(SeO4)8(H2O)](H2SeO4)2.6(H2O)3

fw 1692.97 1678.91 2709.91 2946.25

Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic

Space group Pnna Ibca Pca21 Pnma

a (Å) 16.4221(14) 20.956(2) 31.505(2) 30.9728(19)

b (Å) 18.4773(9) 34.767(8) 10.3688(6) 37.022(2)

c (Å) 10.3602(5) 18.663(2) 16.2424(11) 10.4171(5)

a (deg) 90.00 90.00 90.00 90.00

b (deg) 90.00 90.00 90.00 90.00

c (deg) 90.00 90.00 90.00 90.00

V (Å3) 3143.7(3) 13597(4) 5305.9(6) 11945.0(11)

Z 4 16 4 8

Dc (g cm-1) 3.577 3.280 3.392 3.277

l (mm-1) 21.319 19.720 20.814 20.086

2h range (deg) 4.40–50.00 2.34–47.00 2.58–49.00 2.20–49.00

Reflections collected 18,468 32,094 27,846 61,466

Independent

reflections

2774

[R(int) = 0.1191]

4913 [R(int) = 0.3280] 8463 [R(int) = 0.2070] 10116 [R(int) = 0.2139]

gofa 1.104 0.968 0.997 1.055

R1, wR2 [I[ 2r(I)]b 0.0541, 0.1119 0.1040, 0.1867 0.0852, 0.1901 0.0858, 0.1736

R1, wR2 [all data] 0.0790, 0.1216 0.2138, 0.2287 0.1305, 0.2150 0.1556, 0.2083

wR2 = [R[w(Fo
2
- Fc

2)2/Rw(Fo
2)2]1/2

a gof = [Rw(Fo
2
- Fc

2)2/(nobs - nparam)]
1/2

b R1 = R(|Fo| - |Fc|)/R|Fo|
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Compounds with U:Se = 5:8

Five symmetrically independent uranium positions were

observed in the crystal structures of VII and VIII. All U

sites have typical seven-coordinate pentagonal bipyramidal

coordination geometries with the average hU6?–OUri ura-

nyl bond lengths equal to 1.76 and 1.73 Å for VII and

VIII, respectively. The uranyl cations are equatorially

coordinated by five O atoms, which leads to the formation

of pentagonal bipyramids with the U6?–Oeq bond lengths

in the range of 2.31(2)–2.48(3) Å for VII and 2.36(2)–

2.42(2) Å for VIII. In both structures, four out of the five

equatorial oxide ligands of [U(1)O2]
2? cations belong to

the [SeO4]
2- groups; the fifth is an H2O molecule. The

U(1)–H2O bond length is 2.54(3) and 2.51(2) Å in VII and

VIII, respectively. The Se atoms in both structures are

tetrahedrally coordinated by four O atoms each, forming

[SeO4]
2- tetrahedra. The hSe–Oi bond lengths of tetrahe-

dra are 1.61 and 1.62 Å for VII and VIII, respectively.

The structures of VII and VIII are based upon sheets

with the chemical composition [(UO2)5(SeO4)8(H2O)]
6-.

The sheets are formed by corner sharing between [Uu7]
n-
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Fig. 1 The crystal structures of I and II projected along the c (a), and

b (b) axes, respectively. Legend: U polyhedra = yellow; Se polyhe-

dra = orange; C and N atoms are white and blue, respectively; red

circles = H2O groups (Color figure online)
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(u = O, H2O; n = 6, 8) pentagonal bipyramids and

[SeO4]
2- tetrahedra. In the structure of VII, the uranyl

selenate sheets are slightly corrugated and arranged in

parallel with the (001) plane (Fig. 4a). In the structure of

VIII, the uranyl selenate sheets are planar and run parallel

to (010) (Fig. 4b). The interpolyhedral Se–Obr–U angles in

VII and VIII have the average values of 136.8° and 137.6°,

respectively, which are in general agreement with the

average value of 136.8° reported in [32].

The compoundsVII andVIII contain as interlayer species

protonated methylamine [CH3NH3]
? cations, hydronium

[H3O]
? and [H5O2]

? cations and water molecules as inter-

layer species. Assignment of the interlayer sites to the [H3O]
?

cations was based upon the presence of three H3O
?���O con-

tacts in the range of 2.6–2.9 Å. The [H5O2]
? cations are

characterized by the presence of a short O���O contact of

2.3–2.4 Å corresponding to a strong hydrogen bond within

the cation and two additional O���O contacts in the range of

2.7–2.9 Å for each O atom of the [H5O2]
? cation. In contrast,

H2O groups form from two to three weak hydrogen bonds to

adjacent O atoms with the O���O interatomic distances longer

than 2.9 Å. In the interlayer space ofVIII, there are also three

disordered electroneutral (H2SeO4) groups.

Fig. 2 The crystal structures of III and IV projected along the b axes

(a, b, respectively). Legend is as in Fig. 1

Fig. 3 The crystal structures of V and VI projected along the c axes

(a, b, respectively). Legend is as in Fig. 1; the selenate tetrahedra in

V with disordered orientations are shown in red; cyan cir-

cles = [H3O]
? groups (Color figure online)
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Discussion

Topological analysis

Topological structure of uranyl selenate units in the

structures under consideration here can be visualized using

the nodal representation. Within this approach [11, 12, 25],

the U and Se coordination polyhedra are symbolized by

black and white nodes, respectively. The vertices are linked

by an edge if two respective polyhedra share a common

oxygen atom. The resulting graph is used to investigate

topological relations between similar structures.

Figure 5c and d show black-and-white graphs corre-

sponding to the topological structures of the 1D- and 2D-

units of I and II. The [(UO2)(SeO4)2(H2O)]
2- chain

observed in the structure of I corresponds to the simple 1D

graph. Chains of this type are quite common for uranyl

compounds with [TO4]
n- tetrahedra (T = S, Se, P, As).

They have been observed first in the structure of

Mn[(UO2)(SO4)2(H2O)](H2O)5 [33] and later in a number

of amine-templated uranyl sulfates [34–39] and other

compounds, including [(UO2)(H2PO4)2(H2O)](H2O)2 [40],

[(UO2)(H2AsO4)2(H2O)] [41], M[(UO2)(SeO4)2(H2O)]

(H2O)4 (M = Mg, Zn) [42], [C5H16N2]2[(UO2)(SeO4)2
(H2O)](NO3)2 [43]. The black-and-white graph of the sheet

observed in the structure of II (Fig. 5d) consists of four-

connected black and two-connected white vertices. This

graph corresponds to the topology observed in a number of

layered uranyl selenates: [C5H14N2]2[(UO2)(SeO4)2(H2O)]2
(H2O), [C4H12N]2[(UO2)(SeO4)2(H2O)] [9], (H3O)2[(UO2)

(SeO4)2(H2O)](H2O) [44], and K2(H5O2)(H3O)[(UO2)2
(SeO4)4(H2O)2](H2O)4 [45]. The graph contains tight four-

membered rings and extended voids of about 3 9 15 Å2 in

dimensions.

Figure 6a, b show uranyl selenate sheets in the structures

of III, and IV, respectively. The corresponding black-and-

white graphs are depicted in Fig. 6c, d, respectively. The

topology of III is based only upon four-membered rings of

alternating black and white nodes. The graph has been

observed in uranyl selenates (H3O)[C3H5N2][(UO2)2
(SeO4)3] [9] and [CH6N3]2[(UO2)2(SeO4)3] [46]. Topology

of the [(UO2)3(SeO4)5]
2- sheet in IV contains four- and

eight-membered rings. This topology is relatively rare and

has previously been observed in K(H3O)[(UO2)2(SeO4)3
(H2O)](H2O)6 [47] and [N8C26H4]0.5[(UO2)2(SO4)3(H2O)]

(H2O)2 [48].

The crystal structures of V and VI are based upon

topologically similar inorganic sheets with the composition

[(UO2)3(SeO4)5]
4- (Fig. 7a, b). Their graphs (Fig. 7c, d)

are built from four- and six-membered rings. This topology

of uranyl was observed in some selenate and chromate

compounds, e.g., in Mg2[(UO2)3(SeO4)5](H2O)16 [49] and

Mg2[(UO2)3(CrO4)5](H2O)17 [50].

The black-and-white graphs corresponding to the topo-

logical structures of the [(UO2)5(SeO4)8(H2O)]
6- sheet in

VII and VIII are shown in Fig. 8a, b. They contain both

four- and six-membered rings. Six-membered rings share

vertices to form corner–sharing pairs separated by chains

of edge–sharing four-membered rings. The pairs are stret-

ched alternatively along [120] and [�120]. All white vertices

are three-connected, whereas black vertices are either four-

or five-connected, which correspond to the [UO6(H2O)]
6-

and [UO7]
8- pentagonal bipyramids, respectively. This

topology has previously been observed in [N3C6H18]2
[(UO2)5(SO4)8(H2O)] [51], but VII and VIII are the first

examples of this topology for uranyl selenates.

Geometrical isomerism

To define topology of a structure by means of its nodal

representation is not always enough to define its complete

Fig. 4 The crystal structures of VII and VIII projected along the

a (a) and c (b) axes, respectively. Legend is as in Fig. 1; cyan

circles = [H3O]
? groups; orange circles indicate positions of disor-

dered Se atoms in the interlayer space (Color figure online)
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Fig. 5 The

[(UO2)(SeO4)2(H2O)]
2- chains

in the crystal structure of

I (a) and

[(UO2)(SeO4)2(H2O)]
2- sheets

(b) in the crystal structure of II

in polyhedral representations

(legend as in Fig. 1), and their

graphs (c, d, respectively). See

text for details

Fig. 6 The two-dimensional

uranyl selenate sheets in the

crystal structures of III (a) and

IV (b) and their black-and-white

graphs (c, d, respectively)

(Color figure online)

2010 Struct Chem (2012) 23:2003–2017

123

68



topological structure. This is particularly true for com-

pounds, which contain tetrahedra with terminal O atoms

not involved in an interpolyhedral bonding. In this case,

detailed examination of orientations of tetrahedra may

reveal geometrical difference between the sheets with the

same black-and-white graph, which led Krivovichev and

Burns [50] to the definition of geometrical isomerism. It is

important to note that geometrical isomers cannot be

transformed into each other by simple rotations of tetra-

hedra and such a transformation is impossible without

breaking of chemical bonds. To distinguish between the

[(UO2)3(SeO4)5]
2- sheets with the same graph observed in

the structures of IV, K(H3O)[(UO2)2(SeO4)3(H2O)](H2O)6
[47], and [N8C26H4]0.5[(UO2)2(SO4)3(H2O)](H2O)2 [48],

one has to analyze orientations of tetrahedra relative to the

plane of the sheet. As can be seen in the black-and-white

graph of the topology (Fig. 6d), each [TO4]
2- (T = Se, S)

tetrahedron in the sheet is three-connected, i.e., it shares

three of its corners with adjacent either four- or five-con-

nected [UO6(H2O)]
6- and [UO7]

8- pentagonal bipyramids.

The fourth corner is non-shared and may have either up-,

down- or disordered (up-or-down) orientation relative to

the plane of the sheet. This ambiguity gives rise to geo-

metric isomers with various orientations of the tetrahedra.

To identify and classify the isomers of this type, we use

their orientation matrices [50]. According to this approach,

as applied to the structures in hand, symbols u (up),

d (down), m (disordered up-or-down orientation), or h

(white vertex is missing in the graph) are assigned to each

white vertex.

The graphs shown in Fig. 9 have the u and d symbols

written near white vertices. It can be seen that the systems

of the u and d symbols are different for the sheets, which

therefore should be considered as different geometrical

isomers. The isomers can be distinguished by their orien-

tation matrices that provide short notations of the transla-

tionally independent rectangular system of the u, d, and h

symbols. The orientation matrix for the sheet of the crystal

structure of IV shown in Fig. 9c has 8 9 2 dimensions and

can be written in row as (uududdhh)(ddhhuudu). It is

noteworthy that the crystal structure of K(H3O)[(UO2)2
(SeO4)3(H2O)](H2O)6 [47] has the same orientation matrix

Fig. 7 The

[(UO2)3(SeO4)5(H2O)]
2- sheets

in the crystal structure of

V (a) and VI (b) and their

black-and-white graphs (c, d,

respectively). The selenate

tetrahedra in V with disordered

orientations are shown in red

(Color figure online)
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Fig. 8 Two-dimensional sheets

in the crystal structures of VII

(a) and VIII (b) and their black-

and-white graphs (c, d,

respectively) (Color figure

online)

Fig. 9 Black-and-white graphs of the uranyl selenate sheets in the

structures of IV and K(H3O)[(UO2)2(SeO4)3(H2O)](H2O)6 (a) and in

the structure of [N8C26H4]0.5[(UO2)2(SO4)3(H2O)](H2O)2 (b) with the

orientation symbols of tetrahedra; extended tables of orientation symbols

(c, d, respectively). Translationally independent orientation matrices of

tetrahedra are selected in (c) and (d) by rectangular areas (Color figure

online)
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of the inorganic sheet. The orientation matrix of the sheet

of the crystal structure of [N8C26H4]0.5[(UO2)2(SO4)3
(H2O)](H2O)2 [48] shown in Fig. 9d can be written as

(udduudhh)(udhhuddu).

The black-and-white graph corresponding to the inor-

ganic [(UO2)3(SeO4)5]
4- sheets in V, and VI are shown in

Fig. 10a, b, respectively, with the orientation symbol

indicated at each white vertex. The orientation matrices

(Fig. 10c, d) have dimensions 6 9 2 and 6 9 4 for V and

VI, respectively. The series of symbols written in

row (huuhdd)(mddmuu) and (hudhud)(duuddd)

(hduhdu)(ddddud) for the inorganic sheets completely

characterizes the topological structure of the geometric

isomers V and VI. It should be noted that the matrix of VI

Fig. 10 Black-and-white

graphs of uranyl selenate sheets

in the structures of V (a) and VI

(b) with the orientation symbols

of tetrahedra; extended tables of

orientation symbols (c, d,

respectively). Translationally

independent orientation

matrices of tetrahedra are

selected in (c) and (d) by

rectangular areas (Color figure

online)

Fig. 11 Black-and-white graphs of uranyl selenate sheets in the

structures of VII (a), VIII (b), and [N3C6H18]2[(UO2)5(SO4)8(H2O)]

(c) with the orientation symbols of tetrahedra; extended tables of

orientation symbols (d–f, respectively). Translationally independent

orientation matrices of tetrahedra are selected in (d–f) by rectangular

areas (Color figure online)
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contain the m symbol, which symbolizes selenate tetrahe-

dron that has no preferred orientation due to its disordered

arrangement.

The black-and-white graphs for the [(UO2)5(H2O)

(SO4)8]
6- sheets in VII, VIII, and [N3C6H18]2[(UO2)5

(SO4)8(H2O)] with the u, d and h symbols written near the

white vertices are shown in Fig. 11. Orientation matrices

for these sheets may be written as (uuhuu)(ddudh),

(ddhdd)(duuuh), and (duhdd)(duduh), respectively

(Fig. 11a–c).

Dimensional reduction in uranyl oxysalts with general

formula An(UO2)p(TO4)q(H2O)r

The eight novel compounds reported herein can be

described by the general formula [CH3NH3]n(UO2)p
(TO4)q(H2O)r. In order to investigate the chemistry–struc-

ture relationships, we employ the dimensional reduction

principle [26–29]. In order to put the study in more general

context, the whole range of the compounds with the gen-

eral formula An(UO2)p(TO4)q(H2O)r (A = monovalent

cation, and T = S, Se, Cr, Mo) has been analyzed. It was

supposed that the basic highly-polymerized three-dimen-

sional parent structure is that of (UO2)(TO4), whereas the

role of reducing agents is played by A2(TO4) and H2O. As a

consequence, the relationships between different compo-

sitions and structures may be visualized using the

UO2TO4–A2TO4–H2O compositional diagram (Fig. 12).

Table 4 summarizes formulas and dimensional character-

istics of the structures of respective compounds.

The diagram shown in Fig. 12may be divided into regions,

where structures have the same dimensionality values

(0 = finite clusters, 1 = chains, 2 = sheets, 3 = frame-

works). Definition of the borders between the fields is not

unambiguous and is rather tentative in character. For instance,

due to the presence of only one point (35) corresponding to the

0D phases, the borders between the 0D and 1D fields are

hypothetical. We suppose these borders are subparallel to the

borders between 1D-and-2D, 2D-and-3D fields, and are in

agreement with the principle of dimensional reduction for

inorganic oxysalts. However, some deviations are observed.

The points 20 and 22 are located within the 2D field, but

correspond to the 3D framework structures with the

A6(UO2)2(TO4)3(H2O)6 and A6(UO2)2(TO4)3(H2O)7.5 com-

positions, respectively. We attribute these deviations to the

double role of H2O: in most cases, it acts as reducing agent,

whereas, in the cases of 20 and 22, it simply fills cavities of the

uranyl-based framework.

For more detailed demonstration of the principle of

dimensional reduction in the system, one may consider the

line originating from the left and ending at the top corner of

the diagram. The line describes compounds with the

composition An(UO2)p(TO4)q. The points 23, 29, 27, and 35

correspond to the structures with dimensionalities equal to

Fig. 12 Dimensional fields on

the compositional diagram of

the UO2TO4–A2TO4–H2O

(A = monovalent cation,

T = S, Se, Cr, Mo) system. See

Table 4 for the list of

compounds and references
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Table 4 Phases of inorganic oxysalts with general formula An(UO2)p(TO4)q(H2O)r in the UO2TO4–A2TO4–H2O system

Point Formula type n p q r Da T A References

1 (UO2)(TO4)(H2O)2 0 1 1 2 1 Se, Cr – [52, 53]

3 Mo – [54]

2 (UO2)(TO4)(H2O)2,5 0 2 2 5 1 S – [55]

3 (UO2)(TO4)(H2O)3 0 1 1 3 1 Cr – [52]

4 (UO2)(TO4)(H2O)3,5 0 2 2 7 1 S – [56, 57]

5 (UO2)(TO4)(H2O)4 0 1 1 4 1 Se – [58]

6 (UO2)(TO4)(H2O)4,3 0 1 1 4.3 1 Cr – [52]

7 (UO2)(TO4)(H2O)5,5 0 2 2 11 1 Cr – [59]

8 A2(UO2)(TO4)2 2 1 2 0 1 Mo Li [60]

2 Mo Na, K, Rb, Cs [61–64]

2 Cr, Mo Tl [65]

9 A2(UO2)(TO4)2(H2O) 2 1 2 1 1 Se Amine, H3O [66]

2 S, Se Amine, H3O [67], II

2 Mo K, Rb, Cs, NH4 [63, 64, 68–70]

10 A2(UO2)(TO4)2(H2O)1.5 4 2 4 3 1-2 Se Amine [25]

11 A2(UO2)(TO4)2(H2O)2 2 1 2 2 1 S, Se Amine [47]

2 S, Se K, Rb, Cs, NH4 [71–76]

2 Se Amine, H3O [77–79], I

12 A2(UO2)(TO4)2(H2O)2,5 4 2 4 5 2 Se Amine [80]

13 A2(UO2)(TO4)2(H2O)3 2 1 2 3 1 Se Amine [66]

2 S, Se Amine, H3O [81]

14 A2(UO2)(TO4)2(H2O)3,5 4 2 4 7 2 Se K, H3O [82]

15 A2(UO2)(TO4)2(H2O)4 2 1 2 4 2 Se, Mo Na [83, 84]

16 A2(UO2)2(TO4)3 2 2 3 0 2 S, Se Amine, H3O [9, 66, 85], III

2 S, Mo Cs [86, 87]

3 Mo Rb, Cs [87]

3 Mo Tl [88]

17 A2(UO2)2(TO4)3(H2O) 2 2 3 1 2 Se Amine [9, 75, 89]

3 Se H3O [77]

18 A2(UO2)2(TO4)3(H2O)2 2 2 3 2 2 Se K, H3O [45]

2 Se Amine, H3O [66, 89], IV

19 A2(UO2)2(TO4)3(H2O)5,5 4 2 6 11 2 Se H3O [90]

20 A2(UO2)2(TO4)3(H2O)6 2 2 3 6 2 Se, Cr K, Rb, NH4 [73, 91, 92]

3 Se Rb, H3O [93, 94]

21 A2(UO2)2(TO4)3(H2O)7 2 2 3 7 2 Se K, H3O [47]

22 A2(UO2)2(TO4)3(H2O)7,5 4 4 6 15 3 Se Na [95]

23 A2(UO2)3(TO4)4 2 3 4 0 3 Mo Na, K [9]

24 A2(UO2)4(TO4)5(H2O)2 2 4 5 2 3 Mo Amine [96]

25 A2(UO2)6(TO4)7(H2O)2 2 6 7 2 3 S Amine [97]

3 Mo Rb, Cs, NH4 [63, 98]

26 A2(UO2)6(TO4)7(H2O)4 2 6 7 4 3 Mo Amine [99]

27 A4(UO2)(TO4)3 4 1 3 0 1 Cr Na [100]

28 A4(UO2)(TO4)3(H2O)1,5 8 2 6 3 1 Mo Na, Tl [83]

29 A4(UO2)3(TO4)5 4 3 5 0 2 Se Amine, H3O V

30 A4(UO2)3(TO4)5(H2O) 4 3 5 1 2 Se Rb [73]

31 A4(UO2)3(TO4)5(H2O)5 4 3 5 5 2 Se Amine, H3O VI

32 A4(UO2)3(TO4)5(H2O)6 4 3 5 6 2 Se Amine, H3O [66]

33 A4(UO2)3(TO4)5(H2O)8 4 3 5 8 2 Cr K [91]
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3, 2, 1, and 0, respectively. The points 16 and 8 are located

on the borders between 2D-and-3D, 1D-and-2D fields,

respectively. Thus, the dimensionality of the structural unit

is decreasing from the points 23 to 35, which is in agree-

ment with the principle of dimensional reduction.

Conclusions

In this study, we have reported eight novel phases in the

methylamine–(UO2)(NO3)2–H2SeO4–H2O system. Struc-

tural topologies of these phases are conveniently described

using nodal representation, which provides essential tools

for topological description and classification of complex

inorganic structures. However, some structural complica-

tions such as the presence of 3-connected tetrahedra may

lead to loss of information about precise topological

arrangement. In this case, additional techniques have to be

applied to distinguish different geometrical isomers, e.g.,

the approach based upon construction of orientation

matrices. The structures of the eight new phases are thus

completely characterized by combination of graph and

orientation matrices. Analysis of the An(UO2)p(TO4)q
(H2O)r compounds (A = monovalent cation, and T = S,

Se, Cr, Mo) using the principle of dimensional reduction

and composition-structure diagram allowed to separate

specific fields corresponding to the formation of structures

with specific dimensionalities of their structural units.
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ABSTRACT: The reactions between PbO, Bi2O3 (or BiOCl), and SeO2 by the
chemical vapor transport method using HCl as a transporting agent afforded three
novel bismuth/lead chloroselenites, namely, β-BiSeO3Cl (1), Bi6(SeO3)4Cl10 (2),
and PbBi10(SeO3)12Cl8 (3). Compound 1 is noncentrosymmetric (space group Cc,
SHG active) and has a giant unit cell (V = 19792(2) Å3). In the context of the
complex BiSeO3Cl phase diagram reported by Oppermann et al., it was assigned to
the undescribed β-form on the basis of its IR spectra and powder X-ray diffraction
pattern. The comparison between the α-, β-, and γ-forms suggests their formation
via the condensation of volatile Bi(SeO3)Cl molecules. Analysis of the structures of
the α-, β-, and γ-forms indicates that the α → β → γ phase transitions are associated
with a dramatic fluctuation of structural complexity together with the transitional
character of the β phase. Compounds 1 and 3 are layered compounds with identical
([M8Cl16]

8+ and [M14(SeO3)24]
6−) layers, where M stands for Bi in 1 and Pb/Bi in

3. There are additional [Bi12Cl32]
4+ layered subunits in 1. The crystal structure of 2 consists of the [Bi6(SeO3)4Cl10] building

blocks forming an open framework with six-membered-ring channels. These three compounds complete the poorly known
bismuth selenium oxochloride panorama.

■ INTRODUCTION

The search for noncentrosymmetric (NCS) compounds is an
important field for solid state chemists due to their promising
properties for nonlinear optics (NLO) including second
harmonic generation (SHG) and dielectrics including piezo-
electricity, pyroelectricity, and ferroelectricity.1,2 In particular,
NLO materials have become tremendously important and are
drawing more and more attention owing to their promising
applications in laser science and technology. However, the
search for the new compounds with NLO coefficients remains a
chemical challenge. It can be resolved using a rational “design”
approach but appears rather limited to particular chemical
systems together with the controlled association of well-defined
building units such as OBi4 oxocentered tetrahedra3,4 or oxo-
fluoride metal units.5 The lone-pair (LP) polyanions, such as
EO3 where E stand for the external s2 electrons, also favorably
arrange in NCS crystal structures, as for instance, in the
compound BiO(IO3) with efficient SHG,6 E allowing
asymmetric or one-side coordination around the polyanion.
In this context, selenite oxides are also promising materials with
complex crystal structures.7,8 As poorly involved in the creation
of chemical bonds, the terminal LP could form voids in the
structure, up to their segregation into cavities, channels, or
layered interleaves. The use of halide ions as additional anions
enhances this tendency, as recently shown in several examples

of bismuth oxochloride structures, i.e., Arppe’s compound
derivatives9 or multidimensional open frameworks.10 Combin-
ing both NCS and low-dimensional specificities appear as a
challenge for multifunctional materials.
The BiOCl−SeO2 binary system studied here was poorly

explored and consists of one single chemical composition,
Bi(SeO3)Cl, that crystallizes in three polymorphs.11,12 As
already discussed in other papers,9 the combined use of
bismuth, halide, and selenium may lead to the formation of
materials related to the Sillen phases.
Here we used chemical vapor transport to evidence novel

bismuth−selenium oxochlorides. This method is particularly
well suited to the system because of the high volatility of SeO2

and BiCl3 at low temperatures. As a transport agent, HCl is
used, though SeO2 can be considered as playing the same
role.13

In this paper, we report on the synthesis of three new
bismuth selenite halides, 1- β-BiSeO3Cl, 2- Bi6(SeO3)4Cl10, and
3- PbBi10(SeO3)12C18 and describe their structural peculiarities.
For the layered β-BiSeO3Cl that has a noncentrosymmetric
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crystal structure and a giant unit cell (V = 19783 Å3), the SHG
properties have been quantified.

■ EXPERIMENTAL SECTION

Syntheses. The crystals of the three compounds reported here
were obtained by the chemical vapor transport (CVT) method. The
precursors were ground together and loaded into a quartz tube (ca. 20
cm). The evacuated and sealed ampules were placed into tubular
furnace with precursors’ side of the ampules being in the center and
other side being close to the edge of the furnace. The central part of
the furnace was heated at 450 °C for 14 days. The temperature
difference between the hot and cold ends of the ampule is about 50
°C.
1- β-BiSeO3Cl. Transparent colorless square platelet crystals of 1

were found on the walls of the cold side of the quartz ampule with the
precursor mixture 1BiOCl + 1SeO2 + 1MnO2 and a drop of
concentrated solution of HCl. An energy-dispersive spectroscopy
(EDS) analysis indicated the absence of manganese in the obtained
crystals.
2- Bi6(SeO3)4Cl10. The transparent colorless needles of 2 were found

on the walls of the cold side of the quartz ampule with the mixture of
2BiCl3 + 1 Bi2O3 + 4SeO2 + 1Mn2O3 in the absence of HCl. An EDS
analysis showed no Mn in the obtained crystals.
For 1 and 2, attempts to incorporate manganese was tested in order

to induce transport/magnetic properties. However, using chemical
transport it is clear that Mn species are poorly mobile.
3- PbBi10(SeO3)12Cl8. The crystals of 3 are the transparent colorless

platelets which were picked out from the walls of the cold side of the
quartz ampule with the mixture of 1PbO + 1BiOCl + 1SeO2 and a

drop of concentrated solution of HCl. The presence of lead was
evidenced by an electron probe microanalyzer (EPMA) analysis, and
the ratio Pb/Bi was found to be 0.8:15.5.

The synthesis of the corresponding polycrystalline samples by a
solid state route for the three compounds failed, due to the rather low
temperature at which selenium oxide becomes volatile (close to 350
°C).

Single crystal X-ray Diffraction. Crystals of 1 (colorless platelet),
2 (colorless needle), and 3 (colorless platelet) were mounted on glass
fibers and studied on a Bruker X8 APEX II diffractometer equipped
with a microfocus X-ray tube with the Mo Kα radiation at 50 kV and
40 mA. The collected data were integrated using the Bruker program
Saint Plus 6.025.14 The unit-cell parameters were refined from the full
data set. Multiscan absorption correction was performed for the three
compounds using SADABS.15 The structures were solved by Superflip
method.16 Jana 2006 program was used for structure refinements.17 All
relevant details of the data collection and evaluation for the three new
structures are listed in Table 1. Atomic coordinates and anisotropic
displacement parameters as well as the results of bond-valence
calculations18,19 are given in Supporting Information.

Transmission Electron Microscopy TEM. EDS studies were
performed on a FEI Tecnai G220 transmission electron microscope.
The material was crushed and dropped in the form of alcohol
suspensions on carbon-supported copper grids followed by evapo-
ration under ambient conditions. The EDS analysis was performed in
order to validate the refined stoichiometry of the obtained single
crystals.

Infrared Spectroscopy. Infrared spectra of 1 were measured
between 4000 and 400 cm−1 with a Perkin−Elmer Spectrum Two
spectrometer equipped with a diamond attenuated total reflectance

Table 1. Crystal Data, Measurement and Structural Refinement Parameters for β-BiSeO3Cl, Bi6(SeO3)4Cl10, and
PbBi10(SeO3)12Cl8

β-BiSeO3Cl Bi6(SeO3)4Cl10 PbBi10(SeO3)12Cl8

Crystal Data

crystal symmetry monoclinic monoclinic orthorhombic

space group Cc P21/c Ccca

a (Å) 22.7052(3) 21.460(2) 15.819(6)

b (Å) 76.785(4) 8.4012(9) 17.871(7)

c (Å) 16.0550(3) 15.3370(18) 15.857(6)

β (deg) 135.000(2) 110.639(5)

V (Å3) 19792(2) 2587.7 (5) 4483 (3)

Z 192 4 4

Dx (g/cm
3) 5.470 5.432 6.079

μ (mm−1) (for λ Kα = 0.71073 Å) 52.04 47.37 53.17

appearance colorless platelet colorless needle colorles platelet

crysral size (mm3) 0.13 × 0.09 × 0.05 0.81 × 0.37 × 0.13 0.16 × 0.15 × 0.06

Data Collection

λ(Mo Kα) (Å) 0.71073 0.71073 0.71073

scan mode ω and φ ω and φ ω and φ

θ(min−max) (deg) 1.1−26.5 2.0−30.5 2.2−26.4

R(int) (%) 0.096 0.045 0.050

recording reciprocal space −28 ≤ h ≤ 28 −30 ≤ h ≤ 30 −15 ≤ h ≤ 19

−96 ≤ k ≤96 −11 ≤ k ≤7 −22 ≤ k ≤ 21

−20 ≤ l ≤ 20 −20 ≤ l ≤ 21 −19 ≤ l ≤ 19

Refinement

measured, independent obsa refl 242854, 35097, 20 337 34697, 7843, 6363 10469, 2253, 1504

no. of refined parameters 1637 298 115

refinement method F2 F2 F2

R1(F
2)(obs)/R1(F

2)(all) 0.0612/0.1124 0.0299/0.0427 0.0667/0.1057

wR2(F
2)(obs)/wR2(F

2) (all) 0.0645/0.0694 0.0330/0.0442 0.0639/0.0859

GOF(obs)/GOF(all) 1.32/1.63 1.46/1.76 0.84/0.92

Δρmax/Δρmin (e·Å
−3) 5.39/−4.51 3.42/−2.97 5.38/−7.01

extinction coefficient 0.0070(13) 0.0022(13)
aobs = [I > 3σ(I)].
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(ATR) accessory. It was compared to the IR spectra reported for
previously known BiSeO3Cl forms.
Multiphoton SHG Microscopy. In this study, a laser scanning

microscope LSM 710 NLO Zeiss (Iena, Germany) was used as
implemented at the Plateforme d’Imagerie Cellulaire et Tissulaire,
Reims, France. Excitation was provided by a CHAMELEON
femtosecond Titanium-Sapphire laser (Coherent, Santa Clara, USA)
set at 860 nm, tuning the power until SHG was detected (→ 16%
maximal power, ∼0.55 mW) on selected single crystal of 1 deposited
on a glass plate. Samples were imaged with a 20×, 0.8 NA objective
lens. Emitted signal of SHG was collected with a bandpass filter (420−
440 nm) and compared to emission for KDP crystals collected in the
same conditions.
BiSeO3Cl Phase Diagram. The compounds with the BiSeO3Cl

composition have already been reported in the literature as three
different polymorphic modifications, α, β, and γ (Figure 1). The γ-

form (space group Pna21, a = 11.707(2), b = 7.047(1), c = 5.315(1) Å)
was prepared in evacuated (10−2 Pa) silica tubes from the 3:2 mixtures
of BiOCl and SeO2 by Ibragimov et al.

11 The mixtures were placed in
the tubes in a dry chamber under a nitrogen atmosphere. The phase
composition of the reaction products was determined by X-ray
diffraction. Solid-state reactions were run at 200 °C, 250 °C, 300 °C,
and 350 °C for 240 h, followed by a furnace-cooling or quenching in
ice water. Using a starting mixture enriched in BiOCl, the product was
systematically the γ-form. Single crystals of the α-BiSeO3Cl (space
group P212121, a = 6.353(2), b = 7.978(3), c = 8.651(4) Å) was
obtained by Berdonosov et al.12 by heating of the evacuated quartz
tube with BiOCl and SeO2 in 2:1 ratio at 300 °C for 240 h. According
to them, if the starting mixture was enriched in BiOCl, the reaction
products occasionally contained yellow BiOCl platelets and colorless
parallelepipedal crystals of γ-BiSeO3Cl. Oppermann et al.20 reported
the sequence of phase transitions occurring with temperature starting
from the α-form as follows: α → β at 400 °C/2 °C and β → γ at 410
°C/2 °C and going until melting point at 417 °C/2 °C. This was
deduced from differential thermal analysis performed by Oppermann
et al.20

The crystal structure of the α- and γ-forms are shown in Figure 2
according to the crystallographic data reported in refs 11 and 12.
Optical properties as well as dielectric properties of the NCS γ-form
have been investigated.11 Optical conclusions are that dielectric
relaxation due to ions jumping over the defect vacancies in the crystal
lattice occurs. The β-BiSeO3Cl polymorph was announced as stable in
a very narrow thermal domain from the high temperature trans-
formation of α-BiSeO3Cl between 400 and 410 °C.20 However, the
crystal structure of the β phase was not solved at this temperature from
the powder XRD data. Thus, there are only very few data available
(XRD powder pattern and IR spectra) for the β-form.20 Therefore, the

formal identification of the phase is rather difficult. Here we report on
the synthesis and crystal structure of this phase.

Crystal Structure of β-BiSeO3Cl. Colorless platelet single crystals
have been isolated from the CVT products. An EDS analysis
performed on single crystals shows evidence of Bi, Se, and Cl with a
ratio of the elements 1.0/1.1/0.9. The majority of the tested crystals
correspond to the phase with the lattice parameters, a = 22.7052(3) Å,
b = 76.785(4) Å, c = 16.0550(3) Å, and β = 135.000(2)°, space group
Cc. Beyond its NCS character, the volume cell is strikingly large, and
the structure is very complex. A total of 48 bismuth, 48 selenium, and
48 chlorine independent atoms have been located. The positions of
the oxygen atoms were derived by the inspection of the local Fourier-
difference electron-density maps. Because of the high number of
refined parameters, anisotropic thermal parameters were refined for
the Bi and Se atoms only. The final cycles of least-squares refinement
including atomic coordinates and anisotropic thermal parameters for
all cations and isotropic thermal parameters of anions converged to R1

= 0.0612, wR2 = 0.0645 (racemic twinning domains 91%, 9%). The
crystal data and selected bond lengths are given in Tables S1−S8 of
Supporting Information, respectively. The crystal-structure data for β-
BiSeO3Cl phase were deposited with the depository number CSD-
426283. It is noteworthy that residual electronic density remains quite
high (5.39 e Å−3) at the end of the refinement. This is not surprising in
the case of giant cell in the presence of heavy elements For example,
other referenced bismuth selenites show similar electronic density; see
refs 11 and 12. The same phenomenon was also observed for crystals 2
and 3.

The crystal structures of the α- and γ-BiSeO3Cl structures are
shown in Figure 2. The BiO5Cl2 polyhedra in the former and the
BiO5Cl3 polyhedra in the latter are interconnected via SeO3 triangular
pyramids by sharing respective edges and corners. The Bi3+ cations can
be considered as interstitial ions in the [ClSeO3]

3− anionic sublattice,
so that both compounds can be considered as three-dimensional (3D).

The β-BiSeO3Cl crystal structure can be described as 2D (Figure
3a,b), which is of interest from the viewpoint of the reported α→ β→
γ sequence of transitions. The crystal structure is built from two
blocks, [Bi8Cl16]

8+ (Figure 3c) and [Bi12Cl32]
4+ (Figure 3d), regularly

sandwiched between [Bi14(SeO3)24]
6− layers (Figure 3d). In Figure 3a,

the BiOxCly polyhedra are shown in green, whereas, for the sake of
clarity, the [Bi8Cl16]

8+ and [Bi12Cl32]
4+ layers are represented as an

arrangement of Bi (yellow) and Cl (green) atoms (Figure 3b). Similar
halide layers with the composition [Bi8Cl16]

8+ have been already
observed in the structure Bi8(SeO3)3Br6

21 and have also been found in
the new compound PbBi10(SeO3)12Cl8 described below.

Figure 1. Phase relationships for BiSeO3Cl depending on temperature
and stoichiometric amounts of BiOCl and SeO2. Figure is built on
information’s taken from our work and refs 11, 12, and 20. SSR stands
for solid state reaction and CVT is for chemical vapor transport.

Figure 2. Crystal structure of α-BiSeO3Cl: (a) projection along the b-
axis, (b) along the a-axis. The crystal structure of γ-BiSeO3Cl: (c)
projection along the c-axis, (d) along the b-axis.
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The Se4+ cations form SeO3 triangular pyramids with the lone
electron pairs pointing externally. The Se−O bond lengths and the
O−Se−O bond angles are in the typical range from 1.65 to 1.75 Å and
from 92.8° to 106.4, respectively (see Tables S7 and S8, Supporting
Information). The [Bi14(SeO3)24]

6− layer is built by the association of
Bi3+ cations and the SeO3 triangles. In BiOx units (shown in yellow in
Figure 3d) with x in between 8 and 10, all the bi-centered polyhedra
are asymmetric, which is typical of the bismuth coordination due to
the stereoactive behavior of the 6s2 lone pairs on Bi3+ cations. The
BVS for the 48 independent Bi atoms is in the 2.7−3.6 range (see
Table S9, Supporting Information).
The large value of the b-parameter (∼76 Å) can be explained by the

variety of different modules stacked along the b-axis. In other words,
the ordering between the [Bi12Cl32]

4+ and [Bi8Cl16]
8+ cationic units

sandwiched between the [Bi14(SeO3)24]
6− anionic layers is the key

factor for the formation of a giant cell and responsible for the doubling
of b-parameter (Figure 3f).
Structural complexity of the BiSeO3Cl polymorphs may be

quantified using Shannon information theory.22−24 According to this
theory, structural complexity may be quantitatively evaluated from the

Shannon information encoded in the atomic arrangement of the unit
cell. The structural information amounts, IG,total, for the α- and γ-forms
are identical and equal to 62.039 bits per unit cell (bits/u.c.),25 which
allows classification of their structures as simple.24 In contrast, the
structure of the β-form is very complex, as its structural information
equals 4705.880 bits/u.c. This value is quite high, and, on average, only
0.02% of inorganic structures are classified as very complex as detailed
in ref 25. The reason for such an explosive increase in structural
complexity can be seen in the transitional character of the β-phase. In
order to understand structural reconstructions during the α → β → γ

transition, one may consider the arrangements (packing) of the heavy
Bi atoms in the three structures. As it can be seen from Figure 4a that
the arrangement of Bi atoms in the structure of the α-phase is three-
dimensional and is of the diamond type with the coordination number
of each Bi atom equal to four (only Bi−Bi contacts <5.5 Å are
considered; Figure 4d). The average <Bi−Bi> interatomic distance is
4.344 Å. The arrangement of the Bi atoms in the γ-form is 2D (Figure
4c) and corresponds to the simple planar hexagonal net with each Bi
atom surrounded by six neighbors (Figure 4e). The average <Bi−Bi>
interatomic distance is 4.823 Å. The arrangement of the Bi atoms in

Figure 3. (a) The crystal of β-BiSeO3Cl projected along the a axis. BiOx polyhedra are shown in yellow and BiOxCly in green; (b) the same
projection without the interlayer BiOxCly polyhedra. It shows an alternation of three different parallel layers: (c) [Bi8Cl16]

8+ (green), (d) [Bi12Cl32]
4+

(blue), and (e) [Bi14(SeO3)24]
6− presented as an association of distorted Bi−Ox polyhedra and SeO3 by sharing edges and corners. (f) Focus on

[Bi12Cl32]
4+ layers enhances the complex stacking along b∼76 Å, through the Bi4 atom position.
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the structure of transitional β-phase is intermediate between three- and
two-dimensional with Bi atoms segregated into planes perpendicular
to the b axis (Figure 4b). The average coordination number of Bi
atoms is 5.542, i.e., intermediate between 4 (as in α-phase) and 6 (as
in γ-phase). The <Bi−Bi> distance is 4.347 Å. The α → β → γ

transition is therefore associated with the regrouping of the Bi atoms
from a three-dimensional (diamond-like) to two-dimensional (simple
hexagonal) arrangement with the surprising narrow-range stabilization
of the intermediate highly complex structure. This complexity-
generating mechanism seems to be relatively abundant in inorganic
compounds. Perhaps, the most simple example is the temperature-
driven phase transition from the high-temperature SiO2 with the
cristobalite structure (IG,total = 5.510 bits/u.c.) to the room-
temperature quartz structure (8.265 bits/u.c.) through the transitional
tridymite topology with the higher complexity (17.510 bits/u.c.)
compared to cristobalite and quartz polymorphs. The unusually high
complexity of β-BiSeO3Cl can thus be assigned to its existence as an
intermediate phase between the structurally simple α- and γ-forms.

In order to check whether the phase under study is indeed the β-
phase reported previously, the infrared (IR) spectra of β-BiSeO3Cl
were measured between 4000 and 400 cm−1 using crushed crystals. On
Figure 5a, the IR spectrum is compared to those reported for the α-,
β-, and γ-forms in ref 20. At first glance, the IR spectrum matches
rather well. However, on this basis only, it remains rather difficult to
make a definite conclusion, since the vibrational spectra for all the
polymorphs include the Se−O, Bi−O, and Bi−Cl bands that are not
expected to be drastically shifted (cf. strong similarities between the IR
spectra of the α-, β-, and γ-forms). In Figure 5b, the theoretical X-ray
diffraction pattern is compared to the experimental patterns reported
for the β-form20 and for the phase presented above. Taking into
account significant preferred orientation effects along the β- [010]
directions, a good compatibility is confirmed. Finally, we presume that
our refined model indeed corresponds to the mysterious β-form. This
assessment involves first order α → β and β → γ reconstructive
transitions through a complex intermediate β-phase with extraordinary
complexity and the giant unit cell (V = 19792 A3).

Figure 4. Arrangement of the Bi atoms in the structures of the α-, β-, and γ-polymorphs of BiSeO3Cl (a, b, and c, respectively) and the local
coordination environments of Bi atoms in the structures of the α- and γ-phases (d and e, respectively). Only Bi−Bi contacts shorter than 5.5 Å are
taken into account. The boxes in a, b, and c contain average Bi coordination numbers (CN) and the average <Bi−Bi> interatomic distances.

Figure 5. (a) Infrared red spectrum of the prepared β′-BiSeO3Cl (in blue) compared to the spectrum of β-BiSeO3Cl, α-BiSeO3Cl and γ-BiSeO3Cl
(in black) (from Oppermann et al.20). (b) XRD patterns of experimental β-BiSeO3Cl (red), β-BiSeO3Cl from Oppermann’s work (black) and of
XRDP calculated from data of the crystal structure (green). Our β-BiSeO3Cl reassembles the β-form mentioned by Oppermann et al.20 Differences
between simulated and experimental XRD powder patterns for β-BiSeO3Cl imply preferred orientation (along (0n0)) as the X-ray diagram was
measured using single crystals on a silicium sample holder.
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For β-BiSeO3Cl, only the noncentrosymmetric structure model with
the space group Cc leads to an acceptable convergence of the least-
squares refinement. This noncentrosymmetric behavior arises from the
fact that no inversion centers have been found in any of the three
distinct layered subunits, probably the result of the stereoactive
behavior of the LP on Bi3+ cations. The second harmonic generation
effect was therefore tested for the single crystals of 1 by means of a
laser scanning microscope (selected λ = 860 nm). Figure 6 shows the
crystal of 1 in the absence and in the presence of emission. The color
at the surface of the single crystals shows an intrinsic homogeneous
distribution of the emitted doubled frequency light collected with a
band-pass filter (420−440 nm). Recent quantitative data collected on
single crystal of compound 1 give an efficiency doubled from KDP
(KH2PO4) (wavelength: 860 nm, frequency 80 MHz) as presented on
Figure 6c). It is noteworthy that errors on measurement of KDP
efficiency are quite large, although it was registered on three different
samples. It is due to the large thickness of the crystals.
Oppermann et al. have concluded that volatile BiSeO3Cl molecules

are formed during the CVT process.20 We have tried to figure out the
configurations of these imaginary molecules by analyzing the structures
of the α-, β-, and γ-forms of BiSeO3Cl. With that purpose in mind, for
each Bi atom the closest Cl atom and SeO3 group was selected, leading
to the individual BiSeO3Cl molecules shown in the Figure7a for the α-
form and Figure7b for the γ-form. Selection of this kind is more
complicated in β-BiSeO3Cl due to the high number of independent
atomic positions: Bi (48), Se (48), and Cl (48), that all display
versatile coordination environments. In fact, the full structure can be
divided into individual BiSeO3Cl groups, in agreement with the
proposed real existence of such molecules and their reorganization
across phase transitions observed upon heating.20 Only two extreme
geometries with the shortest (Figure 7c) and longest (Figure 7d) Bi−
Cl bonds are shown in this paper.
The Crystal Structure of Bi6(SeO3)4Cl10. Colorless needle-like

single crystals of Bi6(SeO3)4Cl10 have been isolated after another CVT
synthesis involving the initial composition 2BiCl3 + 1 Bi2O3 + 4SeO2 +
1Mn2O3 as detailed above. The pertinent data of the diffraction-data

collection and structural solution and refinement are summarized in
Table 1. Ten Bi atoms were localized using the charge-flipping
method, whereas the remaining atoms (4 Se, 10 Cl, and 12 O) were
deduced from the inspection of the difference Fourier maps. The
structure refinement rapidly converged to a reasonable reliability
factor.

The crystal structure is shown in Figure 8a,b. It can be considered as
formed from six distorted bicentered oxochloride polyhedra: Bi(1)-
O5Cl4, Bi(2)O3Cl5, Bi(3)O3Cl4, Bi(4)O5Cl4, Bi(5)O4Cl4, and Bi(6)-
O4Cl4, linked to four Se atoms with the Bi−O, Bi−Cl, and Se−O
distances in the same range as those observed for the compound 1,
leading to a 3D network. The BVS values for the Bi atoms are in the
range of 2.9−3.1. The stereoactive behavior of the lone electron pairs
on the Bi3+ and Se4+ cations is manifested by the particularly
asymmetric coordination environments around these cations. Bi
coordination polyhedra share edges and corners to build
Bi6(SeO3)4Cl10 blocks linked together in such a way as to create an

Figure 6. (a) Transmission image of a crystal of BiSeO3Cl, (b) color: emitting surface (λem = 420−440 nm, λem = 860 nm), (c) SHG intensity of
BiSeO3Cl single crystals compared to KDP with experimental error bars.

Figure 7. BiSeO3Cl “molecules” in the structures of (a) α-BiSeO3Cl
and (b) γ-BiSeO3Cl. BiSeO3Cl “molecules” with (c) shortest and (d)
longest Bi−Cl bonds which are the two extreme representatives of 48
Bi atoms in β-BiSeO3Cl.
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open structure with some kind of empty cavities bordered by the
anions (essentially Cl−) and parallel to the b axis. These cavities are
delimited by 12 edges (1- edges: Cl−Cl and Cl−O and faces: Cl−Cl−

Cl) as shown on Figure 8a. The cavities are around 9.7 Å long and 3.8
Å wide. The presence of such tunnels with n-membered rings (MRs;
here n = 12) was already observed in other selenites and especially in

Figure 8. (a) The crystal structure of Bi6(SeO3)4Cl10 projected along the b axis, showing BiOxCly polyhedra (dark green) and SeO3 groups (blue)
sharing edges and corners. (b) The same projection with omission of the BiOxCly polyhedra for clarity.

Figure 9. (a) Oxygen coordination of the Bi1a and Se3a atoms, (b) part of the structure of Bi6(SeO3)4Cl10 projected along the c axis.

Figure 10. (a) The crystal structure of PbBi10(SeO3)12Cl8 projected along the a axis with two parallel cationic and anionic layers: (b)
[(Pb,Bi)14(SeO3)24]

n− built on association of distorted BiOx polyhedra (yellow) and SeO3 groups (blue) (c) [(Pb,Bi8)Cl16]
n+ layers parallel to the ac

plane. The labels ± stand for Bi y coordinate above or below the chloride planes.
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the structure of Bi2(V
VO2)2(SeO3)4 (8-MR).26 Focusing on the

chloride arrangement, it reveals a 2D character of the structure with
Cl− crenel-layered (Figure 8b).
The close inspection of a Fourier difference electron-density map

showed a high residual peak (8.71 e/Å3) 0.86 Å away from the Se3 site
indicating its possible splitting into two satellite positions. The coupled
refinement of the occupancies of the Se3/Se3′ sites resulted in the
0.95/0.05 ratio. While the Se−O distances for Se3 are plausible (1.71−
1.74 Å), those for the Se3′ site are too long (2.09−2.41 Å), which
suggested its occupation by Bi. The final Bi1a/Bi1b and Se3a/Se3b
occupancies were refined to the ratio of 0.96/0.04 (Figure 9a). The
weak statistical Bi/Se disorder occurs within the chains formed by
edge-sharing -OSeO2BiO- dimers running along the b-axis (Figure 9b).
The atomic positions, isotropic and anisotropic displacement

parameters, and principal distances are given in Tables S9−S11 of
Supporting Information. The crystal-structure data for Bi6(SeO3)4Cl10
phase were deposited with the depository number CSD-426286.
The Crystal Structure of PbBi10(SeO3)12Cl8. Colorless platelet

crystals of 3 were mounted on a glass fiber for the X-ray diffraction
analysis. The unit-cell parameters and systematic absences were
consistent with the orthorhombic space group Ccca. Seven
independent Bi sites were found from charge flipping, while other
sites have been deduced from the inspection of difference electron-
density maps. At this stage, the formula was established as
Bi11(SeO3)12Cl8, which is not electroneutral. Taking into account the
presence of Pb during in the synthesis, an elemental analysis was
performed. The EPMA microprobe analysis provided the ratio Pb/Bi
of 0.8:15, which is reasonably close to the expected 1:10 ratio for an
electroneutral structure. The mixed Bi/Pb occupancy of 1/9 has been
considered for the Bi2, Bi3, Bi4, and Bi5, since their bond-valence sum
values are 2.77, 2.59, 2.52, 2.47 v.u., respectively. The resulting
electroneutral formula is PbBi10(SeO3)12Cl8, and the structure is
shown on Figure 10a. If all Bi/Pb−O and Bi−Cl bond lengths smaller
than 3.10 Å are taken into account, the following irregular
coordination polyhedra can be observed: Bi(1)O8, Bi(2)O10, Bi(3)O10,
Bi(4)O10, and Bi(5)O4Cll4. The Bi−O bond lengths vary from 2.37 to
2.75 Å, whereas the Bi−Cl bond lengths are in the range from 2.96 to
3.10 Å.
In the SeO3 groups, Se

4+
−O bond lengths and O−Se4+−O bond

angles are between 1.65 and 1.75 Å, and 92.8 and 106.4°, respectively,
as expected. The structure can be described as a 2D network, with the
[(Pb,Bi)14(SeO3)24]

n− layer (Figure 10b) sandwiched between the
[(Pb,Bi)8Cl16]

n+ (Figure 10c) layers parallel to the ac plane. This
structure is polystructural with CaNd10(SeO3)12Cl18 crystal structure
published by Berdonosov et al. in 2007.27

Technical details of the data acquisition and refinement parameters
are gathered in Table 1. The crystal-structure data for
PbBi10(SeO3)12Cl8 are deposited with the depository number CSD-
426285. The atomic coordinates, displacement parameters, and
selected bond-lengths are gathered in Tables S12−S14 of Supporting
Information.

■ CONCLUSIONS

The discovery of new bismuth selenite halides (Cl, Br, or I)
remains occasional, while our study sheds light on three new
architectures with structural similarities arising from the
asymmetric coordinations of the Bi3+, Se4+, and/or Pb2+ lone
pair cations. As expected from the likely interleave role of
halogen anions, two of the three obtained structures are
layered. These compounds were obtained as small single
crystals only. Up to now, our attempts to scale the preparation
into larger amounts of material were unsuccessful. This is a
common limitation regarding the works previously reported for
several selenites, which remains problematic for further
characterization of such complex structural architectures. This
blank gap could be filled by using soft chemistry processes, such
solvothermal routes currently tested by our research group in
the selenite chemical systems. In summary, even if CVT is

shown here as a powerful tool to access complex (i.e., giant)
crystal structures, alternative synthesis routes must be
developed. At least in the case of BiSeO3Cl, the role of
preformed molecules could be the key parameter for the
stabilization of particular polymorphs forms using high
temperature methods. Finally, it is worth concluding that, in
this work, we have prepared and characterized the mysterious
β-BiSeO3Cl phase shown reported previously as stable only in a
narrow thermal range (ΔT = 7 °C). The structure of this phase
can be described as very complex, and the complexity-
generating mechanism can be assigned to its role as a
transitional phase between structurally simple α- and γ-
polymorphs.
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ABSTRACT: The PbO−NiO−SeO2 ternary system was fully
studied using constant hydrothermal conditions at 473 K. It yields
the establishment of the corresponding phase diagram using a
systematic assignment of reaction products by both powder and
single-crystal X-ray diffraction. It leads to the preparation of three
novel lead nickel selenites, α-PbNi(SeO3)2 (I), β-PbNi(SeO3)2 (II),
and PbNi2(SeO2OH)2(SeO3)2 (III), and one novel lead cobalt
selenite, α-PbCo(SeO3)2 (IV), which have been structurally
characterized. The crystal structures of the α-forms I, IV, and III
are based on a 3D complex nickel selenite frameworks, whereas the β-
PbNi(SeO3)2 modification (II) consists of nickel selenite sheets
stacked in a noncentrosymmetric structure, second-harmonic
generation active. The pH value of the starting solution was shown
to play an essential role in the reactive processes. Magnetic
measurements of I, III, and IV are discussed.

■ INTRODUCTION

The demand for specific noncentrosymmetric (NCS) crystal
structures is very strong because interesting physical properties,
such as second-harmonic generation (SHG),1 piezoelectricity,2

ferroelectricity,3 and pyroelectricity,4 can be expected. In
particular, nonlinear optic materials have become tremendously
important and are drawing more and more attention owing to
their promising applications in laser science and technology. The
NCS compounds are commonly observed when dealing with
(Ti4+, V5+, Mo6+) octahedrally coordinated d0 transition metals
susceptible to second-order Jahn−Teller (SOJT) effects. Typical
SOJT asymmetric coordination environments are also favored
for cations with a stereoactive lone pair of electrons (As3+, Se4+,
Sb3+, Pb2+, and Bi3+, etc.) in more drastic manner leading to a
diversity of unusual polyhedral coordination. The crystal
chemistry of metal selenites is very rich as first reviewed by
Verma.5 The incorporation of heavy lone pair cations such as
Pb2+/Bi3+ with selenite groups increases the chance to achieve
asymmetric building units or NCS crystal structures as
demonstrated in several earlier works dedicated to the
exploration of PbO/Bi2O3−MOx−SeO2 (M = Cu2+, V3+, Ge4+,
Nb5+, V5+, Mo6+, W6+; x = 1, 2; y = 1, 2, 3, 5) ternary systems.6−11

From the experimental viewpoint, due to the low and close

melting and sublimation temperatures (340 and 350 °C,
respectively), the crystal growth of selenites is generally achieved
using either chemical transport routes,12,13 recently leading to
original bismuth selenites, including giant cell compounds,14 or
hydrothermal methods due to the good solubility and reactivity
of (SeO3)

2− anions. However, as recently demonstrated by the
evidence of a number of phases in competition in the CoSeO3−

SeO2−H2O phase diagram15 and other hybrid inorganic−
organic systems,16,17 a systematic approach may be preferred
for exhaustive search of novel crystal structures. Thus, research
was not yet carried out on ternary systems with lead and nickel/
cobalt as transition metals constituents. Herein, we present a
scrupulous investigation of the PbO−NiO−SeO2 system in
hydrothermal conditions. It leads to the synthesis of four novel
lead selenites, α-PbNi(SeO3)2 (I), β-PbNi(SeO3)2 (II),
PbNi2(SeO2OH)2(SeO3)2 (III), and α-PbCo(SeO3)2 (IV),
that have been structurally characterized by single-crystal X-ray
diffraction (XRD). Their magnetic properties will be also
discussed in this Article.
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■ EXPERIMENTAL SECTION

Syntheses. Commercial PbO (99,999%, Aldrich), SeO2 (99%, Alfa

Aesar), NiO (99%, Sigma-Aldrich), and CoO (95%, Alfa Aesar) were

used as received. After weighing and grinding, the reagents were mixed

in 6 mL of distilled water. When necessary, sodium hydroxide solution

was used to adjust the pH to its desired value. Our exploration of the
crystal growth in the PbO−NiO−SeO2−H2O system consisted of
examination of 36 possible combinations of molar ratios of the solid
precursors within the Gibbs’s triangle (Figure 1a). In all syntheses the
mPbO + nNiO + (k/5)SeO2 (m, n, k = 1, 2, ..., 8) molar sum was fixed as
constant equal to 10mmol, and the mixture was completed with 6 mL of

Figure 1. Experimental crystallization diagram of the PbO−NiO−SeO2−H2O system at 423 K with the pH zones shown in the background by gray
colors (a), and the series of experiments with a PbO:NiO:SeO2molar ratio of 5:3:10 corresponding to the P1 point with various pH values (b). The black
points indicate the experimental combinations of the molar ratios of precursors. The compositions of various phases synthesized in each experimental
point are shown by hexagons of different colors..

Table 1. Crystallographic Data for the compounds α- PbNi(SeO3)2 (I), β-PbNi(SeO3)2 (II), PbNi2(SeO2OH)2(SeO3)2 (III), and
α-PbCo(SeO3)2 (IV)

I II III IV

Mr (g mol
−1) 519.82 519.82 834.47 520.04

cryst syst orthorhombic orthorhombic monoclinic orthorhombic

space group Pnma Cmc21 P2/c Pnma

a (Å) 12.7476(4) 5.4715(4) 13.6824(10) 12.8208(4)

b (Å) 5.4562(2) 9.1963(6) 5.2692(5) 5.4902(2)

c (Å) 7.8332(2) 11.4436(9) 19.3476(13) 7.9085(2)

α (deg) 90 90 90 90

β (deg) 90 90 129.524(4) 90

γ (deg) 90 90 90 90

V (Å3) 544.83(3) 575.81(7) 1075.94 (16) 556.67(3)

Z 4 4 4 4

ρ (g/cm3) 6.337 5.996 5.151 6.205

μ (mm−1) 47.637 45.074 32.668 46.221

λ(Mo Kα) (Å) 0.71073 0.71073 0.71073 0.71073

θmin−max (deg) 3.1−29.6 3.6−28.0 1.9−28.0 3.0−28.0

reflns collected 10212 2345 5454 3226

indep reflns (Rint) 823 (0.0336) 686 (0.0260) 2083 (0.0459) 742 (0.0260)

R1 (I > 2σ(I)) 0.0139 0.0141 0.0496 0.0186

wR2 (I > 2σ(I)) 0.0360 0.0346 0.0992 0.0429

R1 (all data) 0.0165 0.0142 0.0783 0.0203

wR2 (all data) 0.0387 0.0346 0.1104 0.0439

GOF 1.090 1.109 1.187 1.142

Δρmax/Δρmin (e Å
−3) 1.573/−1.110 1.310/−1.073 2.916/−2.912 0.971/−1.887
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distilled water. It has been experimentally established that only acidic
conditions favor the crystallization of structural varieties. In our study,
the reactive medium self-acidifies by solubilization of SeO2 into selenous
acid according to the following reactions:

+ →SeO H O H SeO2 2 2 3 (1)

↔ + =
+ −

KH SeO H (HSeO ) (p 2.62)2 3 3 a (2)

↔ + =
− + −

K(HSeO ) H (SeO ) (p 8.32)3 3
2

a (3)

Then a large stoichiometric excess of SeO2 was necessary to achieve
reactions as shown in Figure 1a, where the amount of selenium dioxide is
multiplied by five. The pH values increase from ∼1 to ∼5.5−6.0 on
decreasing the SeO2 content in our experimental range. The solid
products were systematically analyzed by powder XRD (PXRD) analysis
(after grinding), while representative crystals of each of the present
phases were also selected by morphology and colors and tested by
single-crystal XRD analysis. It leads to the phase distribution given in
Figure 1a, where the crystallization domains of phases are illustrated by
different colors.
The chemical reactions were performed during 36 h in 23 mL Teflon-

lined Parr reaction vessels heated in an oven at 473 K. At the end of the
experiment time, the vessels were cooled during 48 h. The precipitate
was filtered through filter paper. Single crystals of three novel lead
selenites with nickel, α-PbNi(SeO3)2 (I), β-PbNi(SeO3)2 (II), and
PbNi2(SeO2OH)2(SeO3)2 (III), have been prepared by the hydro-
thermal techniques. They have been observed in the mixtures already
r epo r t e d : N i ( S eO 3 ) (H 2O) , 1 8 Ni 3 ( SeO 2 ) 3 (H 2O) , 1 9 , 2 0

Ni12(OH)6(SeO3)8(OH)2,
21 and Pb(SeO3).

22−25 Single crystals of the
cobalt selenite, α-PbCo(SeO3)2 (IV) were obtained by the reaction
analogous to that used to obtain compound I. Attempts to synthesize the
Co analogue of compounds II and III using similar techniques proved
unsuccessful. In general, out of IV our hydrothermal conditions using
cobalt precursors rarely lead to crystal growth, which is one motivation
of our study. The novel lead selenite crystals occur as yellow needles (I),
yellow prisms (II), green plates (III), and purple needles (IV) up to 300
μm in maximal dimension.
X-ray Diffraction. Powder X-ray diffraction analyses of all of the

powder samples were performed at room temperature in a 2θ range of
10−60° with a scan step width of 0.02° using a D8 Advance Bruker AXS
diffractometer (Cu Kα radiation, λ = 1.5418 Å). Single crystals selected
for data collection were examined under an optical microscope and
mounted on a glass fiber. Data were collected by means of a Bruker
DUO four-circle diffractometer equipped with an APEX II CCD
detector and monochromated Mo Kα radiation. Unit-cell parameters
were refined by the least-squares techniques using the full recorded data
set. The data were integrated and corrected for absorption using a
multiscan type model implemented in the Bruker programs APEX26 and
SADABS.27The structures were solved by direct methods and refined by
means of the program SHELXL-2013.28 Crystallographic data are
summarized in Table 1. The visible difference in the quality of the
crystallographic data of compound III is a result of the relatively poor
quality and small size of the collected crystal. Fractional atomic
coordinates, atomic displacement parameters, and selected bond
distances are listed in Tables S1−S12 of the Supporting Information.
The crystal structure data for α-PbCo(SeO3)2, α-PbNi(SeO3)2, β-
PbNi(SeO3)2, and PbNi2(SeO2OH)2(SeO3)2 were deposited with the
depository numbers CSD-428904, CSD-428905, CSD-428906, and
CSD-428907, respectively.
SQUID. The magnetic properties of the samples were analyzed using

a MPMS SQUID-VSM (Quantum Design) magnetometer in a
temperature and field range of 1.8−300 K and 0−7 T, respectively.
The temperature dependence variation of the magnetization was carried
out under a magnetic field of 0.1 T after cooling the sample in a field of
0.1 T (FC, field cooling) or in zero field (ZFC, zero-field cooling). Using
these variations, χ and χ−1 vs T could be obtained that could inform on
the magnetic interactions. All measurements were carried out on
nonaligned samples (random crystallites orientation).
Multiphoton SHGMicroscopy. For compound II, a laser scanning

microscope LSM 710 NLO Zeiss (Jena, Germany) was used as

implemented at the Plateforme d’Imagerie Cellulaire et Tissulaire,
Reims, France. Excitation was provided by a CHAMELEON femto-
second titanium−sapphire laser (Coherent, Santa Clara, CA, USA) set
at 860 nm, tuning the power until SHG was detected. Samples were
imaged with a 20× , 0.8 NA objective lens. The emitted signal of SHG
was collected with a bandpass filter (420−440 nm). The analyzed zone is
performed by pixels of 0.55 × 0.55 μm2.

Partial Charge and Dipole Moment Calculations. We have
chosen to follow Henryś model for determination of partial charges
using scales of atomic nonempirical electronegativity and hardness (to
measure the resistance the atom can oppose to the flow of electronic
density) implemented in the program PACHA. This software uses a
nonempirical method to determine partial charges using crystal
structure data and two parameters per chemical element: configuration
energy and the radius of the most diffuse valence orbital to avoid any
unphysical aspects.29

■ RESULTS AND DISCUSSION

Phases in Competition. The analysis of the different solid
phases in competition allows a rough rationalization on the basis
of the starting stoichiometry and pH value. First, we note that the
Pb(SeO3) compound is the most frequent phase in the system,
and it has been observed as a solid product with variable degree of

Figure 2. Theoretical (red) and experimental (black) PXRD patterns
f o r t h e c r y s t a l s t r u c t u r e s o f α - P bN i ( S eO 3 ) 2 ( a ) ,
PbNi2(SeO2OH)2(SeO3)2 (b), and α-PbCo(SeO3)2 (c).
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crystallinity in each hydrothermal experiment, sometimes found
as a predominant white powder. This proves a preferred
complexation of Pb2+ by (SeO3)

2− and enhanced precipitation
independently of the pH. Second, about the cationic
stoichiometry, rich lead compounds appear in the right zone of
the diagram while lead-free nickel selenites (Ni(SeO3)(H2O)

18

and Ni3(SeO2)3(H2O)
19,20) have been obtained at the left side

with low Pb concentrations. This result, even though expected,
demonstrates formation mechanisms controlled by the solution
concentrations of each species. Finally, occulting the systematic
presence of Pb(SeO3),

22−25 low pH values favor reactivity of
(HSeO3)

− groups (e.g., in PbNi2(SeO2OH)2(SeO3)2), while
selenite groups predominate at higher pH values (e.g.,
PbNi(SeO3) polymorphs) in good agreement with the acidic
reactions and pKas given earlier (eqs 2 and 3).
Experimental (black) and theoretical (red) PXRD patterns for

new phases descr ibed later , α -PbNi(SeO3)2 (I) ,
PbNi2(SeO2OH)2(SeO3)2 (III), and α-PbCo(SeO3)2 (IV), are
represented in Figure 2, leading to a mixture with diamagnetic
Pb(SeO3). It enables the measurement of their magnetic
properties. Intensities of the reflections in the PXRD patterns
are affected by relatively strong preferred orientation, due to
anisotropic crystallite shape related to the crystal structures. .
Theoretical patterns were generated with PowderCell 2.4 from
the single-crystal data without taking into account the preferred
orientation. The PXRD patterns of I and III correspond to the
samples performed for the P1 point (PbO:NiO:SeO2 = 5:3:10)
and P2 point (PbO:NiO:SeO2 = 2:3:25) of Figure 1a,
respectively. The solid products of IV for the powder X-ray
diffraction analysis have been obtained with stoichiometry to
analogous I by replacing NiO by CoO. For other stoichiometries,

PXRD patterns corresponding to the P3, P4, P5, P6, and P7 points
in Figure 1a are provided as examples in the Supporting
Information (Figures S1−S5).

Influence of the pH. To gain more information about the
reaction processes in the PbO−NiO−SeO2−H2O phase
diagram, an in-depth investigation was carried out for the
particular P1 (PbO:NiO:SeO2 molar ratio of 5:3:10) stoichio-
metric mixture at various pH values up to 7.5 (in order to prevent
the reduction of SeO2 to γ-Se metal30,31). The reagents were
mixed with 1.75 M aqueous NaOH solution until the required
pH values. Then, the hydrothermal treatment was applied. The
resulted products of these series as a function of the pH values are
listed in Table 2 and shown in Figure 1b. Experimental PXRD
patterns are provided in the Supporting Information (Figures
S6−S11).
The results obtained in the course of the hydrothermal

experiments demonstrated an essential role of the pH values,
especially dealing with the influence of the degree of
condensation of the ionic species. Once more at all pH the
Pb(SeO3) is revealed as very stable. For the other products, we
observe that water molecules and, subsequently, hydroxide
anions are progressively incorporated into the compound
structures on increasing the pH. In particular, at low pH of
1.5−2.5 only condensed compounds, α-PbNi(SeO3)2 (I) and
Pb(SeO3),

22−25 are formed. The reaction occurring with pH
value of 3.5 leads to reported compound Ni3(SeO3)3(H2O)

20

with one-third of Ni2+ coordinated by water molecules.
Increasing the pH to 5.0−6.0 markedly increases the
incorporation of water molecules and/or hydroxyl groups
leading to Ni12(OH)2(SeO3)8(OH)6

21 and Ni(SeO3)(H2O).
18

The crystal structure of the latter is only composed of

Table 2. Solid Products of the Experiments with a PbO/NiO/SeO2 Molar Ratio of 5:3:10 (Point P1 in Figure 1a)

pH

no. before reaction after reaction solid products

P1 1.0 1.5 Pb(SeO3); α-PbNi(SeO3)2 (I)

1 1.5 2.5 Pb(SeO3); α-PbNi(SeO3)2 (I)

2 2.0 3.5 Pb(SeO3); α-PbNi(SeO3)2 (I); Ni3(SeO3)3(H2O)

3 3.0 5.0 Pb(SeO3); Ni(SeO3)(H2O); Ni12(OH)6(SeO3)8(OH)2
4 4.0 6.0 Pb(SeO3); Ni(SeO3)(H2O); Ni12(OH)6(SeO3)8(OH)2
5 5.0 7.0 Pb(SeO3)

6 6.0 7.5 Pb(SeO3)

Figure 3.General projection of the crystal structures of α-PbM(SeO3)2 (M =Ni2+ (I), Co2+ (IV)) along the b axis (a) and the corresponding black-and-
white graph (b). Legend, panel a: MO6 octahedra, blue-green; SeO3 trigonal pyramids, orange; Pb

2+, gray balls. Legend panel b: M2+, black circles; Se4+,
white circles.
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NiO5(H2O) polyhedra, while the tubular crystal structure of

Ni12(OH)2(SeO3)8(OH)6
21 contains half of the protonated

(NiO5(OH))
9− octahedra. With pH values greater than 7.0, only

the very stable solid products Pb(SeO3)
22−25 phase is observed.

■ STRUCTURAL DESCRIPTION

α-PbM(SeO3)2 (M = Ni2+, Co2+). The isotypic compounds I

and IV crystallize in orthorhombic symmetry (space group

Pnma). They are built up from a 3D framework composed of

Figure 4. Coordination environment of Pb2+ cations in the crystal structures of I (a), IV (b), II (c), and III (d and e).

Figure 5. Polyhedral representation of the channel walls in α-PbNi(SeO3)2 (a) and its projection along the b axis as a combination of the pseudoribbons
cross-linked into a 3D framework (Pb2+ cations are omitted for clarity) (b). Legend: NiO6 octahedra, green; SeO3 trigonal pyramids, orange.

Figure 6.Crystal structure of β-PbNi(SeO3)2 in two different projections (a and b), and the black-and-white graph corresponding to the Ni−Se sheet in
the structure (Pb2+ cations are omitted for clarity) (c). Designations as in Figure 4.
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anionic (SeO3)
2− and (MO6)

10− building units sharing common
corners (Figure 3). We find one symmetrically independent M2+

position with rather regular (MO6)
10− octahedral coordination.

The average bonding ⟨M−O⟩ distances are 2.077 Å for I and
2.113 Å for IV. There are two independent Se atoms per formula
unit where Se4+ cations form typical (SeO3)

2− triangular
pyramids with Se located at its apical corner and a stereoactive
lone pair acting as a complementary external ligand. The average
⟨Se−O⟩ distance is 1.704 Å for both compounds, M = Ni2+ (I)
and Co2+ (IV). The unique Pb2+ site is surrounded by O anions
shared by (SeO3)

2− and (MO6)
10− groups, forming asymmetric

polyhedra. In both compounds the Pb2+ cations demonstrate
eight short strong Pb−O bonds (2.552−2.802 and 2.539−2.827
Å in I and IV, respectively) in one coordination hemisphere, and

two longer weaker bonds (3.332 and 3.418 Å in I and IV,
respectively) in the other hemisphere (Figure 4a,b) with a clear
location of the stereochemically active lone pair. In Figure 3b a
3D metal cationic framework of the crystal structures of I and IV
is represented as a black-and-white graph with black-and-white
nodes symbolizing coordination polyhedra of M2+ and Se4+,
respectively. It highlights the topological connectivity of the
SeO3 and MO6 polyhedra in complex 3D framework with
stretched rectangular channels extending along the [010]
direction occupied by the lead cations and the Se4+ lone pairs
with a dimension of 3.1 × 11.4 Å2, measured as the shortest and
longest O···O distances across the channels (Figure 3b). In the
(010) plane, their sections are arranged in a crossed manner with
alternate of the two orientations [201] and the [201 ̅] with
respect to the Pnma symmetry. The channels are bordered by six
MO6 and six SeO3 polyhedra (Figure 3a). The projection of the
channel walls is given in the figure resulting in a three M-
octahedra-wide pseudoribbons (Figure 5a). Within the pseudo-
ribbon, there are void spaces that are bounded by six-membered
rings with a dimension of 5.35 × 5.46 Å2. The pseudoribbons are
further cross-linked into a 3D [M(SeO3)2]

2− framework through
common SeO3 trigonal pyramids (Figure 5b). Divalent lead
cations reside in the cavities and balance the charge of the
framework of compounds I and IV. In general, it is typical for
heteropolyhedral frameworks in inorganic oxysalts to be based
upon interconnecting chains oriented parallel to each other.32

The framework topology found out for α-PbM(SeO3)2 (M =
Ni2+ and Co2+) has been observed previously, e.g., in the
structures of (H3O)[Fe(HPO4)2],

33 Na3[In(PO4)2],
34 and

Pb[Fe(AsO4)(AsO3OH).
35

β-PbNi(SeO3)2. The crystal structure of II adopts an
orthorhombic symmetry (noncentrosymmetric space group,
Cmc21). It contains one symmetrically independent Ni

2+ cation
that forms a slightly distorted NiO6 octahedron: the trans O−
Ni−O bond angles fall in the range of 155.82−172.69°, whereas
the cis angles range from 80.91° to 102.94°. The Ni−O bond
lengths are 2.045(5)−2.148(6) Å. Two independent Se4+ sites
have a trigonal pyramidal coordination with an apex occupied by
the selenium cation as already mentioned previously. The
average ⟨Se−O⟩ bond lengths of the trigonal pyramids are 1.698
and 1.707 Å for Se1 and Se2 sites, respectively. In the crystal
structure of II a unique Pb2+ ion has seven short Pb−O bonds
(2.569−2.885 Å) in the first coordination hemisphere, whereas
the second hemisphere is occupied by two longer bonds (3.035
Å) (Figure 4c). Once again, the coordination polyhedra of the
lead cation is asymmetric and obviously indicates that the 6s2

lone pair is stereochemically active. In contrast, we have recently
described the crystal structure of PbBi4O6Cl2 in which the Pb2+

lone pair activity is fully quenched.36

Similarly to what was found in the α-PbNi(SeO3)2 form (I),
the β-form is built up from isolated NiO6 octahedra interlinked
by SeO3 groups via common oxygen corners. However, the
linkage modes differ in both structures. The crystal structure of II
(Figure 6a) is essentially two-dimensional (2D) and is based
upon [Ni(SeO3)2]

2− sheets. They are shown in Figure 6b and lay
parallel to (001). The lone pairs of electrons of Se4+ cations are
shifted in the [001] direction toward the vacant part of the
interlayer space. The sheets in II are very similar to 2D
pseudoribbons delimiting the channels of I and IV. Same cavities
are filled by the Pb2+ cations, which serve to balance charge and
achieve the cohesion between the sheets. The shortest interlayer
O···O contacts across the interlayer is about 3.36 Å, much greater
than the sum of van der Waals radii and involves a true 2D-

Table 3. Calculated Partial Charges for I (α-PbNi(SeO3)2), II
(β-PbNi(SeO3)2), III (PbNi2(SeO2OH)2(SeO3)2), and IV (α-
PbCo(SeO3)2)

α-PbNi(SeO3)2 PbNi2(SeO2OH)2(SeO3)2

atom charge ± q atom charge ± q

Pb1 +0.74952 Pb1 +0.81193

Se1 +0.24784 Pb2 +0.82647

Se2 +0.24417 Se1 +0.27735

Ni1 +0.93022 Se2 +0.27396

O1 −0.37204 Se3 +0.28956

O2 −0.33946 Se4 +0.28127

O3 −0.36119 Ni1 +0.99233

O4 −0.36583 Ni2 +0.96340

O1 −0.36194

β-PbNi(SeO3)2 O2 −0.35874

atom charge ± q O3 −0.35630

Pb1 +0.77033 O4 −0.35919

Se1 +0.25253 O5 −0.33540

Se2 +0.22790 O6 −0.35710

Ni1 +0.90996 O7 −0.33391

O1 −0.35484 O8 −0.35640

O2 −0.35920 O9 −0.38723

O3 −0.35784 O10 −0.35713

O4 −0.36482 O11 −0.38634

O12 −0.35635

α-PbCo(SeO3)2 H1 +0.20398

atom charge ± q H2 +0.20493

Pb1 +0.73096

Se1 +0.23494

Se2 +0.23527

Co1 +1.00606

O1 −0.37077

O2 −0.37602

O3 −0.35183

O4 −0.36630

Figure 7. Transmission image of a crystal of β-PbNi(SeO3)2 (a);
emitting surface (λem = 420−440 nm, λem = 860 nm), blue color (b).

Inorganic Chemistry Article

DOI: 10.1021/ic503055v
Inorg. Chem. 2015, 54, 2425−2434

2430

118



character. The black-and-white graph corresponding to the
layered nickel selenite structural units is shown in Figure 6c. This
kind of layer topology is one of the most common in inorganic
oxysalts32,37 and has been recently observed, for instance, in the
crystal structure of steklite, K[Al(SO4)2],

38 where (AlO6)
octahedra are linked by (SO4) tetrahedra. In selenites, it has
been reported for the crystal structures of K2[M(SeO3)2] (M =
Mn and Co).39,40 The NCS character of II is well evidenced on
Figure 6a where only “up” SeO3 orientations are found in the
crystal structure. Dipole moments were calculated for II due to
its noncentrosymmetricity. In this calculation performed using
Pacha,29 local charges given in Table 3 have been used. In
general, it is noteworthy that the charge distribution is very
similar in the four new selenites, due to similar concomitant
groups. Ni2+ and Co2+ show a similar degree of covalence leading
to a residual covalence charge close to∼+1. As expected the Se−
O bonds are very strong leading to a residual charge around
+0.25. Finally, the shortest Pb−O distances also bring a strong
degree of covalence leading to Pb partial charge close to +1. For
II, all SeO3 groups stand in to bring local dipole moments that do
not cancel each other. The moments are mainly oriented along
the [001] direction with values of 1.87 and 2.07 Debyes for
Se(1)O3 and Se(2)O3, respectively. Other local dipoles arise
from distorted NiO6 octahedra and Pb2+ complex coordination
polyhedra that also lead to a net nonzero polarization due to the
Cmc21 symmetry. Finally each individual layer shown on Figure
6a brings its own total dipole, mainly parallel to c but with
different (a, b) components. Our calculations performed on the
[Pb4Ni4(SeO3)8] unit-cell content containing two layers lead to
M = 21.51 Debyes almost parallel to c (negative charge
barycenter (1.157, −0.111, 2.197), positive charge barycenter
(−1.189, −0.256, −1.617)). This important value is expected to
lead to strong SHG effects. Our analysis was performed on three
different crystals of II as detailed in the Experimental Section.
Dealing with a rather thick crystal, only some areas of the crystal
surface show a significant SHG signal as shown in blue color in
Figure 7. This feature is rather common and was observed
recently in [Bi12O15][Li2(SO4)4].

41 It is noteworthy that in the
experimental setting the detected SHG signal is maximal in the
horizontal plane (below the crystal), which reduces the detection
for thick and irregular absorbing samples In addition the
refinement of racemic twinned domains (ratio∼ 60:40) suggests

the possibility for local SHG quenching at the antiphase
boundary.

Polymorphism in PbNi(SeO3)2. In our experiments, we
have observed two modifications of PbNi(SeO3)2 that differ in
both crystallographic parameters and structural topology. The α-
phase has a notably smaller unit-cell volume (544.83 Å3) than the
β-phase (575.81 Å3) and, as a consequence, a remarkably higher
density (6.337 versus 5.996 g/cm3, respectively). In terms of
structural complexity expressed as a Shannon information
amount per unit cell,42,43 the β-phase is considerably more
simple (58.439 bits per unit cell) than the α-phase (116.877 bits
per unit cell). It is a general observation that a high-temperature
polymorph is structurally simpler than its low-temperature
counterpart (due to the increase in both vibrational and
configurational entropies),44 which, together with the data on
density and unit-cell volumes, strongly suggest that the α- and β-
modifications of PbNi(SeO3)2 are low- and high-temperature
polymorphs, respectively. This conclusion agrees well with the
3D and 2D characters of their structures, respectively, which is
frequently observed in inorganic compounds (that is, structural
dimensionality of a low-temperature polymorph is higher than
that of its high-temperature counterpart45).

PbNi2(SeO2OH)2(SeO3)2. The crystal structure of III adopts
a monoclinic symmetry (space group, P2/c). There are two
symmetrically independent Ni2+ sites with rather regular
octahedral coordination with the average ⟨Ni−O⟩ bond lengths
equal to 2.064 and 2.077 Å for Ni1 and Ni2 sites, respectively.
The four crystallographically inequivalent Se4+ atoms are
asymmetrically coordinated by three oxygen atoms in a trigonal
pyramidal geometry. However, two of them are protonated
leading to strongly distorted (Se(3)O2OH)

− and (Se(4)-
O2OH)

− trigonal pyramids with one long Se−O bond (1.810
and 1.785 Å for Se(3) and Se(4), respectively) and two shorter
Se−O bonds (1.659−1.676 and 1.649−1.675 Å for Se3 and Se4,
respectively). Similarly distorted coordination geometry is
typical of hydroxide ligands, as reported for instance in the
crystal structure of Ni(HSeO3)·4H2O.

46 The average ⟨Se−O⟩
bond lengths are equal to 1.695, 1.693, 1.715, and 1.703 Å for
Se(1)O3, Se(2)O3, Se(3)O2OH, and Se(4)O2OH, respectively.
The two independent Pb2+ cations are 8-fold oxygen coordinated
(Figure 3d,e) with Pb−O distances in the ranges of 2.481−2.916
and 2.567−2.765 Å for Pb1 and Pb2, respectively. They both

Figure 8.General projection of the crystal structure of PbNi2(SeO2OH)2(SeO3)2 along the b and c axes (a and b), respectively; its black-and-white graph
(c); and more detailed fragment of the structure (d). Legend as in Figure 4.
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show a distorted square antiprismatic arrangement with lone
pairs of electrons oriented toward the longest oxygen neighbors,
similarly to lead coordination in PbMo2O5(SeO3)2.

10

In the crystal structure of III, the NiO6 octahedra are sharing
their vertices with SeO3 groups, forming a 3D framework
encapsulating channels propagating along the [010] direction
(Figure 8a). Four independent channels are occupied alternately
by divalent lead cations and lone pairs of electrons of the Se4+

cations. The channels containing Pb2+ are bordered by O2− ions
and have a cross-section of maximum of∼3.6× 8.1 Å2 taking into
account the shortest O···O separations. Those bordered by Se4+

ions Se···Se are ∼3.8 × 5.1 Å2 large on the basis of the Se···Se
distances (Figure 8d). It is striking that in the (a,b) projection the
similitude between Pb1 and Pb2 channels suggests a V/2 subcell.
In fact the projection in the (a,b) plane evidences channels

growing along the c-axis with a clear distinction between Pb2 and
Pb1 sites (Figure 8b).
Figure 8c shows the black-and-white graph corresponding to a

3D metal cationic framework of III. Its structural architecture is
closely related to that observed in the crystal structure of
PbFe2(SeO3)4

47 and represents an interesting topological
variation of the primitive cubic (pcu) network.48

■ MAGNETIC PROPERTIES

The powder samples selected for magnetic measurements have
been prepared from stoichiometries corresponding to the P1 (I
and IV (replacing NiO by CoO)) and P2 (III) points in Figure
1a. After Rietveld refinement though strong preferred orientation
effects, the refined phase weight fractions of impurity
(diamagnetic Pb(SeO3)) are 0.17, 0.42, and 0.15 for the powder
samples of I, III, and IV, respectively. Magnetic data were

Figure 9.Thermal evolution of the magnetic susceptibility for I (a), IV (c), and III (e). Magnetization as a function of applied field for I (b), IV (d), and
III (f).
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normalized taking into account the massic contribution of the
second phase. PXRD patterns are shown in Figure 2.
The FC magnetic susceptibility χ and χ−1 versus temperature

are plotted in Figure 9a,c for α-PbNi(SeO3)2 (I) and α-
PbCo(SeO3)2 (IV). In the high-temperature range, χ−1(T) could
be fitted using a Curie−Weiss law χ = C/(T − θCW). Both
compounds show very similar behavior dominated by anti-
ferromagnetic exchanges as given by the negative Curie−Weiss
temperatures, θCW = −20.2 and −42.7 K, respectively. The
deduced effective moments are 3.13 μB and 5.50 μB per formula
unit, respectively. It indicates significant spin−orbit couplings
(SOC) compared to calculated spin-only values, i.e., 2.83 μB/
Ni2+ and 3.87 μB/Co

2+. One should also note that the
exaggerated value measured in the cobalt compound compared
to the commonly observed μeff ∼ 4.5 μB probably denote an
approximate determination of the IV compound’s weight
fraction in the biphasic sample, due to preferred orientation
effects mentioned previously.
For I the broad peak below 100 K and the upturn of the

susceptibility below 9 K suggests the setting of short-range
antiferromagnetic correlations but is immediately masked by the
appearing of a magnetic moment. In IV a similar, but even more
abrupt, phenomenon occurs below 4.5 K. In both compounds, it
is accompanied by a ZFC/FC divergence at low temperature, as
shown in Supporting Information Figure S12. It is ascribed to
intrinsic spin-canting due to favored antisymmetric exchanges
(Dzyaloshinski−Moriya interactions) in this crystal structure
with strong SOC ions. As expected from the strongest SOC for
Co2+, the M(H) magnetization plot indicates a largest remanent
moment for IV compared to I, i.e., 0.1 μB/Co

2+ against 0.01 μB/
Ni2+ as shown on the Figures 9b,d. In the mean-field
approximation, the Curie−Weiss temperature is given as θCW =
2zJS(S+1)/3kb where the z-number of neighbors interact with
the same J force with a central M2+ ion. Theoretically, this
approximation is available in the Heisenberg case but could lead
to an approximated value for Co2+ and Ni2+ ions where spin−
orbit coupling should favor anisotropic spins (XY or Ising).
Dealing with similar crystal structures of I and IV, one can

derive J(I)/J(IV) = θCW(I)(SCo2+)(SCo2+ + 1)/θCW(IV)(SNi2+)(SNi2+ +
1) = 0.89. This involves very similar J coupling values. Taking
into account that each metal center is surrounded by z = 8 other
metals with plausible M−O−O−M superexchange paths (4.8 Å
<M−M< 6.2 Å and O−O distance smaller than the sum of their
ionic radii), one can also estimate the mean J value to J/kb∼−1.9
and −2.1 K, respectively.
χ(T) and χ−1(T) of compound III are shown on Figure 9e. It

shows a paramagnetic regime above the setting of an
antiferromagnetic transition at TN = 10 K. The Curie−Weiss
law aboveTN yields μeff = 4.87 μB/(formula unit (f.u.)). (3.44 μB/
Ni2+) and θCW = −18.2 K in good agreement with predominant
antiferromagnetic exchanges between Ni2+ ions with strong
SOC.Oncemore, in a mean-field approximation can we deduce a
mean JNi−Ni/kb of −1.71 K from the θCW value, taking into
account z equals eight Ni neighbors around each Ni2+ with
efficient geometrical SSE paths under conditions given
previously. This low value is nearly similar to the one found for
compound I and gives an indication for weak but comparable
Ni−O−O−Ni negative exchanges mediated by SeO3 corners in
both compounds.

■ CONCLUSION

In this work, the PbO−NiO−SeO2 ternary system in hydro-
thermal conditions at 473 K was investigated. Three novel lead

nickel selenites and one novel lead cobalt selenite were
synthesized and characterized. The PbNi(SeO3)2 compound
crystallizes in two polymorphic orthorhombic modifications, α
(I) and β (II). The PbCo(SeO3)2 phase (IV) is isotypic with I.
According to the experimental results, the pH values of the
solution play the essential role in hydrolysis and condensation
processes by hydrothermal reactions in the studied system and
determine structural architectures of resulted products of the
syntheses. The observed dependence of the structural variety and
the structural units upon the pH values is remarkable and can be
used for preparation of new transition metal oxoselenites and
similar groups of heavy-element compounds with novel
structural architectures.

■ ASSOCIATED CONTENT

*S Supporting Information

Tables listing fractional atomic coordinates, atomic displacement
parameters, and selected bond distances, figures showing
experimental XRD patterns and temperature dependences of
magnetization, and crystallographic information files. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author

*E-mail: olivier.mentre@ensc-lille.fr.

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was carried out under the framework of the Multi-
InMaDe project supported by the ANR (Grant ANR 2011-JS-08
00301). The Fonds Europeén de Dev́eloppement Reǵional
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Oxocentered Cu(II) lead selenite honeycomb
lattices hosting Cu(I)Cl2 groups obtained by
chemical vapor transport reactions†

Vadim M. Kovrugin,ab Marie Colmont,b Oleg I. Siidra,a Olivier Mentré,b

Alexander Al-Shuray,a Vladislav V. Gurzhiya and Sergey V. Krivovichev*a

Chemical vapor transport (CVT) reactions were used to prepare three

modular mixed-valent Cu(I)–Cu(II) compounds, (Pb2Cu
2+

9O4)(SeO3)4-

(Cu+Cl2)Cl5 (1), (PbCu
2+

5O2)(SeO3)2(Cu
+Cl2)Cl3 (2), and (Pb

x
Cu2+(6ÿx)O2)-

(SeO3)2(Cu
+Cl2)K(1ÿx)Cl(4ÿx) (x = 0.20) (3). In their crystal structures

chains of anion-centered (OCu2+
4) and (OCu2+

3Pb) tetrahedra form

honeycomb-like double layers with cavities occupied by linear

[Cu+Cl2]
ÿ groups.

Inorganic copper oxocompounds attract considerable attention
due to their interesting structural and physical properties1 as
well as mineralogical and geochemical importance.2 Of special
interest are mixed-valent Cu(I)–Cu(II) systems with separate
symmetrically independent monovalent and divalent copper
sites due to their contrasted coordinations combined in one
crystal structure. Herein we report on the synthesis and char-
acterization of three novel Cu(I)–Cu(II) lead oxoselenite chlorides
inspired by mineralogical discoveries in such unusual geological
conditions as volcanic fumaroles.2g,3 Here copper oxoselenites
form from volcanic gases emanating from cooling magmatic
chambers deep under the Earth’s surface long after the period
of eruptive activities. The formation of such Cu compounds in
fumaroles provides a useful hint for their synthesis under
laboratory conditions, in particular, the chemical vapor transport
(CVT) method.4 The specific feature of many Cu oxoselenites is
the presence in their crystal structures of oxocentered (m4–O)Cu4
tetrahedral units that polymerize to form extended structural
complexes.2g,3 Likely, during these reactions the selenites andmetal
halides play the role of transport agents.5 In order to reproduce
natural exhalative chemistry, in this work, we investigate the
formation of phases in the PbO–Cu2+Cl2–Cu

+Cl–Cu2+O–SeO2

system containing Pb2+ cations that possess stereochemically

active 6s2 lone electron pairs favouring formation segregation
of structural compartments occupied by these pairs.6 In addi-
tion, the preference of Pb2+ ions for similar OPb4 tetrahedral
units is an asset for creation of more complex edifices.

Crystallographic information for three novel compounds
synthesized by the CVT reaction method (Fig. 1a) is summarized
in Table 1. Schematic representations of coordination environ-
ments of cations in the crystal structures of 1–3 are shown in

Fig. 1 General scheme of syntheses by the method of CVT reactions (a),
the crystals of 1, 2 and 3 (b–d), and the scheme of formation of
honeycomb Cu2+–Pb selenite layers (e–h). The types of oxo-centered
1-dimensional units (shown in red) formed by corner-sharing OCu4 and
OCu3Pb tetrahedra in the structures of 1, 2 and 3 are shown. (legend: Cu =
cyan balls; Pb = grey balls). See text for details.
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Fig. S1, ESI.† In all the compounds, Cu+ cations form two
relatively short Cu+–Cl bonds (2.058–2.118 Å), which result in
the formation of tightly bonded [CuCl2]

ÿ anionic groups that
can be considered as separate structural entities. The Cu2+

cations have mixed oxochloride coordinations that have pre-
viously been observed in Cu oxochloride compounds,2a with
typical trends of Jahn–Teller d9 ions. The Cu(1) and Cu(2) sites
in 1, the Cu(4) site in 2, and Cu(3) site in 3 form [CuO4Cl2]
distorted octahedra with four short equatorial Cu–O and two
long apical Cu–Cl bonds. The Cu(3) site in 1, the Cu(2) and
Cu(3) sites in 2, and the Cu(1) site in 3 are octahedrally
coordinated with [CuO3Cl] squares complemented by two long
Cu–Cl bonds. The Cu(4) site in 1 forms a [CuO4Cl] trigonal
bipyramid, whereas the Cu(1) site in 2 and the Cu(4) site in 3

form [CuO3Cl2] trigonal bipyramids. The Pb atoms have asym-
metrical coordinations consisting of three strong Pb–O bonds
(2.356–2.420 Å) located in one coordination hemisphere and
four long Pb–Cl in another. This coordination of Pb2+ cations is
typical for lead oxohalide compounds7 and is consistent with the
presence of stereoactive lone electron pairs. In all the compounds
under consideration, Se4+ cations form standard (SeO3)

2ÿ selenite
triangular pyramidal oxo-anions (Se–O = 1.688–1.726 Å). The
structure of 3 has one symmetrically independent K site with
the site-occupation factor (s.o.f.) equal to 0.8. Its coordination
polyhedron can be described as a distorted hexagonal bipyramid.
Bond-valence sums8 calculated for all the sites in the crystal
structures of 1–3 are in full agreement with their expected
oxidations states (in valence units): Cu+ sites – 1.00–1.16, Cu2+

sites – 1.96–2.14, Pb2+ sites – 1.95–1.96, Se4+ sites – 4.03–4.16,
and K+ site – 0.80.

The high variability of cation coordinations in the structures
of 1–3 makes their uniform description in terms of cation
coordination polyhedra a difficult task. It is therefore more
reasonable to look for more mundane consideration, e.g. in
terms of cation arrays or coordination of anions.9 In addition
to the O atoms associated with the SeO3 groups, all three

compounds contain additional Oa atoms (oxo-anions) not
bonded to Se4+ cations and tetrahedrally coordinated by four
metal atoms (Cu and Pb). In the crystal structure of 1 there are
two additional O atoms, O(2) and O(4), that form (OCu2+3Pb)
and (OCu2+4) tetrahedra, respectively. The oxo-centered tetra-
hedra share common corners to form [O4Pb2Cu

2+
9]
14+ double

chains depicted in Fig. 1e. These chains are growing parallel
to the b-axis, and its common value for the three compounds
(bB 6.2 Å) denotes similar arrangement between the oxo-centered
building units in the full series. These types of chains of anion-
centered tetrahedra are original and have not been observed in
inorganic compounds previously. The SeO3 groups are attached to
the triangular bases of oxo-centered tetrahedra that results in the
formation of complex 1-dimensional {[O4Pb2Cu

2+
9](SeO3)4}

6+ inter-
connected via Pb–O bonds in 2-dimensional metal-oxide double
layers (Fig. 2b). The projection of the layers in the (bc) plane leads to
a honeycomb-like lattice of tetrahedra, even though this idealized
vision neglects the disconnections occurring at the oxocentered-
oxoanion contacts. In contrast, monometallic [O2Cu5] honeycomb-
layers are reported in several compounds based upon anion-centered
tetrahedra.9 The layers are surrounded by Clÿ anions in the
interleaves and accommodate both linear [Cu+Cl2]

ÿ anions and
Clÿ ions in the larger and smaller honeycomb-windows, respec-
tively. The interactions between the Clÿ ions of the [Cu+Cl2]

ÿ

groups and host cationic networks are restricted to rather
weak Cu2+–Clÿ (42.975 Å), Pb2+–Clÿ (43.396 Å) and K+–Clÿ

(43.478 Å) bonds with bond-valences not exceeding 0.08
valence units (Tables S1–S3, ESI†). Taking into account the
relative strength of the Cu+–Cl bonds and weak interactions
between them and the rest of the structure, these units may be
considered as guest anions embedded in the complex metal
oxochloride matrix based upon anion-centered tetrahedra.

A very similar ‘host–guest’ principle is at work in the structures
of 2 and 3 as well. Here the (OCu2+3Pb) and (OCu2+4) tetrahedra
share corners to produce single chains extending along the com-
mon b-parameter that have [O2PbCu5]

8+ and [O2PbxCu
2+
(6ÿx)]

8+

Table 1 Crystallographic data for 1, 2, and 3

1 2 3

Empirical formula (Pb2Cu
2+

9O4)(SeO3)4 (PbCu2+5O2)(SeO3)2 (PbxCu
2+

(6–x)O2)(SeO3)2(Cu
+Cl2)

(Cu+Cl2)Cl5 (Cu+Cl2)Cl3 K(1ÿx)Cl(4ÿx), x = 0.20
Crystal system C2/m
Space group Monoclinic
a (Å) 18.605(17) 18.4956(4) 15.116(1)
b (Å) 6.204(6) 6.1454(1) 6.1850(4)
c (Å) 12.673(11) 15.2985(4) 9.2672(9)
b (deg) 109.87(2) 119.311(1) 95.965(5)
V (Å3) 1376(2) 1516.25(6) 861.72(12)
rcalc (g cmÿ3) 4.514 4.607 3.840
m (mmÿ1) 25.78 25.02 15.52
Reflection collected 7722 6910 4817
Independent reflections (Rint) 1301 (0.069) 1924 (0.024) 974 (0.029)
Goodness-of-fit 0.791 1.231 1.121
R1[I 4 2s(I)]a 0.0257 0.0260 0.0412
wR2 0.0349 0.0761 0.1172
R1 (all data) 0.0475 0.0267 0.0496
wR2 0.0378 0.0761 0.1176
Largest diff. peak and hole [e Åÿ3] 0.951, ÿ0.988 3.783, ÿ2.942 4.244, ÿ1.592

a R1 =
P

JFo| ÿ |FcJ/
P

|Fo|; wR2 = {
P

[w(Fo
2
ÿ Fc

2)2]/
P

[w(Fo
2)2]}1/2.
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compositions, respectively (Fig. 1f and g). Together with SeO3

groups, these chains form 1-dimensional {[O2M6](SeO3)2}
4+ metal-

oxide (M = Cu or Pb) backbones of the structures that are arranged
to form pseudo honeycomb layers. Due to the elementary single-
chains, only large honeycomb windows are created that accommo-
date the [Cu+Cl2]

ÿ guest anions (Fig. 3) as observed in 1. The
structure of 3 contains additional K+ cations located in the interlayer
space between the metal oxoselenite chloride layers. In all three
structures, lone electron pairs on the Pb2+ and Se4+ cations are
oriented toward the interlayer space, thus conforming the ‘chemical
scissor’ principle of structural organization in compounds with lone-
electron-pair cations.10

It is noteworthy that compounds 1 and 2 are closely chemi-
cally related, which can be described by the equation:

(Pb2Cu
2+

9O4)(SeO3)4(Cu
+Cl2)Cl5 (1) + Cu+Cu2+Cl3

-2(PbCu2+5O2)(SeO3)2(Cu
+Cl2)Cl3 (2)

From the structural viewpoint, transition from 1 to 2 is asso-
ciated with the reconstruction of the metal-oxide backbone, i.e. in
depolymerization of anion-centered tetrahedra and splitting of the
double [O4Pb2Cu

2+
9]
14+ chains into single [O2PbCu5]

8+ chains. This
kind of structural reconstruction accompanied by the inclusion of
imaginary ionic component Cu+Cu2+Cl3 into themetal-oxidematrix
is in good agreement with the principle of dimensional reduction.11

It should also be noted that 2 is a synthetic analogue of

allochalcoselite, the mineral first described to be obtained
from volcanic fumaroles of the Tolbachik volcano (Kamchatka
peninsula, Russia).3d

To summarize, three novel Cu2+–Cu+ Pb oxoselenite chlorides
were obtained by the chemical vapor transport reactions,
which proves the efficiency of this method for the synthesis
of new mixed Cu2+–Cu+ based oxyhalide compounds. These
compounds described herein are based upon oxocentered
mixed Pb–Cu2+ one-dimensional units of different architec-
tures. These units determine basic topologies of the structures
and influence their stability and properties. For instance, in the
three compounds only corner-sharing OCu4 and OCu3Pb are
found in chains and double chains forming hollow voids. It
follows that in all the compounds, the role of the tightly bonded
[Cu+Cl2]

ÿ anions is that of guest complexes incorporated inside
metal oxide chloride units. The present study also points out
that the Cu+Cl2 groups may serve as transport agents of Cu+ in
Cl-rich gaseous environments such as that observed in natural
volcanic fumaroles.

This work was financially supported by the Russian Science
Foundation through the grant 14-17-00071. Technical support
by the SPbSU X-ray Diffraction Resource Centre is gratefully
acknowledged. This work was carried out under the framework
of the Multi-InMaDe project supported by the ANR (Grant ANR
2011-JS-08 003 01). V.M.K. thanks l’Ambassade de France en
Russie and l’Agence Campus France (contracts no. 768231K,
779116K 794852B, 808399A, and 808400J) for the partial sup-
port of this work.

Fig. 2 General projections of the structure of 1 along the b and a axes –
(a) and (b). Honeycomb layers of {[Pb2Cu

2+
9O4](SeO3)4}

6+ composition
are hosts for the [Cu+Cl2]

ÿ guest species localized in the layer cavities.
The {[Pb2Cu

2+
9O4](SeO3)4}

6+ layers are formed via interconnection of
the [Pb2Cu

2+
9O4] oxo-centered chains (red) and isolated SeO3 groups

(dark-green). The O(2) and O(4) designated in (a) are central oxygen atoms
in OCu4 and OCu3Pb tetrahedra, respectively.

Fig. 3 General projections of the structure of 2 (a, b) and 3 (c, d). In 2, the
OCu4 and OCu3Pb tetrahedra (red) form single [O2PbCu5] chains, which
results in the enlargement of the c-parameter value from 12.67 Å (in 1) to
15.30 Å (in 2). In 3, K atoms are located in the interlayer under and above
the pseudohexagonal voids filled by the [Cu+Cl2] groups. The layers (b, d)
are characterized by only one type of pore with 8.3 Å and 8.2 Å diameter in
2 and 3, respectively.
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Electronic Supplementary Information

Experimental

Syntheses

SeO2 (powder, 99%, Alfa Aesar), CuO (powder, 99%, Aldrich), CuCl2 (powder, 99%, Aldrich), CuCl (powder, 

90%, Sigma-Aldrich), PbO (powder, 99%, Aldrich), NaCl (powder, 99%, Alfa Aesar), and KCl (powder, 99%, 

Carlo Erba) were used as received.

Single crystals of three new Pb-containing mixed-valent copper oxoselenite chlorides have been prepared by 

the CVT reactions. The reagents were grounded in an agate mortar and loaded into a silica tube (ca. 15 cm), 

which was further evacuated to 10–2 mbar and sealed. The tubes were placed horizontally into a tubular two-

zone furnace, heated to 723K for 4 days (1) and 823 K for 3 days (2 and 3), and then slowly cooled to room 

temperature. The temperature difference between the hot zone with initial reagents mixture and cold zone of 

the tube in furnace was about 50 K. Likely, during these reactions the selenites and metal halides play the role 

of transport agent. The compounds obtained are only partially stable and deteriorate in air within several tens 

of hours, which prevented their detailed chemical characterization by electron microprobe analysis.

(Pb2Cu2+
9O4)(SeO3)4(Cu+Cl2)Cl5 (1)

Red-brown prismatic crystals of 1 have been observed in the cold zone of the tube with a mixture of SeO2 

(0.111 g, 1 mmol), CuCl (0.124 g, 1.25 mmol), CuCl2 (0.303 g, 2.25 mmol), PbO (0.167 g, 0.75 mmol), and 

NaCl (0.029 g, 0.50 mmol). Black block-shaped single crystals of synthetic georgbokiite, [Cu5O2](SeO3)2Cl2, 

were found in all zones of the tube.

(PbCu2+
5O2)(SeO3)2(Cu+Cl2)Cl3 (2)

Brown platy crystals of 2 were obtained by CTR from SeO2 (0.111 g, 1 mmol), CuCl2 (0.202 g, 1.5 mmol), 

CuO (0.159 g, 2 mmol), PbO (0.112 g, 0.5 mmol), and NaCl (0.059 g, 1 mmol). The crystals of 2 were found 

in association with dark-green prismatic crystals of Na2[Cu7O2](SeO3)4Cl4 in the hot zone of the tube. Black 

Electronic Supplementary Material (ESI) for ChemComm.
This journal is © The Royal Society of Chemistry 2015
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block-shaped single crystals of synthetic georgbokiite, [Cu5O2](SeO3)2Cl2, and orange needle-like crystals of 

synthetic chloromenite, [Cu9O2](SeO3)4Cl6 were found in the middle part of the tube. Greenish transparent 

prismatic crystals of Cu2O(SeO3) and Na2CuO2 were also observed in the cold zone of the tube.

(PbxCu2+
(6–x)O2)(SeO3)2(Cu+Cl2)K(1–x)Cl(4–x), x = 0.20 (3)

Ruby-red crystals of 3 were observed in the cold zone of the tube. The following mixture was used: SeO2 

(0.111 g, 1 mmol), CuCl (0.124 g, 1.25 mmol), CuCl2 (0.303 g, 2.25 mmol), PbO (0.167 g, 0.75 mmol), and 

NaCl (0.029 g, 0.50 mmol). Black block-shaped crystals of synthetic georgbokiite, [Cu5O2](SeO3)2Cl2, were 

also observed in all zones of the tube.

Chemical analysis

The electron-microprobe analyses (Hitachi TM 3000 EDS system) were performed for 1–3. Qualitative 

electron microprobe analysis revealed no other elements, except Cu, Pb, Se, Cl and K (3), with the atomic 

number greater than 11 (Na). The compounds are unstable under en electron beam, which did not allow 

detailed chemical characterization.

X-ray crystallography

Single crystals of all compounds were mounted on thin glass fibers for X-ray diffraction analysis using Bruker 

APEX II DUO X-ray diffractometer with a micro-focus X-ray tube operated with MoKα radiation at 50 kV 

and 40 mA. The data were integrated and corrected for absorption using a multi-scan type model using the 

Bruker programs APEX and SADABS. More than a hemisphere of X-ray diffraction data were collected for 

each crystal. Crystallographic information for all obtained phases is summarized in Table 1. Atomic 

coordinates and additional structural information are provided in the Supporting Information (CIF).

Infrared spectroscopy

Infrared spectra of 2 and 3 were measured between 4000 and 400 cm−1 with a Perkin−Elmer Spectrum Two 

spectrometer equipped with a diamond attenuated total reflectance (ATR) accessory. The vibrational bands of 

selenite groups and ethanol have been established in the studied range (Figs. S2–3). Stretching vibrations 

ν(SeO3) and deformation modes δ(SeO3) of selenite oxoanions appear in range 831–712, 665 cm–1, and 571–

411 cm–1, respectively. The observed bands are in good agreement with those reported in the literature for 

similar natural and synthetic selenite phases1,2. The presence of the bands of the ethanol molecules in the IR 
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spectra is a consequence of the use of ethanol for cleaning of the ATR accessory of the spectrometer between 

the measurements of the samples of different phases. Stretching and deformation modes of the ethanol 

molecules appear at 2988, 2901, 1490, 1250, and 1066 cm–1. The observed positions of the bands are 

consistent with published data for ethanol3.

1 K. Nakamoto, in Handbook of Vibrational Spectroscopy, eds. J. M. Chalmers and P. R. Griffiths, John Wiley & 
Sons Ltd., 2006, vol. 3, pp. 1872–1892.

2 N. V. Chukanov, Infrared spectra of mineral species, Springer Netherlands, Dordrecht, 2014, vol. 1., 1726 p.

3 Coblentz Society Inc., in NIST Chemistry WebBook, NIST Standard Reference Database Number 69, eds. P. J. 
Linstrom and W. G. Mallard, National Institute of Standards and Technology, Gaithersburg MD, 2009. 
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Table S1 Bond-valence analysis (in valence units = v.u.) for the structure of 1 = 

[Cu+Cl2][Cu2+
9Pb2O4](SeO3)4Cl5.

O1 O2 O3 O4 O5 O6 Cl1 Cl2 Cl3 Cl4 Σ

Pb1 0.45 0.402x→ 0.28,
0,082x→↓ 0.21 0.06 1.96

Cu1 0.512x↓ 0.562x↓ 0.45 0.41 0.062x↓ 0.054x↓ 2.04

Cu2 0.432x→ 0.582x→ 0.052x→↓ 2.12

Cu3
0.47,
0.40

0.55 0.44 0.052x→↓ 1.96

Cu4 0.32 0.53 0.342x→ 0.57 2.10

Cu5 0.512x→ 1.02

Se1 1.39 1.322x→ 4.03

Se2 1.28 1.442x→ 4.16

Σ 2.15 2.02 2.14 2.23 2.17 2.19 0.88 0.78 0.79 0.30

158



Table S2 Bond-valence analysis (in valence units = v.u.) for the structure of 2 = 

[Cu+Cl2][Cu2+
5PbO2](SeO3)2Cl3.

O1 O2 O3 O4 O5 O6 Cl1 Cl2 Cl3 Cl4 Cl5 Σ

Pb1 0.392x→ 0.44 0.23
0.30,
0.102x→↓ 1.95

Cu1 0.322x→ 0.53 0.56 0.32 2.05

Cu2
0.47,
0.41

0.56 0.49 0.052x→↓ 2.03

Cu3
0.47,
0.42

0.55 0.45 0.052x→↓ 1.99

Cu4 0.47 0.44 0.522x↓ 0.512x↓ 0.072x↓ 0.122x↓ 2.13

Cu5 0.582x→ 1.16

Cu6 0.502x→ 1.00

Se1 1.32 1.372x→ 4.06

Se2 1.422x→ 1.29 4.13

Σ 2.20 2.23 2.18 2.18 2.13 2.01 0.79 0.81 0.95 0.74 0.92
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Table S3 Bond-valence analysis (in valence units = v.u.) for the structure of 3 = 

K(1-x)[Cu+Cl2][Cu2+
(6-x)PbxO2](SeO3)2Cl(4-x) (x ≈ 0.20). Site occupancy factors (s.o.f.) are shown in 

brackets. The Pb1 site is only 10% occupied and its bond-valence characteristics are omitted in the 

table.

O1 (1.0) O2 (1.0) O3 (1.0) Cl1 (1.0) Cl2 (1.0) Cl3 (0.9) Σ

K1 (0.8) 0.082x→ 0.074x→2x↓ 0.182x→ 0.80

Cu1 (1.0)
0.50,
0.41

0.57 0.052x→↓ 0.47 2.06

Cu2 (1.0) 0.462x→ 0.542x→↓ 0.072x→↓ 2.14

Cu3 (1.0) 0.552x→ 1.10

Cu4 (0.9) 0.292x→ 0.54 0.29 0.61 2.02

Se1 (1.0) 1.26 1.392x→ 4.04

Σ 2.17 2.14 2.19 0.87 0.90 0.79
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Fig. S1 General representation of coordination environments of cations and additional oxygen atoms (Oa) 

coordination in the crystal structures of 1–3. The Pb–Cl and Cu2+–Cl bonds longer than 3 Å are shown as 

dashed lines.

161



Fig. S2 Infrared spectrum of (PbCu2+
5O2)(SeO3)2(Cu+Cl2)Cl3 (2).
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Fig. S3 Infrared spectrum of (PbxCu2+
(6–x)O2)(SeO3)2(Cu+Cl2)K(1–x)Cl(4–x), x = 0.20 (3).
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a b s t r a c t

Single crystals of seven novel uranyl oxysalts of selenium with protonated methylamine molecules,
[C2H8N]2[(UO2)(SeO4)2(H2O)] (I), [C2H8N]2[(UO2)2(SeO4)3(H2O)] (II), [C4H15N3][H3O]0.5[(UO2)2(SeO4)2.93(-
SeO3)0.07(H2O)](NO3)0.5 (III), [C2H8N]3[H5O2][(UO2)2(SeO4)3(H2O)2]2(H2O)5 (IV), [C2H8N]2[H3O][(UO2)3
(SeO4)4(HSeO3)(H2O)](H2SeO3)0.2 (V), [C4H12N]3[H3O][(UO2)3(SeO4)5(H2O)] (VI), and [C2H8N]3(C2H7N)
[(UO2)3(SeO4)4(HSeO3)(H2O)] (VII) have been prepared by isothermal evaporation from aqueous solutions.
Their crystal structures have been solved by direct methods and their uranyl selenate and selenite–selenate
units investigated using black-and-white graphs from the viewpoints of topology of interpolyhedral
linkages and isomeric variations. The crystal structure of IV is based upon complex layers with unique
topology, which has not been observed previously in uranyl selenates. Investigations of the statistics and
local distribution of the U–Obr–Se bond angles demonstrates that shorter angles associate with undulations,
whereas larger angles correspond to planar areas of the uranyl selenite layers.

& 2015 Elsevier Inc. All rights reserved.

1. Introduction

Within the last decade actinide oxysalts attracted significant
attention due to their importance in mineralogy, uranium mining
technologies and studies related to the advanced nuclear fuel
cycle. The diversity of polyhedral units found in uranyl compounds
is unique, starting from isolated complexes [1–3] and clusters
[4–7] to cage compounds [8–11] and nanotubules [12–14].
Selenium-containing uranyl oxysalts are known for both mono-
and divalent inorganic cations [15–19], as well as for organic
template molecules of various charge and structure [20–24]. The
crystal structures of uranyl selenates and selenites are based upon
a variety of complex units formed by polymerization of U and Se
coordination polyhedra. The topology and geometry of these units
is controlled by a number of factors, governing interactions
between organic and inorganic substructures. The principles that
describe these interactions include hydrophillic–hydrophobic
interactions, charge-density matching and weak hydrogen bond-
ing that nevertheless may induce distortions of particular geome-
tries of U–O–Se links. Herein we report on the syntheses and
structural characterization of seven novel Se-contaning uranyl

oxysalts that contain protonated organic molecules as interlayer
species.

2. Experimental

2.1. Synthesis

N,N-dimethylformamide (99%, Sigma-Aldrich), dimethylamine
(40 wt% in H2O, Aldrich), diethylenetriamine (99%, Sigma-Aldrich),
diethylamine (99%, Sigma-Aldrich), selenic acid (40 wt% in H2O,
99.95%, Aldrich), and UO2(NO3)2 !6H2O (Vekton) were used as
received. [C2H8N]2[(UO2)(SeO4)2(H2O)] (I), [C2H8N]2[(UO2)2(-
SeO4)3(H2O)] (II), [C4H15N3][H3O]0.5[(UO2)2(SeO4)2.93(SeO3)0.07
(H2O)](NO3)0.5 (III), [C2H8N]3[H5O2][(UO2)2(SeO4)3(H2O)2]2(H2O)5
(IV), [C2H8N]2[H3O][(UO2)3(SeO4)4(HSeO3)(H2O)](H2SeO3)0.2 (V),
[C4H12N]3[H3O][(UO2)3(SeO4)5(H2O)] (VI), and [C2H8N]3(C2H7N)
[(UO2)3(SeO4)4(HSeO3)(H2O)] (VII) have been prepared by eva-
poration from aqueous solutions of uranyl nitrate, 40%—solution of
selenic acid, N,N-dimethylformamide, 40%—solution of methyla-
mine, diethylenetriamine, diethylamine, and deionized distilled
water. Yellow–green homogeneous liquid solutions were left in a
fumehood at the room temperature. The crystals of compound I,
and IIwere synthesized through the reaction 0.198 g (0.4 mmol) of
uranyl nitrate, 0.094 g (1.3 mmol) of N,N-dimethylformamide,
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0.590 g (4.1 mmol) of selenic acid and 2.001 g (110.2 mmol) of
deionized distilled water. The crystals of compound IV, and V were
synthesized through the reaction 0.0502 g (0.1 mmol) of uranyl
nitrate, 0.009 g (0.2 mmol) of dimethylamine, 0.102 g (0.7 mmol)
of selenic acid and 2.002 g (110.2 mmol) of deionized distilled
water. The crystals of compound VII were synthesized through the
reaction 0.0502 g (0.1 mmol) of uranyl nitrate, 0.018 g (0.4 mmol)
of dimethylamine, 0.072 g (0.5 mmol) of selenic acid and 2.001 g
(110.2 mmol) of deionized distilled water. The crystals of com-
pound III were synthesized through the reaction 0.100 g
(0.2 mmol) of uranyl nitrate, 0.010 g (0.1 mmol) of diethylenetria-
mine, 0.102 g (0.7 mmol) of selenic acid and 2.002 g (110.2 mmol)
of deionized distilled water. The crystals of compound VI were
synthesized through the reaction 0.059 g (0.1 mmol) of uranyl
nitrate, 0.010 g (0.1 mmol) of diethylamine, 0.679 g (4.7 mmol) of
selenic acid and 2.002 g (110.2 mmol) of deionized distilled water.
The solid products were formed after three days in small amount.
The pH values of the solutions described above are in the range
from 1 to 0, moreover for the newly prepared solutions the values
tend closer to 1, whereas precipitation of crystals increases acidity.

2.2. Single crystal X-ray study

Single crystals of I–VII have been selected for data collection under
an optical microscope, encased in epoxy and mounted on glass fibres.
Data were collected using monochromatic MoKα radiation (λ[MoKα]¼
0.71073 Å) by means of a Bruker SMART APEX II CCD (I–VI) and STOE
IPDS II (VII) diffractometers. The unit-cell parameters were refined by
least-squares techniques. Data were integrated and corrected for
background, Lorentz, and polarization effects using an empirical
spherical model by means of the Bruker programs APEX2 and XPREP

(I–VI) and STOE X-AREA (VII). Absorption correction was applied using
the SADABS program [25] for (I–VI) and STOE X-RED & X-SHAPE [26]
for VII. The structures were solved by direct methods and refined
using the SIR-92 [27] and SHELXL-97 programs [28] incorporated in
the OLEX2 program package [29]. Due to the low quality of crystals
(especially phases IV–VII), their metastability and sensitivity to air,
only rather rough structural models could be obtained, which is
manifested in the presence of high residual electron-density peaks,
low bond precision, and refinement of organic molecules in isotropic

approximation only (VII), as well as in the impossibility to localize the
positions of several H atoms. However, the hydrogen bonding system
in such cases can be inferred from the short O–O contacts involving
sites occupied by water and hydronium molecules. The final models
included coordinates and anisotropic displacement parameters for all
non-hydrogen atoms. The carbon-bound H atoms were placed in
calculated positions and were included in the refinement in the
‘riding’ model approximation, with Uiso(H) set to 1.5Ueq(C) and C–H
0.96 Å for CH3 groups, with Uiso(H) set to 1.2Ueq(C) and C–H 0.97 Å for
CH2 groups, Uiso(H) set to 1.2Ueq(N) and N–H 0.89 Å for the NH3

groups, and Uiso(H) set to 1.2Ueq(N) and N–H 0.86 Å for the NH2

groups. Positions of H atoms of H2Omolecules, hydronium cations and
OH$ groups were localized from difference Fourier maps and kept
fixed during refinement. Relevant crystallographic data are listed in
Table 1. Selected interatomic distances are listed in Tables S1–S7. CCDC
files 901940, 901941, 901942, 901943, 901944, 901945, and 901946
contain the supplementary crystallographic data for the compounds
I–VII, respectively. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif

3. Results

3.1. Structural descriptions

The crystal structures of all seven compounds reported in this
paper contain uranyl pentagonal bipyramids and selenate tetrahedra.
The structures of V and VII also contain selenite trigonal pyramids. The
polyhedra are linked into inorganic structural units. The structures
contain one (I), two (II, III, V, VI and VII), or four (IV) crystal-
lographically unique UVI cations forming approximately linear uranyl
ions, [UO2]

2þ , with the U¼O bond lengths varying from 1.711(10) Å to
1.787(7) Å. These basic uranyl entities are coordinated in their
equatorial planes by four oxygen atoms and one H2O molecule to
form UO7 pentagonal bipyramids with the average 〈U–Oeq〉 bond
lengths equal to 2.390 Å. The U–H2O bond lengths lie in range of
2.424(12)–2.554(7) Å. In the structure of I there are two symmetrically
independent SeVI atoms. The structures of II, III, IV, and VI contain
three SeVI atoms each, whereas the structure of IV contains six

Table 1

Crystallographic data for I, II, III, IV, V, VI and VII.

Compound I II III IV V VI VII

Formula mass 666.15 1079.14 2256.03 2267.28 1685.05 1770.70 1685.07
Space group P212121 P212121 P21/c P21/c P21/m P21/m Pnma

a (Å) 7.5363(7) 11.2154(5) 11.1679(4) 12.451(5) 8.3116(4) 8.941(2) 11.6591(11)
b (Å) 12.2021(11) 11.2263(5) 10.9040(4) 31.126(5) 18.6363(8) 19.300(4) 14.9556(17)
c (Å) 16.7601(16) 16.9138(8) 17.9913(6) 14.197(4) 11.5623(5) 11.377(3) 22.194(2)
β (1) 90.00 90.00 98.019(1) 120.39(2) 97.582(1) 97.510(4) 90.00
V (Å3) 1541.2(2) 2129.57(17) 2169.57(17) 4746(2) 1775.31(14) 1946.5(7) 3870.0(7)
Size (mm3) 0.21%0.17%0.09 0.21%0.17%0.07 0.23%0.19%0.08 0.23%0.18%0.07 0.19%0.14%0.08 0.22%0.20%0.06 0.26%0.20%0.09
μ (mm–1) 15.306 20.394 20.036 18.323 19.286 17.217 17.310
Z 4 4 2 4 2 2 4
2θ range (1) 4.13–60.00 4.35–60.00 4.38–55.00 2.62–55.00 4.17–60.00 4.18–54.98 3.28–39.10
Dcalc (g/cm

3) 2.871 3.366 3.457 3.173 3.152 3.021 2.892
Total ref. 13,644 17,184 23,671 34,682 23,753 18,435 10,911
Unique ref. 4492 6112 4988 10896 5323 4597 1680
Unique |Fo|Z4σF 4117 5340 3855 5379 3940 2459 1221
Rint 0.0564 0.0651 0.0723 0.0963 0.0762 0.1196 0.1116
Rσ 0.0562 0.0684 0.0574 0.0993 0.0605 0.1609 0.0714
R1 (|Fo|Z4σF) 0.0311 0.0283 0.0330 0.0482 0.0362 0.0396 0.0602
wR2 (|Fo|Z4σF) 0.0629 0.0484 0.0735 0.1060 0.0935 0.0583 0.0962
GOF 0.940 0.934 0.964 0.875 1.083 0.737 1.127
ρmin, ρmin, e (Å3) $1.497, 2.339 $1.199, 1.099 $1.997, 2.824 $4.340, 4.608 $2.216, 2.793 $1.383, 1.651 $1.210, 1.054
CCDC 901940 901941 901942 901943 901944 901945 901946

Note: R1¼Σ||Fo|–|Fc||/Σ|Fo|; wR2¼{Σ [w(Fo
2
$Fc

2)2]/Σ[w(Fo
2)2]}1/2; w¼1/[σ2(Fo

2)þ(aP)2þbP], where P¼(Fo
2
þ2Fc

2)/3; GOF¼{Σ[w(Fo
2
$Fc

2)]/(n–p)}1/2 where n is the number of
reflections and p is the number of refined parameters.
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independent SeVI atoms. In the structures of V and VII there are three
independent Se positions of which two sites [Se1 and Se2] correspond
to SeVI, whereas the Se3 site is occupied by SeIV. The SeVI cations in
each structure are tetrahedrally coordinated by four O atoms, forming
[SeO4]

2$ tetrahedra with the average 〈Se–O〉 bond length equals to
1.634 Å. In the structure of V and VII, the Se3 site has a trigonal
pyramidal coordination with an apex occupied by the SeIV atom. This
coordination type is typical for SeIV cations possessing stereoactive
lone electron pairs. In the structure of III, the Se3 site is occupied by
both SeVI (site-occupation factor (s.o.f.)¼0.93) and SeIV (s.o.f.¼0.07)
atoms with the total s.o.f. equal to 1.0. The Se3O3 trigonal pyramids in
V and VII are strongly distorted: two short equivalent bonds [1.645(6)
Å and 1.653(16) Å in V and VII, respectively] and one longer bond [1.78
(2) Å and 1.78(4) Å in V and VII, respectively]. The observed elongation
is the result of relatively strong hydrogen bonding to the nearby
terminal methyl cations of the protonated dimethylamine molecule in
the structure of V, and by protonation of the selenite group in the
structure of VII. The asymmetric [SeO3]

2$ and [HSeO3]
2$ selenite

groups were observed, in particular, in the structures of (NH4)
[UO2(HSeO3)(SeO3)] [30], M[(UO2)(HSeO3)(SeO3)] (M¼K, Rb, Cs, Tl)
[31], [C5H14N][(UO2)(SeO4)(SeO2OH)] [32], and [C5H14N]4(UO2)3(-
SeO4)4(HSeO3)(H2O)(H2SeO3)(HSeO4) [33].

In the crystal structure of I, the [UO6(H2O)]
6$ pentagonal bipyr-

amids share corners with two adjacent [SeO4]
2$ tetrahedra to form

[(UO2)(SeO4)2(H2O)]
2$ chains running parallel to the b axis. The cha-

ins are arranged into the pseudo layers parallel to the (0 0 1) plane

(Fig. 1a). Two protonated dimethylamine cations [C2H8N]
þ are

arranged between the chains and provide their linkage into a three-
dimensional structure.

The crystal structures of II, IV and III, are based upon complex 2D
layers with the composition [(UO2)2(SeO4)3(H2O)n]

2$ . The topology of
the U and Se polyhedral linkage is different for the different values of
n. The layers are parallel to (0 0 1) in II and III, and to (0 1 0) in IV

(Figs. 2 and 3). The uranyl selenate layers present in II and III are
slightly corrugated. The interpolyhedral U–Obr–Se angles in II, III and
IV have the average values of 135.61, 136.11 and 135.6% , respectively,
which are in general agreement with the average value of 136.81
reported in [34]. The structure of II contains two protonated linear
dimethylamine molecules [C2H8N]

þ as interlayer species. Diproto-
nated diethylenetriamine cation [C4H15N3]

2þ , hydronium cation
[H3O]

þ and disordered nitrate group [NO3]
$ are arranged between

the layers in the structure of III. In the interlayer space of IV, there are
three crystallographically independent protonated [C2H8N]

þ cations,
one Zundel [H5O2]

þ cation, and five water molecules.
The crystal structures of V, VI, and VII are based upon the layers

with U:Se¼3:5 formed as a result of condensation of the [UO2]
2þ ,

[UO2(H2O)]
2þ , [SeVIO4]

2$ , [SeIVO3]
2$ and [HSeIVO3]

$ coordination
polyhedra by sharing common oxygen atoms. In the structures of V
and VI the inorganic layers are parallel to (1 0 0) (Fig. 4). The layers in
VII are parallel to (0 0 1) and are strongly undulated along the c axis
(Fig. 5). The undulation vector is parallel to [0 1 0] and is equal to b

(14.956 Å). The undulation amplitude is about 15 Å. The undulations
in the adjacent sheets have an anti-phase character, whichmeans that
large elliptical channels are created along the a axis. The structure

Fig. 1. The crystal structure of I projected along the b axis (a), and the [(UO2)
(SeO4)2(H2O)]

2$ chains in the crystal structure of I (b). Legend: U polyhedra¼yellow;
Se polyhedra¼orange; C and N atoms are white and blue, respectively; hydrogen
atoms are small grey circles. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. The crystal structures of II and III projected along the b axis, (a) and (b),
respectively. Legend is as in Fig. 1; [H3O]

þ groups¼cyan circles, [NO3]
$
¼blue

triangles. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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with similar undulated layers was observed previously [35]. In the
structure of V, two protonated dimethylamine molecules [C2H8N]

þ

and one hydronium cation [H3O]
þ are located in the interlayer space,

and form hydrogen bonds to the O atoms of uranyl groups and sele-
nium oxyanions. The structure of VI contains three protonated
diethylamine molecules [C4H12N]

þ and one hydronium cation
[H3O]

þ as interlayer species. The charge of the inorganic layer in
VII is compensated by three disordered protonated dimethylamine
molecules [C2H8N]

þ located in the interlayer space. It is of interest

that there is also one electroneutral dimethylamine molecule
(C2H7N)

0 in the centre of the elliptical channels.

3.2. Topological analysis

Topological structure of uranyl selenate units in the structures
under consideration can be visualized using the nodal representation.
In the framework of this approach [36–38], the U and Se coordination
polyhedra are symbolized by black and white nodes, respectively. The
vertices are linked by an edge if two respective polyhedra share a
common oxygen atom. The resulting graph is used to investigate
topological relations between similar structures.

Fig. 1b shows the topological structure of the 1D-units of I. The
[(UO2)(SeO4)2(H2O)]

2$ chain observed in the structure of I corre-
sponds to the simple 1D graph. Chains of this type are quite common
for uranyl compounds with the [TO4]

n$ tetrahedra (T¼S, Se, P, As).
They have been observed first in the structure of Mn[(UO2)
(SO4)2(H2O)](H2O)5 [39] and later in a number of amine-templated
uranyl sulfates [40–45] and other compounds, including [(UO2)
(H2PO4)2(H2O)](H2O)2 [46], [(UO2)(H2AsO4)2(H2O)] [47], M[(UO2)
(SeO4)2(H2O)](H2O)4 (M¼Mg, Zn) [48], [C5H16N2]2[(UO2)(SeO4)2
(H2O)](NO3)2 [49], [CH3NH3]2[(UO2)(SeO4)2(H2O)](H2O) [50].

Fig. 6a and b shows uranyl selenate layers in the structures of II,
III, and IV. The corresponding black-and-white graphs are
depicted in Fig. 6c and d. In the crystal structure of II and III, the
topology of the [(UO2)2(SeO4)3(H2O)n]

2$ layers with n¼1 is based
upon 4- and 6-membered rings of alternating black and white
nodes. The graph has been observed in uranyl sulfates [N2C3H12]
[(UO2)2(H2O)(SO4)3] [44], [N2C4H14][(UO2)2(H2O)(SO4)3](H2O) [51],
and uranyl selenates [C4H12N]2[(UO2)2(SeO4)3(H2O)], [C4H14N2]
[(UO2)2(SeO4)3(H2O)](H2O)2, [C3H10N]2[(UO2)2(SeO4)3(H2O)](H2O),
[C5H16N2][(UO2)2(SeO4)3(H2O)](H2O) [52], K(H5O2)[(UO2)2(SeO4)3
(H2O)] [53]. The topology of the [(UO2)2(SeO4)3(H2O)n]

2$ layer
with n¼2 in IV contains 4- and 8-membered rings. This topology
is rare and has previously been observed only in two uranyl
chromates (NH4)2(UO2)2(CrO4)3(H2O)6 [54] and K2[(UO2)2(CrO4)3
(H2O)2](H2O)4 [55], but has never been observed in uranyl
selenates.

The crystal structures of V, VI, and VII are based upon the layers
with U:Se¼3:5 (Fig. 7a). These structures have the same topology of
inorganic layers. The corresponding graph (Fig. 7b) is built from 4- and
6-membered rings. This topology of inorganic complexes is typical for
uranyl selenite–selenates such as [C5H14N]4[(UO2)3(SeO4)4(HSeO3)
(H2O)](H2SeO3)(HSeO4) [33], (H3O)[C5H14N]2[(UO2)3(SeO4)4(HSeO4)
(H2O)], (H3O)[C5H14N]2[(UO2)3(SeO4)4(HSeO4)(H2O)](H2O) [56], and
has also been observed in some uranyl selenates: Rb4[(UO2)3(-
SeO4)5(H2O)] [57], (H5O2)2(H3O)2[(C10H20O5)2][(UO2)3(SeO4)5(H2O)]
and (H5O2)(H3O)3[C10H20O5]5[(UO2)3(SeO4)5(H2O)] [58].

Fig. 3. The crystal structure of IV. Legend is as in Fig. 1; [H3O]
þ groups and water

molecules¼cyan and red circles, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The crystal structures of V and VI projected along the b axis, (a) and (b),
respectively. Legend is as in Fig. 1. [H3O]

þ groups and oxygen atoms¼cyan and red
circles; SeIV atoms¼big orange circles. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. The crystal structure of VII projected along the b axis. Legend is as in Fig. 1;
oxygen atoms¼circles; SeIV atoms¼big orange circles.
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3.3. Geometrical isomerism

To define a topology of the layer by means of its nodal
representation is not enough to define its complete topological
structure. The detailed examination of orientations of structural
units may reveal geometrical difference between the layers with
the same black-and-white graph, which led Krivovichev and Burns
[57] to the definition of geometrical isomerism. It is important to
note that the isomers cannot be transformed one into another by
simple rotations without breaking of chemical bonds. To distin-
guish between the layers with the same graph observed in the
structures of II, III, and V, VI, VII, one has to analyse orientations of
selenium polyhedra relative to the planes of the layers.

The analysis of the black-and-graph of the topology of layers of V,
VI and VII (Fig. 7d–f) indicates that its white vertices are either 2- or
3-connected: 2-connected white vertices correspond to selenite
trigonal pyramids, whereas 3-connected correspond to selenate tetra-
hedra. These selenite–selenate polyhedra share three of its corners
with adjacent 4- or 5-connected uranyl pentagonal bipyramids. The
non-shared corners may have either up-, down- or disordered (up-or-
down) orientations relative to the plane of the layer. This ambiguity
gives rise to geometric isomers with various orientations of the
selenium polyhedra. To identify and classify the isomers of this type,
we use their orientation matrices [58]. According to this approach, as
applied to the structures in hand, the symbols u (up), d (down), m
(orientation up-down topologically equivalent) or □ (white vertex is
missing in the graph) are assigned to each white vertex.

The graphs shown in Fig. 8 have the u, d and m symbols
written near white vertices. It can be seen that the systems of the

u, d and m symbols are different for the layers, which therefore
should be considered as different geometrical isomers. The iso-
mers can be distinguished by their orientation matrices that
provide short notations of the translational independent rectan-
gular system of the u, d, m and □ symbols. The orientation
matrices of the layers in the crystal structures of V, VI and VII

shown in Figs. 8d–f have 6%2 dimensions and can be written in
row as (duuudd)(ud□du□), (dumudm)(ud□du□) and (ududud)
(ud□du□), respectively. Thus, the uranyl selenite layers observed in
the crystal structures of V, VI and VII correspond to different
geometrical isomers.

Using the above procedure, we can constitute the equivalence
of the orientation matrices of the inorganic layers of the crystal
structures of II and III. The same orientation matrix for these
structures may be written as (u□dd)(uu□d) (Fig. 9).

3.4. Flexibility of structural units

An interesting feature of the substantial number of uranyl com-
pounds [37,59], including seven structures reported herein, is the
connection of adjacent coordination polyhedra through the common
bridging vertices that can be depicted as a sort of a flexible ball-in-
socket arrangement. This flexibility results in the relative ease of
adaptation of layered [(UO2)x(TO4)y]

z$ systems to variable cations and
other species present in the solutions during crystallization. As it has
been observed in multiple experiments, there is no direct correlation
between the size of the cation and the degree of the layer distortion
(corrugation). The presence of large cations or molecules may lead to
minor tiltings of coordination polyhedra at their connections, i.e.

Fig. 6. The [(UO2)2(SeO4)3(H2O)n]
2$ layers in the crystal structures of II, III—(a) (n¼1), and in the crystal structure of IV—(b) (n¼2) in polyhedral representations; their

graphs (c and d, respectively). Legend is as in Fig. 1; white vertices¼Se, black vertices¼U.
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around bridging oxygen atoms, to result in a symmetry reduction [60]
compared to the ideal symmetry of structural units. In some cases,
interactions between interlayer species and uranyl oxysalt units result

in distortion of the layer planes and, in rare cases, formation of tubular
structures [12–14]. The total effect of the 2-D unit bending includes
rotation and displacements of individual U–Obr–T fragments (Fig. 10).

Fig. 7. The inorganic layers with U:Se¼3:5 in the crystal structures of V, VI, and VII—(a), (b), and (c), respectively; their graphs—(d), (e) and (f), respectively. Legend is as in
Fig. 5. See text for details.

Fig. 8. Black-and-white graphs of the inorganic layers in the structures of V, VI, and VII—(a), (b) and (c), respectively, with the orientation symbols of selenium polyhedra;
extended tables of orientation symbols (d), (e) and (f), respectively. Translational independent orientation matrices are selected in extended tables by rectangular areas.
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Therefore, it can be assumed that the value of the layer distortion can
be determined by analyzing the bond angles at bridging oxygen
atoms. This principle has a restricted application and works only
locally, because of the fact that polyhedral tiltings are often occur in

the layer plane. It might be assumed that the lower the average U–O–T
angle, the higher the degree of the layer distortion. However, Table 2
and Fig. 11 show that the average value of the bridging angles for the
most flat layers (IV) is less than the average value for the most
distorted ones (VII). However, the smallest angle in the structure of VII
[124.9(11) Å] matches the “wave’s crest”, while the biggest angle
(157.2(13) Å) stretches along the “wave’s wall” (Fig. 12). The same
observation could be also attributed, for instance, to the structure of II,
where the similar pair of angles [128.7(4) and 143.3(4) Å] arranged in
the similar way. Thus, the local distribution of the U–O–Se links
supports the suggestion that the lower U–Obr–T angles correspond to
the direction of the higher layer undulation. Another point is that the
average angles arranged in the middle part of the interval even for
highly distorted layers, which could be explained by the tendency of
the layer to flatten itself at least partially.

4. Conclusion

In this paper, we have reported seven new uranyl oxysalts with
selenium and organic amines. The observed topologies of the
structural units of new compounds have been investigated using
graphs, and the special approach based upon construction of orienta-
tion matrices has been applied to distinguish different geometrical
isomers of uranyl selenates and selenite–selenates with the same
structural topologies. The statistical analysis of the U–Obr–Se bond
angles in selenium polyhedra in the crystal structures showed the
possibility for the specification of the undulation of crystal complexes.
Further analysis of the data accumulated for uranyl oxysalts may

Fig. 9. Black-and-white graph of the inorganic layers in the structures of II, and III

(a) with the orientation symbols of selenium polyhedra; extended tables of
orientation symbols—(b). Translational independent orientation matrices are
selected in (b) by rectangular areas.

Fig. 10. Ball-in-socket joint model (a) and its working principle in the structures of
uranyl containing compounds (b and c).

Table 2

The U–Obr–Se bond angles (1) in the structures of I$VII.

I U3$O4$Se4 141.2 (6)
U1$O3$Se1 138.0 (4) U3$O17$Se4 132.3 (6)
U1$O5$Se1 137.4 (4) U3$O8$Se5 132.8 (6)
U1$O7$Se2 141.6 (3) U3$O29$Se6 135.7 (6)
U1$O9$Se2 137.1 (4) U4$O12$Se4 133.8 (6)
〈U$Obr$Se〉 138.5 U4$O5$Se5 132.2 (6)

U4$O10$Se5 143.2 (7)
II U4$O16$Se6 134.4 (6)
U1$O3$Se1 134.0 (4) 〈U$Obr$Se〉 135.6
U1$O5$Se1 143.3 (4)
U1$O8$Se2 137.1 (4) V

U1$O9$Se2 133.8 (3) U1$O1$Se1 134.3 (3)
U1$O16$Se3 132.5 (3) U1$O4$Se2 141.3 (4)
U2$O6$Se1 128.7 (4) U1$O12$Se1 131.4 (3)
U2$O10$Se2 133.8 (3) U1$O8$Se2 142.9 (4)
U2$O14$Se3 143.6 (4) U1$O9$Se3 136.8 (3)
U2$O15$Se3 134.0 (4) U2$O2$Se1 142.9 (3)
〈U$Obr$Se〉 135.6 U2$O5$Se2 161.0 (5)

〈U$Obr$Se〉 141.5
III

U1$O4$Se1 140.9 (3) VI

U1$O5$Se1 143.6 (4) U1$O4$Se1 150.3 (4)
U1$O6$Se2 133.8 (3) U1$O14$Se2 136.1 (4)
U1$O3$Se3 132.9 (3) U2$O5$Se1 133.7 (4)
U1$O7$Se3 133.4 (4) U2$O6$Se1 132.7 (4)
U2$O13$Se1 131.2 (3) U2$O10$Se2 134.5 (4)
U2$O10$Se2 138.1 (3) U2$O12$Se2 153.4 (4)
U2$O11$Se2 136.5 (3) U2$O11$Se3 135.3 (4)
U2$O12$Se3 134.6 (3) 〈U$Obr$Se〉 139.4
〈U$Obr$Se〉 136.1

VII

IV U1$O9$Se1 132.8 (10)
U1$O7$Se1 132.3 (5) U1$O14$Se1 132.6 (13)
U1$O11$Se1 133.4 (6) U1$O1$Se2 157.2 (13)
U1$O2$Se2 140.9 (6) U1$O5$Se2 139.4 (10)
U1$O18$Se3 135.5 (6) U1$O11$Se3 124.9 (11)
U2$O6$Se1 140.2 (7) U2$O15$Se1 137.0 (11)
U2$O1$Se2 133.5 (6) U2$O6$Se2 139.2 (11)
U2$O3$Se2 133.5 (6) 〈U$Obr$Se〉 137.6
U2$O13$Se3 134.0 (6)

V.V. Gurzhiy et al. / Journal of Solid State Chemistry 229 (2015) 32–4038

173



provide more details for understanding of how cations of various
shape and dimensionality influence topology and geometry of com-
plex inorganic substructures.
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Table S1 

Selected interatomic distances (Å) in I. 
Distance  Distance  

U1−O2 1.772(5) Se1−O6 1.617(7) 

U1−O1 1.774(5) Se1−O4 1.622(7) 

U1−O7 2.287(5) Se1−O3 1.647(6) 

U1−O5 2.328(5) Se1−O5 1.663(5) 

U1−O9 2.372(5) <Se1–O> 1.637 

U1−O3 2.396(6)   

U1−H2O11 2.489(6) Se2−O8 1.621(7) 

<U1–OUr> 1.773 Se2−O10 1.628(7) 

<U1–Oeq> 2.374 Se2−O9 1.642(5) 

  Se2−O7 1.694(5) 

  <Se2–O> 1.646 
 

Table S2 

Selected interatomic distances (Å) in II. 

Distance  Distance  

U1−O2 1.757(6) Se1−O4 1.605(7) 

U1−O1 1.757(7) Se1−O3 1.633(7) 

U1−O5 2.358(6) Se1−O5 1.639(6) 

U1−O3 2.365(6) Se1−O6 1.661(6) 

U1−O8 2.382(5) <Se1–O> 1.635 

U1−O9 2.424(6)   

U1−O16 2.433(5) Se2−O7 1.593(7) 

<U1–OUr> 1.757 Se2−O9 1.639(6) 

<U1–Oeq> 2.392 Se2−O10 1.654(5) 

  Se2−O8 1.654(6) 

U2−O12 1.755(7) <Se2–O> 1.635 

U2−O11 1.760(7)   

U2−O14 2.357(7) Se3−O17 1.614(6) 

U2−O10 2.365(6) Se3−O15 1.637(6) 

U2−O15 2.367(6) Se3−O14 1.639(6) 

U2−O6 2.413(7) Se3−O16 1.650(6) 

U2−H2O13 2.499(7) <Se3–O> 1.635 

<U2–OUr> 1.758   

<U2–Oeq> 2.400   
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Table S3 

Selected interatomic distances (Å) in III. 

Distance Distance 

U1–O2 1.743(6) Se1–O17 1.616(6) 
U1–O1 1.763(6) Se1–O5 1.633(6) 
U1–O3 2.362(5) Se1–O13 1.640(6) 

U1–O5 2.379(5) Se1–O4 1.646(5) 
U1–O7 2.381(6) <Se1–O> 1.634 

U1–O6 2.384(6) 
U1–O4 2.386(5) Se2–O15 1.577(8) 

<U1–OUr> 1.753 Se2–O10 1.646(6) 
<U1–Oeq> 2.378 Se2–O11 1.653(6) 

Se2−O6 1.657(5) 

U2–O8 1.752(6) <Se2–O> 1.633 
U2–O9 1.767(6) 

U2–O10 2.352(5) Se3–O16 1.600(7) 
U2–O11 2.355(6) Se3–O12 1.643(6) 
U2–O12 2.387(5) Se3–O3 1.660(5) 

U2–O13 2.407(7) Se3–O7 1.660(6) 
U2–H2O14 2.481(6) <Se3–O> 1.641 

<U2–OUr> 1.760 
<U2–Oeq> 2.396 Se3A–O7 1.528(10) 

Se3A–O3 1.587(10) 
Se3A–O12 1.653(11) 

<Se3A–O> 1.589 

Table S4 

Selected interatomic distances (Å) in IV. 

Distance Distance 

U1–O14 1.752(12) Se1–O20 1.617(12) 
U1–O22 1.771(11) Se1–O11 1.626(9) 

U1–O18 2.358(10) Se1–O7 1.644(9) 
U1–O2 2.363(11) Se1–O6 1.657(12) 
U1–O11 2.392(8) <Se1–O> 1.636 

U1–O7 2.412(8) 

U1–H2O24 2.476(11) Se2–O28 1.587(12) 

<U1–OUr> 1.762 Se2–O1 1.632(8) 
<U1–Oeq> 2.400 Se2–O3 1.636(9) 

Se2–O2 1.643(11) 

U2–O23 1.766(11) <Se2–O> 1.625 
U2–O32 1.780(12) 

U2–O6 2.364(11) Se3–O15 1.619(10) 
U2–O13 2.372(9) Se3–O9 1.622(10) 

U2–O1 2.391(8) Se3–O13 1.652(10) 
U2–O3 2.400(7) Se3–O18 1.666(10) 

178



U2–H2O30 2.424(12) <Se3–O> 1.640 
<U2–OUr> 1.773   

<U2–Oeq> 2.90 Se4–O4 1.606(11) 
  Se4–O33 1.638(11) 

U3–O31 1.764(12) Se4–O12 1.639(9) 
U3–O27 1.770(11) Se4–O17 1.640(10) 
U3–O29 2.381(10) <Se4–O> 1.631 

U3–O4 2.390(11)   
U3–O8 2.396(8) Se5–O34 1.610(12) 

U3–O17 2.398(9) Se5–O10 1.611(11) 
U3–H2O35 2.470(11) Se5–O5 1.644(9) 
<U3–OUr> 1.767 Se5–O8 1.645(9) 

<U3–Oeq> 2.407 <Se5–O> 1.628 

    

U4–O26 1.730(13) Se6–O19 1.611(11) 
U4–O25 1.763(12) Se6–O21 1.624(10) 

U4–O10 2.369(11) Se6–O29 1.631(10) 
U4–O16v 2.376(9) Se6–O16 1.647(10) 
U4–O5 2.398(9) <Se6–O> 1.628 

U4–O12 2.404(8)   
U4–H2O36 2.455(12)   

<U4–OUr> 1.747   
<U4–Oeq> 2.400   
 

Table S5 

Selected interatomic distances (Å) in V. 

Distance  Distance  

U1–O10 1.758(7) Se1−O11 1.589(6) 

U1−O6 1.787(7) Se1−O2 1.635(5) 

U1−O9 2.336(5) Se1−O1 1.640(6) 

U1−O8 2.364(6) Se1−O12 1.643(5) 

U1−O4 2.392(6) <Se1–O> 1.627 
U1−O1 2.393(5)   

U1−O12 2.445(5) Se2−O5 1.600(7) 
<U1–OUr> 1.773 Se2−O8 1.603(6) 

<U1–Oeq> 2.386 Se2−O4 1.630(6) 
  Se2−O14 1.650(10) 

U2−O13 1.749(10) <Se2–O> 1.621 
U2−O3 1.765(9)   
U2−O2 2.336(5) 2× Se3−O9 1.645(6) 2× 

U2−O5 2.338(6) 2× Se3−HO15 1.888(19) 
U2−H2O7 2.554(7) <Se3–O> 1.726 

<U2–OUr> 1.757   
<U2–Oeq> 2.380   
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Table S6 

Selected interatomic distances (Å) in VI. 

Distance  Distance  

U1–O1 1.711(10) Se1–O7 1.608(7) 
U1–O2 1.734(10) Se1–O5 1.632(7) 
U1–O4 2.312(7) 2× Se1–O6 1.646(7) 

U1–O14 2.409(7) 2× Se1–O4 1.655(7) 
U1–H2O3 2.537(10) <Se1–O> 1.635 

<U1–OUr> 1.723   
<U1–Oeq> 2.396 Se2–O13 1.611(7) 

  Se2–O12 1.633(7) 
U2–O9 1.728(7) Se2–O10 1.644(7) 

U2–O8 1.748(7) Se2–O14 1.663(7) 

U2–O11 2.356(7) <Se2–O> 1.638 
U2–O12 2.369(7)   

U2–O10 2.392(6) Se3–O16 1.54(4) 
U2–O6 2.395(7) Se3–O11 1.645(7) 2× 
U2–O5 2.441(7) Se3–O15 1.723(12) 

<U2–OUr> 1.738 <Se3–O> 1.64 
<U2–Oeq> 2.391   
 

Table S7 

Selected interatomic distances (Å) in VII. 

Distance  Distance  

U1–O13 1.737(18) Se1−O8 1.62(3) 
U1−O2 1.749(17) Se1−O9 1.66(2) 
U1−O5 2.331(19) Se1−O15 1.66(2) 

U1−O1
i 2.35(2) Se1−O14 1.67(3) 

U1−O14 2.36(2) <Se1–O> 1.65 

U1−O11 2.365(17)   
U1−O9 2.42(2) Se2−O12 1.57(3) 

<U1–OUr> 1.743 Se2−O1 1.60(2) 
<U1–Oeq> 2.37 Se2−O6 1.633(18) 
  Se2−O5 1.67(2) 

U2−O3 1.77(3) <Se2–O> 1.62 

U2−O10 1.78(3)   

U2−O15 2.334(16) 2× Se3−O11 1.653(16) 2× 
U2−O6 2.367(18) 2× Se3−HO4 1.78(4) 
U2−H2O7 2.49(3) <Se3–O> 1.70 

<U2–OUr> 1.78   
<U2–Oeq> 2.38   
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Abstract The K- and Na-synthetic analogues of the fumarol-
ic mineral ilinskite have been synthesized by the chemical
vapor transport (CVT) reactions method. The A-
[Cu5O2](SeO3)2Cl3 (A

+ = K+, Na+) compounds crystallize in
the orthorhombic space group Pnma: a = 18.1691(6) Å,
b = 6.4483(2) Å, c = 10.5684(4) Å, V = 1238.19(7) Å3,
R1 = 0.018 for 1957 unique reflections with F > 4σF for
K[Cu5O2](SeO3)2Cl3 (KI), and a = 17.7489(18) Å,
b = 6.4412(6) Å, c = 10.4880(12) Å, V = 1199.0(2) Å3,
R1 = 0.049 for 1300 unique reflections with F > 4σF for
Na[Cu5O2](SeO3)2Cl3 (NaI). The crystal structures of KI

and NaI are based upon the [O2Cu5]
6+ sheets consisting of

corner-sharing (OCu4)
6+ tetrahedra. The Na-for-K substitution

results in the significant expansion of the interlayer space and
changes in local coordination of some of the Cu2+ cations. The
A+ cation coordination changes from fivefold (for Na+) to
ninefold (for K+). The CVT reactions method provides
a unique opportunity to model physicochemical condi-
tions existing in fumarolic environments and may be
used not only to model exhalative processes, but also
to predict possible mineral phases that may form in fumaroles.
In particular, the K analogue of ilinskite is not known in na-
ture, whereas it may well form from volcanic gases in a K-rich
local geochemical environment.

Introduction

Exhalative geochemistry and mineralogy have attracted con-
siderable attention recently, owing to the discovery of a wide
range of minerals that form during condensation of volcanic
gases in fumaroles (Demartin et al. 2013, 2014; Garavelli et al.
2013; Mitolo et al. 2013; Krivovichev et al. 2013a; Shuvalov
et al. 2013; Pinto et al. 2014; Pekov et al 2013a, b, c, d, 2014a,
b, c; Murashko et al. 2013; Vergasova et al. 2014). Of partic-
ular interest are copper oxoselenite chlorides, which, in addi-
tion to their mineralogical interest, possess rich and unique
structural chemistry and special magnetic properties (Burns
and Hawthorne 1995; Bastide et al. 2000; Millet et al. 2001;
Burns et al. 2002; Krivovichev et al. 2006; Zhang et al. 2010;
Berdonosov et al. 2013).

Most of naturally occurring copper selenite oxyhalide min-
erals contain Badditional^ oxygen atoms that are coordinated
solely by Cu2+ cations, resulting in the formation of
oxocentered (OCu4)

6+ tetrahedra: allochalcoselite,
Cu+[PbCu2+5O2](SeO3)2Cl5 (Krivovichev et al. 2006),
burnsite, KCd[Cu7O2](SeO3)2Cl9 (Burns et al. 2002),
chloromenite [Cu9O2](SeO3)4Cl6 (Krivovichev et al. 1998),
francisite, [Cu3BiO2](SeO3)2Cl (Pring et al. 1990),
georgbokiite, α–[Cu5O2](SeO3)2Cl2 (Krivovichev et al.
1999a), nicksobolevite, [Cu7O2](SeO3)2Cl6 (Vergasova et al.
2014), parageorgbokiite β–[Cu5O2](SeO3)2Cl2 (Krivovichev
et al. 2007), prewittite KPb0.5Cu[PbCu5O2]Zn(SeO3)2Cl10
(Shuvalov et al. 2013). It is the unique feature of Cu2+ to form
anion-centered units of different dimensionalities reviewed
recently by Krivovichev et al. (2013b). These minerals form
as a result of volcanic exhalative processes that can be
modeled using gas transport reactions as was originally sug-
gested by Filatov et al. (1992) and confirmed by a number of
successful syntheses of mineral analogues under labora-
tory conditions by chemical vapor transport (CVT)
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reactions method (Millet et al. 2001; Krivovichev et al.
2004; Berdonosov et al. 2009; Zhang et al. 2010;
Kovrugin et al. 2015).

In this paper, we report on the synthesis and crystal struc-
tures of K- and Na-synthetic analogues of ilinskite
(Vergasova et al. 1997; Krivovichev et al. 2013c), a rare
mineral from volcanic fumaroles of the Tolbachik volcano
(Kamchatka peninsula, Russia).

Experimental

Single crystals of K[Cu5O2](SeO3)2Cl3 (KI) and
Na[Cu5O2](SeO3)2Cl3 (NaI) were prepared by the chemical
vapor transport (CVT) reactions method (Binnewies et al.
2013). In the course of the CVT reactions a precursor is par-
tially transported by a gaseous agent from a source zone to a
deposition zone under the action of a temperature gradient.

Fig. 1 General scheme of the
CVT method (a), the source zone
of the tube (b), the crystals of
K[Cu5O2](SeO3)2Cl3 picked out
from the source zone (c), and a
common view of the sealed silica
tube after the CVT
synthesis (d)

Table 1 Crystallographic data and refinement parameters for KI and NaI

K[Cu5O2](SeO3)2Cl3 Na[Cu5O2](SeO3)2Cl3

Crystal data:

Temperature 293 K 293 K

Radiation MoKα, 0.71073 Å MoKα, 0.71073 Å

Crystal system orthorhombic orthorhombic

Space group Pnma Pnma

a (Å) 18.1691(6) 17.7489(18)

b (Å) 6.4483(2) 6.4412(6)

c (Å) 10.5684(4) 10.4880(12)

Volume (Å3) 1238.19(7) 1199.0(2)

Z 4 4

Dcalc (g/cm
3) 4.018 4.060

μ (mm−1) 15.333 15.523

Crystal size (mm3) 0.25 × 0.10 × 0.08 0.21 × 0.11 × 0.08

Data collection:

θ range 2.23 – 31.54° 2.27 – 31.02°

h, k, l ranges −26 → 26, −8 → 9, −14 → 15 −17 → 25, −9 → 6, −15 → 15

Total reflections collected 9584 7946

Unique reflections (Rint) 2233 (0.0265) 2042 (0.0984)

Unique reflections F > 4σF 1957 1300

Structure refinement:

Refinement method Full-matrix least-squares on F2

Weighting scheme w = 1/[σ2(Fo
2) + (0.023P)2],

where P = (Fo
2 + 2Fc

2)/3

Extinction coefficient 0.00079(8) none

R1[F > 4σF], wR2[F > 4σF] 0.018, 0.040 0.049, 0.065

R1 all,
wR2 all

0.023, 0.041 0.099, 0.077

Goodness-of-fit 1.035 0.991

Largest diff. peak and hole, e Å−3 0.735, −0.765 1.617, −1.668
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The general scheme of the CVTmethod is shown in Fig. 1a. A
mixture of CuO (0.318 g, 4 mmol), CuCl2 (0.134 g, 1 mmol),
SeO2 (0.222 g, 2 mmol) and KCl (0.075 g, 1 mmol) for KI

(NaCl (0.058 g, 1 mmol) for NaI) were grounded and loaded
into a silica tube (ca. 15 cm), which was further evacuated to
10–2mbar and sealed. The tubes were placed horizontally into
a tubular two-zone furnace, heated to 773 K for 3 days and
subsequently slowly cooled to room temperature. The temper-
ature gradient between the source (hot) and deposition (cold)
zones of the tube in the furnace was about 50 K. Green needle-
like single crystals of KI (Fig. 1c) and NaI were observed in
the source zones of the tubes (Fig. 1b) in association with
black block-shaped crystals of synthetic georgbokiite,
α–[Cu5O2](SeO3)2Cl2 (Krivovichev et al. 1999a). Green platy

crystals of Cu2O(SeO3) (Effenberger and Pertlik 1986) were
found in the middle part, while transparent elongated crystals
of Cu(HSeO3)2 (Effenberger 1985) occurred in the deposition
zone of the tubes (Fig. 1d).

The crystals of KI and NaI selected for the X-ray diffrac-
tion data collection were mounted on a Bruker APEX II X-ray
diffractometer equipped with a microfocus MoKα

(λ = 0.71073 Å) X-ray tube operated at 50 kV and 40 mA.
The unit-cell dimensions (Table 1) for both compounds were
refined by the least-squares techniques. The data were inte-
grated and corrected for absorption and background effects
using the Bruker program packages. The solution and refine-
ment of the crystal structures of KI and NaI were performed
using the SHELXL program package (Sheldrick 2008). Both

Table 2 Atomic coordinates and equivalent isotropic displacement parameters of atoms in the structures of A[Cu5O2](SeO3)2Cl3 (A
+ = K+, Na+) and

ilinskite (Krivovichev et al. 2013c). Ueq = (1/3)ΣiΣjUijaiajai·aj

Atom A = K A = Na ilinskite Atom A = K A = Na ilinskite

x 0.40349(4) 0.4076(3) 0.40541(13) Cl2 x 0.54316(5) 0.53659(16) 0.53666(9)

y 1/4 1/4 1/4 y 1/4 1/4 1/4

z 0.74241(7) 0.7359(5) 0.7360(3) z −0.12462(11) −0.1356(3) −0.13445(17)

Ueq/Å
2 0.02347(15) 0.0502(15) 0.0370(7) Ueq/Å

2 0.0431(3) 0.0375(8) 0.0361(4)

Cu1 x 0.59855(2) 0.59928(6) 0.59925(3) Cl3 x 0.74081(5) 0.75484(16) 0.75419(9)

y 1/4 1/4 1/4 y 1/4 1/4 1/4

z 0.49282(3) 0.49980(11) 0.49944(6) z 0.76767(9) 0.7729(3) 0.77233(15)

Ueq/Å
2 0.01207(8) 0.0123(3) 0.0123(1) Ueq/Å

2 0.0347(2) 0.0330(7) 0.0339(3)

Cu2 x 0.64034(2) 0.63266(7) 0.63306(3) O1 x 0.76868(10) 0.7730(3) 0.77281(17)

y 1/4 1/4 1/4 y −1/4 −1/4 −1/4

z −0.00210(4) −0.00159(11) −0.00162(6) z 0.59776(18) 0.5958(5) 0.5962(3)

Ueq/Å
2 0.01364(8) 0.0135(3) 0.0134(1) Ueq/Å

2 0.0099(4) 0.0088(13) 0.0095(5)

Cu3 x 0.71965(2) 0.71861(7) 0.71866(3) O2 x 0.70183(10) 0.7041(3) 0.70363(17)

y 1/4 1/4 1/4 y 1/4 1/4 1/4

z 0.27638(3) 0.27544(11) 0.27592(6) z 0.45476(18) 0.4551(6) 0.4560(3)

Ueq/Å
2 0.01261(8) 0.0131(3) 0.0132(1) Ueq/Å

2 0.0094(3) 0.0089(13) 0.0104(5)

Cu4 x 0.73299(2) 0.73701(5) 0.73671(2) O3 x 0.65743(7) 0.6516(2) 0.65176(13)

y 0.00432(4) 0.00171(13) 0.00221(6) y −0.0537(2) −0.0522(6) −0.0515(4)

z 0.53549(2) 0.53098(8) 0.53143(4) z 0.01066(14) 0.0075(4) 0.0081(2)

Ueq/Å
2 0.01281(6) 0.01442(19) 0.01384(9) Ueq/Å

2 0.0136(3) 0.0124(10) 0.0147(4)

s x 0.43000(2) 0.43047(6) 0.43037(2) O4 x 0.49551(10) 0.4939(3) 0.49404(18)

y 1/4 1/4 1/4 y 1/4 1/4 1/4

z 0.41824(3) 0.42166(9) 0.42118(5) z 0.53153(19) 0.5421(6) 0.5412(3)

Ueq/Å
2 0.01051(6) 0.0106(2) 0.01026(9) Ueq/Å

2 0.0158(4) 0.0149(15) 0.0161(7)

Se2 x 0.62105(2) 0.61514(5) 0.61556(2) O5 x 0.67294(11) 0.6697(4) 0.67054(19)

y −1/4 −1/4 −1/4 y −1/4 −1/4 −1/4

z −0.08073(3) −0.08525(9) −0.08483(4) z −0.21020(19) −0.2131(6) −0.2130(3)

Ueq/Å
2 0.01014(6) 0.0101(2) 0.01012(9) Ueq/Å

2 0.0166(4) 0.0168(15) 0.0169(7)

Cl1 x 0.59034(4) 0.58643(15) 0.58668(7) O6 x 0.37690(7) 0.3753(2) 0.37550(13)

y 1/4 1/4 1/4 y 0.0512(2) 0.0508(6) 0.0504(4)

z 0.24841(7) 0.2508(3) 0.25060(13) z 0.47371(15) 0.4727(5) 0.4733(3)

Ueq/Å
2 0.01870(15) 0.0261(6) 0.0246(3) Ueq/Å

2 0.0168(3) 0.0187(11) 0.0189(5)
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structures were solved by direct methods in the orthorhombic
Pnma space group and refined to the R1 values of 0.018 forKI

and 0.049 for NaI. The crystal quality of NaI was relatively
poor that most probably results from a local intergrowth of
twinned domains. Atom coordinates and displacement param-
eters are given in Table 2 and selected distances are in Table 3.
The results of the bond-valence sum (BVS) analysis for KI,
NaI and ilinskite are given in Table 4. All empirical bond-
valence parameters required for the BVS calculations were
taken from (Brese and O’Keeffe 1991). The BVS values ob-
tained for Cl(3) are rather low (0.42 and 0.46 valence units
(v.u.) forKI andNaI, respectively). This phenomenon is rath-
er typical for copper oxoselenite chlorides (Krivovichev et al.
2013c; Kovrugin et al. 2015). Additional structural informa-
tion is provided in the Supporting Information as Crystallo-
graphic information files (CIFs).

Results

K[Cu5O2](SeO3)2Cl3 (KI) and Na[Cu5O2](SeO3)2Cl3 (NaI)
are isotypic and crystallize in the Pnma space group. The
structural data for NaI are in full agreement with the data
reported for natural ilinskite by (Krivovichev et al. 2013c).
The differences between the structures of synthetic K- and
Na-ilinskites are discussed below.

The crystal structures ofKI and NaI contain four symmet-
rically independent Cu sites with different mixed-ligand coor-
dination environments (Fig. 2). The Cu(1) site is coordinated
by five ligands to form [(4O)+Cl] square pyramids. The sim-
ilar coordination geometries have previously been reported in
the crystal structures of nabokoite, K2Cu7(TeO4)(SO4)5Cl
( P e r t l i k a n d Zemann 1988 ) , a n d bobk i n g i t e ,
Cu5Cl2(OH)8(H2O)2 (Hawthorne et al. 2002). The average
<Cu(1)–O> distances are 1.971 and 1.965 Å for KI and
NaI, respectively, whereas the Cu(1)–Cl(1) bond lengths are
2.587 and 2.621 Å forKI in NaI, respectively. The Cu(3) site
has a distorted square coordination by three oxygen and one
chlorine atom. This type of coordination geometry, [3O+Cl],
has been observed recently in the crystal structure of
Na2[Cu7O2](SeO3)4Cl4 (Kovrugin et al. 2015). The Cu(3)–O
bond lengths are in the ranges of 1.900–1.957 Å in KI and of
1.890–1.985 Å inNaI. The Cu(3)–Cl1 bonds are 2.368 Å and
2.360 Å in KI and NaI, respectively.

The coordinations of the Cu(2) and Cu(4) sites in KI

and NaI are different due to the shift of the Cl(3) site induced
by the greater size of the K+ cations compared to Na+.
The Cu(2) site has a distorted square pyramidal [(3O+Cl)+Cl]
coordination in NaI, similar to the one observed in
Cu3(MoO4)(TeO3)Cl2(H2O)0.5 (Takagi et al. 2006). In the crys-
tal structure of KI, the Cu–Cl distance to the sixth nearest
neighboring site Cl(3) (3.042 Å (0.06 v.u.)) is shorter than that
in NaI (3.209 Å (0.04 v.u.)). Thus Cl(3) anion can be

considered as a sixth ligand of a Jahn-Teller-distorted [(3O+
Cl)+2Cl] octahedral environment of the Cu2 atom in the struc-
ture of KI, but not in the structure of NaI. The same coordina-
tions were observed in the crystal structures of belloite,
C u (OH )C l ( E f f e n b e r g e r 1 9 8 4 ) , a v d o n i n i t e ,
K2Cu5Cl8(OH)4(H2O)2 (Kahlenberg 2004; Chukanov et al.
2007), SrCu2(SeO3)2Cl2 (Berdonosov et al. 2009), and
nicksobolevite, Cu7(SeO3)2O2Cl6 (Vergasova et al. 2014).
The opposite apical Cl(1) atom of the Cu(2) octahedron is
located at the distance of 2.780 Å and 2.772 Å in KI and
NaI, respectively. In the square plane of the polyhedron, the
average <Cu(2)–O> bond length is equal to 1.979 Å inKI and

Table 3 Selected interatomic distances (Å) in the structures of
A[Cu5O2](SeO3)2Cl3 (A+ = K+, Na+) and ilinskite (Krivovichev et al.
2013c). The italicized values are not considered as bonds owing to their
bond-valences smaller than 0.05 v.u

K[Cu5O2](SeO3)2Cl3 Na[Cu5O2](SeO3)2Cl3 ilinskite

A1–O4 2.786(2) 2.545(8) 2.585(4)

A1–Cl2 2.9009(11) 2.657(6) 2.688(3)

A1–Cl3 2.9575(11) 2.713(6) 2.702(3)

A1–Cl1 3.2276(1) 2x 3.2253(4) 2x 3.230(1) 2x

3.1529(18) 2x 3.098(7) 2x 3.095(5) 2x

3.1043(16) 2x 3.157(7) 2x 3.150(4) 2x

Cu1–O2 1.9163(19) 1.919(6) 1.910(3)

Cu1–O4 1.9191(18) 1.922(6) 1.921(3)

Cu1–O6 2.0238(15) 2x 2.010(4) 2x 2.009(2) 2x

Cu1–Cl1 2.5874(8) 2.621(3) 2.628(2)

Cu2–O1 1.9611(18) 1.961(6) 1.964(3)

Cu2–O3 1.9876(15) 2x 1.977(4) 2x 1.975(2) 2x

Cu2–Cl2 2.1896(9) 2.210(3) 2.211(2)

Cu2–Cl1 2.7989(8) 2.772(3) 2.779(2)

Cu2–Cl3 3.0419(9) 3.209(3) 3.208(2)

Cu3–O1 1.8996(19) 1.890(6) 1.897(3)

Cu3–O2 1.9128(19) 1.902(6) 1.914(3)

Cu3–O5 1.957(2) 1.985(7) 1.972(3)

Cu3–Cl1 2.3680(7) 2.360(3) 2.360(2)

Cu3–Cl3 3.3045(2) 2x 3.2550(5) 2x 3.260(3) 2x

Cu4–O1 1.8823(9) 1.871(3) 1.876(2)

Cu4–O2 1.8863(10) 1.879(3) 1.878(2)

Cu4–O3 2.0333(13) 2.019(4) 2.022(2)

Cu4–O6 2.0307(14) 2.022(4) 2.023(2)

Cu4–Cl3 2.9242(9) 3.016(3) 3.012(2)

Cu4–Cl3 3.3057(9) 3.159(3) 3.179(2)

Se1–O4 1.688(2) 1.692(6) 1.695(3)

Se1–O6 1.7083(14) 2x 1.701(4) 2x 1.705(2) 2x

<Se1–O> 1.702 1.698 1.702

Se2–O5 1.662(2) 1.655(6) 1.665(4)

Se2–O3 1.7238(14) 2x 1.729(4) 2x 1.734(2) 2x

<Se2–O> 1.703 1.704 1.711
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1.972 Å in NaI; the Cu(2)–Cl(2) is 2.190 Å and 2.210 Å inKI

and NaI, respectively.
In the crystal structure ofNaI, the Cu(4) atom possesses an

octahedral environment with four short equatorial Cu–O and
two longer axial Cu–Cl bonds. The [(4O)+(2Cl)] type of an
octahedral environment of Cu2+ cations is commonly

observed in Pb-Cu oxyhalides, and has been described e.g.,
in the crystal structures of leningradite, PbCu3(VO4)2Cl2
(Siidra et al. 2007), and chloroxiphite, Pb3CuO2(OH)2Cl2
(Siidra et al. 2008). The shift of the Cl(3) atoms is influenced
by the larger size of K+ cations in the structure of KI and
results in the change of the two symmetrically inequivalent

Table 4 Bond-valence analysis (in valence units = v.u.) for the crystal structures of A[Cu5O2](SeO3)2Cl3 (A
+ = K+, Na+) and ilinskite (Krivovichev

et al. 2013c). The italicized values in brackets are given for interatomic distances that are not considered as bonds, and do not sum up in total

Compound Site O1 O2 O3 O4 O5 O6 Cl1 Cl2 Cl3 Σ

KI A1 0.072x→ 0.17 0.062x→ 0.13×2→↓ 0.23 0.20 1.12

NaI (0.032x→) 0.14 (0.032x→) 0.07×2→↓ 0.31 0.26 0.85

ilinskite (0.032x→) 0.12 (0.032x→) 0.07×2→↓ 0.28 0.27 0.81

KI Cu1 0.53 0.52 0.392x→ 0.20 2.03

NaI 0.52 0.52 0.412x→ 0.19 2.05

ilinskite 0.54 0.52 0.412x→ 0.18 2.06

KI Cu2 0.47 0.432x→ 0.12 0.60 0.06 2.11

NaI 0.47 0.452x→ 0.12 0.57 (0.04) 2.06

ilinskite 0.46 0.452x→ 0.12 0.57 (0.04) 2.05

KI Cu3 0.55 0.53 0.47 0.37 (0.032x→↓) 1.92

NaI 0.57 0.55 0.44 0.38 (0.032x→↓) 1.94

ilinskite 0.55 0.53 0.45 0.38 (0.032x→↓) 1.91

KI Cu4 0.582x↓ 0.572x↓ 0.38 0.39 0.082x↓, (0.032x↓) 2.00

NaI 0.602x↓ 0.582x↓ 0.40 0.40 0.062x↓, 0.042x↓ 2.08

ilinskite 0.592x↓ 0.582x↓ 0.39 0.40 0.062x↓, 0.042x↓ 2.06

KI Se1 1.39 1.322x→ 4.03

NaI 1.38 1.352x→ 4.08

ilinskite 1.37 1.332x→ 4.03

KI Se2 1.272x→ 1.50 4.04

NaI 1.252x→ 1.52 4.02

ilinskite 1.232x→ 1.48 3.94

KI Σ 2.18 2.20 2.15 2.09 1.97 2.16 0.95 0.83 0.42

NaI 2.24 2.23 2.10 2.04 1.96 2.16 0.83 0.88 0.46

ilinskite 2.19 2.23 2.07 2.01 1.93 2.14 0.82 0.85 0.47
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axial Cu(4)–Cl(3) bonds within the Cu(4) polyhedron: 2.924
Å (0.08 v.u.) and 3.306 Å (0.03 v.u.) inKI in contrast to 3.016
Å (0.06 v.u.) and 3.159 Å (0.04 v.u.) in NaI. Thus, the coor-
dination of the Cu(4) site in KI can be regarded as a five-fold
square [(4O)+(Cl)] pyramid with one axial Cu(4)–Cl(3) bond,
analogous to the environment of the Cu(1) sites in both struc-
tures. The average <Cu(4)–O> bond lengths within the square
plane of the Cu(4) polyhedron are equal to 1.958 Å and 1.948
Å in KI and NaI, respectively.

There are two symmetrically independent selenium sites in
the crystal structures of KI and NaI. The Se4+ cations have
typical oxygen coordination of triangular pyramid with a
stereochemically active lone pair of electrons as a complemen-
tary ligand. The average <Se–O> distances are equal 1.702 Å
and 1.703 Å for Se1 and Se2 sites, respectively in KI, and
1.698 Å and 1.704 Å for Se1 and Se2 sites, respectively inNaI.

According to the calculated BVSs (Table 4), the arrange-
ment of alkali cations in the crystal structures ofKI andNaI is
different. The arrangement of coordinating ligands of Na+ in
NaI consists of one oxygen and four chlorines, forming a
distorted [(O+2Cl)+2Cl] trigonal bipyramid (Fig. 2b). K+ cat-
ions in KI are surrounded by five oxygen and four chlorine
atoms each (Figs. 2a and 3).

The crystal structures of KI and NaI contain Badditional^
oxygen atoms, which are coordinated solely by Cu2+ cations,

Fig. 2 Coordination of cations in the crystal structures of K[Cu5O2](SeO3)2Cl3 (a) and Na[Cu5O2](SeO3)2Cl3 (b). Legend: K
+ = pink; Na+ = violet;

Cu2+ = cyan; Se4+ = orange; O2− = red; Cl− = green. Displacement ellipsoids are drawn at the 50 % probability level

Fig. 3 Mode of linkage of the Cu coordination polyhedra in the crystal
structures of A[Cu5O2](SeO3)2Cl3 (A

+ = K+, Na+). Legend: Cu2+ = cyan;
O2− = red; Cl− = green
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resulting in the formation of oxocentered (OCu4)
6+ tetrahedra.

The (OCu4)
6+ tetrahedra share common corners to form the

[Cu5O2]
6+ sheets parallel to (100) (Fig. 4a). These two-

dimensional (2D) structural units resemble the [Si2O5]
2– groups

in phyllosilicates, where the cations and anions are inverted.
Similar copper-oxide sheets with large pseudohexagonal pores
were observed in the crystal structure of averievite,
[Cu5O2](VO4)2·MCl (M = Cu+, Rb+, Cs+) (Starova et al. 1997),
and synthetic [Pb2Cu3O2](SeO3)2(NO3)2 (Effenberger 1986). An
important topological distinction between these 2D units is that
the non-bonded apices of the (OCu4)

6+ tetrahedra in 6-membered
rings have different Bup^ and Bdown^ orientations relative to the
plane of the sheet. The sheet in the crystal structures of ilinskite-
type compounds, A[Cu5O2](SeO3)2Cl3 (A

+ = K+, Na+), is based
upon UUDUUD rings (Fig. 4b), whereas the structure of
averievite and synthetic [Pb2Cu3O2](SeO3)2(NO3)2 consist of
the sheets withUDUDUD topology (theU andD symbols iden-
tify the Bup^ and Bdown^ orientations of the O–Cuterminal bond
relative to the plane of the sheet).

The [Cu5O2]
6+ sheets in the crystal structures ofKI andNaI

are surrounded by selenite triangular pyramids and chlorine
anions to produce a microporous framework. The pores are
filled with alkali metal cations and lone pairs of electrons of
selenite groups. It is noteworthy that two crystallographically
independent selenite groups play different roles in the structural
architecture. The O–O–O triangular planes of the (Se(2)O3)
pyramids are parallel and attached to the Cu–Cu–Cu face of
the (O(2)Cu4)

6+ tetrahedra according to the ‘face-to-face’ prin-
ciple (Krivovichev and Filatov 1999; Krivovichev et al. 1999b).
The (Se(1)O3) groups are oriented perpendicular to the copper-
oxide [Cu5O2]

6+ sheets and link them into a three-dimensional
(3D) framework through strong Se–O–Cu bonds (Fig. 4a).

Discussion

The size of alkali cations in the crystal structures ofKI andNaI
has a significant influence upon their organization. The

Fig. 4 The crystal structures of
A[Cu5O2](SeO3)2Cl3 (A

+ = K+,
Na+) in two different projections
featuring side and top view of the
[O2Cu5]

6+ layer of oxocentered
(OCu4)

6+ tetrahedra. Legend:
A+ = black; Cu2+ = cyan;
Se4+ = orange; O2− = red;
Cl− = green; the (OCu4)

6+

tetrahedra are highlighted by red.
The A–O and A–Cl bonds are
omitted for clarity

Fig. 5 Comparison of the
superimposed crystal structures of
Na[Cu5O2](SeO3)2Cl3 (on top in
color) and K[Cu5O2](SeO3)2Cl3
(below in greyscale) (a: Na+ and
K+ are omitted for clarity) and the
coordination environments of the
A1 atoms (b). Legend is the same
as in Fig. 4. Displacement
ellipsoids in (a) are drawn at the
50 % probability level
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substitution of smaller Na+ cations (Rion = 1.02 Å, Shannon
(1976)) by larger K+ cations (Rion = 1.38 Å) leads to the expan-
sion of alkali metal coordination polyhedra and, as a result, in
the enlarged unit-cell parameters of K[Cu5O2](SeO3)2Cl3 com-
pared to its Na analogue.

The a parameter value is most seriously influenced by the
increased size of an alkali metal atom: it enlarges by 0.420 Å
from 17.749 Å in NaI to 18.169 Å inKI, whereas the b and c
unit-cell parameters do not undergo significant changes (∆ = +
0.071 Å and ∆ = +0.080 Å for the b and c parameters, respec-
tively). It can be explained by the fact that the major size-
effect occurs in separating further the complex copper oxide-
selenite sheets parallel to (100). One of the shortest distance
between the two closest copper cations from the adjacent
sheets changes from 5.705 Å in NaI to 6.034 Å in KI

(∆ = +0.329 Å). The longest Cu–Cu distance increases from
8.891 Å in NaI to 9.102 Å in KI (∆ = +0.211 Å) as shown in
Fig. 5a. Geometry of the linkage of the corner-sharing
(OCu4)

6+ tetrahedra varies in both structures due to the differ-
ence in the interlayer distance. The dihedral angles between
triangular Cu–Cu–Cu faces of the adjacent (OCu4)

6+ tetrahe-
dra with alternating orientations of the ‘pendant’ vertices rel-
ative to the sheet plane differ significantly (60.87 ° in KI and
65.30 ° in NaI), whereas the adjacent faces of the tetrahedra
oriented in the same direction are inclined to each other at
approximately the same angle in both structures (156.27 ° in
KI, and 155.97 ° in NaI).

The shift of the Cl(3) site (Fig. 5b) relative to its coordination
environment is influenced by the cation size and deserves a spe-
cial remark. The A(1)–Cl(3) bond length increases from 2.713 Å
inNaI to 2.956Å inKI (∆ = +0.243Å). The Cu(3)–Cl(3)–Cu(3)
angle between the chlorine anion and the plane of the [O2Cu5]

6+

sheet is smaller in KI: 154.68° versus 163.33° in NaI.
The [O2Cu5]n

6n+ sheets in the crystal structures of KI and
NaI are slightly bent due to the Na→K substitution. The
planes formed by the oxygen atoms of the parallel adjacent
(OCu4)

6+ tetrahedra are inclined one to each other at 16.17°
and 12.31° in KI and NaI, respectively.

The present work further demonstrates that CVT reactions
method provides a unique opportunity to model physicochem-
ical conditions existing in fumarolic environments and may be
used not only to model exhalative processes, but also to pre-
dict possible mineral phases that may form in fumaroles. In
particular, the K analogue of ilinskite is not known in nature,
whereas it may well be formed from volcanic gases. The sim-
ilar case of the Na→K substitution is present in many fuma-
rolic minerals, e.g. euchlorine (NaKCu3O(SO4)3) – fedotovite
(K2Cu3O(SO4)3) (Scordari and Stasi 1990; Vergasova et al.
1988; Starova et al. 1991), wulffite (K3NaCu4O2(SO4)2) –
parawulffite (K5Na3Cu8O4(SO4)4) (Pekov et al. 2013c, d;
Karpov et al. 2013). It is therefore well-probable that the K
analogue of ilinskite, K[Cu5O2](SeO3)2Cl3, may form in na-
ture in a K-rich fumarolic environment.
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Abstract: Single crystals of [NaCl][Cu(HSeO
3
)

2
] have been 

prepared by the chemical vapor transport reactions. Its 
crystal structure (monoclinic, C2/c, a  =  13.9874(7), b  =  
7.2594(4), c  =  9.0421(5) Å, β  =  127.046(2)°, V  =  732.81(7) Å3) 
is based upon electroneutral [Cu(HSeO

3
)

2
] sheets formed 

by corner sharing between the [CuO
4
] squares and (HSeO

3
) 

groups that are parallel to the (100) plane. Each (SeO
2
OH)– 

group forms the O
h
1...O2 hydrogen bond to an adjacent 

hydroselenite group to constitute a [(SeO
2
OH)

2
]2– dimer that 

provides additional stabilization of the copper diselenite 
sheet. The [Cu(HSeO

3
)

2
] sheets alternate with the sheets 

consisting of zigzag–Na–Cl–Na–Cl–chains formed by Cl 
atoms and disordered Na sites. The chains are parallel to 
the c axis. The linkage between the alternating electroneu-
tral [Cu(HSeO

3
)

2
] and [NaCl] sheets is provided by the Cu–Cl 

and Na–O bonds. The coordination of Na is fivefold and 
consists of three O and two Cl atoms. [NaCl][Cu(HSeO

3
)

2
] is 

a new member of the group of compounds based upon the 
M(HSeO

3
)

2
 layers (M2+  =  Cu, Co, Cd). The prototype struc-

ture for this group is [Cu(HSeO
3
)

2
] that does not have any 

chemical species separating the copper hydroselenite lay-
ers. In other compounds, the interlayer space between the 
[Cu(HSeO

3
)

2
]0 layers is occupied by structural units of dif-

ferent complexity. [NaCl][Cu(HSeO
3
)

2
] can be considered as 

[Cu(HSeO
3
)

2
] intercalated with the NaCl layers consisting of 

one-dimensional–Na–Cl–Na–Cl–chains.

Keywords: copper; crystal structure; intercalated struc-
tures; layered compounds; selenite.

Introduction

Transition metal selenites have been the focus of a 
number of recent studies due to their interesting physical 
properties, arising in part due to the interplay between 
the stereochemical activity of lone pairs of electrons on 
the Se4+ cations and electronic properties of transition 
metal cations [1–9]. The interest has also been stimu-
lated by the attempts to understand purely fundamen-
tal reasons for structural diversity in selenites and its 
underlying crystal chemical mechanisms [10–12]. In this 
regard, copper selenite chlorides are of particular impor-
tance, due to their natural occurrences as minerals [13–
17] and the structures featuring ‘scissor’-type disruption
of a bonding network induced by the well-localized ste-
reochemically active but chemicall inactive lone electron 
pairs [18–22].

In this paper, we report on the synthesis and crystal 
structure of [NaCl][Cu(HSeO

3
)

2
], a novel compound pre-

pared by the chemical vapor techniques (CVT) and a new 
member of the family of inorganic and organic-inorganic 
compounds based upon the electroneutral M(HSeO

3
)

2
 

layers (M2+  =  Cu, Co, Cd) [23–29].

Experimental

Synthesis

Single crystals of [NaCl][Cu(HSeO
3
)

2
] have been prepared by the 

CVT method. Mixture of CuO, CuCl
2
, SeO

2
, and NaCl taken in the 

4:1:2:3 molar ratio were loaded into a fused silica tube (ca. 15 cm), 
which was evacuated to 10–2 mbar before sealing. The tubes were 
placed horizontally into a tubular two-zone furnace, and heated to 
500°. The temperature di_erence between the source and deposi-
tion zones of the tube was about 50 °C. Aaer 3 days, the tubes were 
cooled down to room temperature over 24 h. The products of the syn-
thesis consisted of green crystals of Na

2
[Cu

7
O

2
](SeO

3
)

4
Cl

4
 [30] and few 
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pale blue translucent block-shaped crystals of [NaCl][Cu(HSeO
3
)

2
] 

( Figure 1).

X-ray experiment

Single crystals of [NaCl][Cu(HSeO
3
)

2
] selected for data collection 

were examined under an optical microscope and mounted on a 
glass dber with epoxy for single crystal X-rays di_raction analysis. 
More than a hemisphere of the X-ray di_raction data were collected 
with the frame width of 0.5° in ω, and 45 s spent counting for each 
frame using a Bruker APEX DUO di_ractometer equipped with a 
micro-focus X-ray tube operated with MoK

α
 radiation at 50 kV and 

40 mA. The data were integrated and corrected for absorption using 
a multi-scan type model using the Bruker programs APEX and SAD-
ABS. The crystal structure was solved by direct methods and redned 
to the crystallographic agreement factor R

1
  =  0.021 by means of the 

SHELX program package [31]. Relevant crystallographic information 
is listed in Table 1. The dnal atomic coordinates, site-occupation fac-
tors (SOFs) and anisotropic displacement parameters are given in 
Table 2. Selected interatomic distances are in Table 3. Hydrogen atom 
positions have been determined from di_erence Fourier map.

Further details of the crystal structure investigation are avail-
able from the Fachinformationszentrum Karlsruhe, D-76344 Eggen-
stein-Leopoldshafen, Germany, on quoting the depository number 
CSD-429287, the names of the authors and the citation of the paper.

Results

The crystal structure of the title compound contains one 
symmetrically independent Cu site octahedrally coor-
dinated by four O and two Cl atoms. The coordination 
is typical for the mixed-metal CuO

n
Cl

m
 configurations 

occurring in inorganic copper oxysalts [14]. The Cu site 
forms four short Cu–O bonds (1.967–1.968 Å) that define 
a [CuO

4
] square complemented by two long Cu–Cl bonds. 

This type of coordination (four short equatorial and two 
long apical bonds) is a consequence of the Jahn–Teller 
distortion of octahedral geometry. The similar [CuO

4
Cl

2
] 

Fig. 1: Crystals of [NaCl][Cu(HSeO3)2] under optical microscope.

Tab. 1: Crystallographic data and refinement parameters for [NaCl]
[Cu(HSeO3)2].

Crystal data

Crystal system monoclinic
Space group C2/c
a (Å) 13.9874(7)
b (Å) 7.2594(4)
c (Å) 9.0421(5)
β (°) 127.046(2)
Unit-cell volume (Å3) 732.81(7)
Z 2
Calculated density (g/cm3) 3.425
Absorption coefficient (mm–1) 13.313
Crystal size (mm) 0.17  ×  0.12  ×  0.09

Data collection
Temperature 293 K
Radiation, wavelength (Å) MoK

α
, 0.71073

F(000) 700
θ range (°) 3.35–30.97
h, k, l ranges –20 → 11, -9 → 10, –12 → 13
Total reflections collected 3926
Unique reflections (Rint) 1170 (0.026)
Unique reflections F > 4σ

F
989

Structure refinement
Refinement method Full-matrix least-squares on F2

Weighting coefficients a, b * 0.0232, 1.3732
Data/restraints/parameters 1170/0/62
R1[F  >  4σ

F
], wR2[F  >  4σ

F
] 0.021, 0.051

R1 all, wR2 all 0.030, 0.053
Goodness-of-fit on F2 1.081
Largest diff. peak and hole 0.702, –0.645 eÅ–3

octahedra have been observed, e.g. in atacamite, 
Cu

2
(OH)

3
Cl [32], and leningradite, PbCu

3
(VO

4
)

2
Cl

2
 [33]. 

There is one Se site coordinated by three O atoms to form 
a trigonal (SeO

3
) pyramid characteristic for selenites. One 

of the three Se–O bonds is elongated (Se–O
h
1  =  1.751 Å) 

compared to two other bonds (1.671 and 1.680 Å), owing 
to the protonation of the O

h
1 site. The [CuO

4
] squares and 

(HSeO
3
) groups share O atoms to form electroneutral 

[Cu(HSeO
3
)

2
] sheets parallel to the (100) plane (Figure 2a). 

The (SeO
2
OH)– group form the O

h
1...O2 hydrogen bond to 

an adjacent hydroselenite group to form a [(SeO
2
OH)

2
]2– 

dimer that provides additional stabilization of the copper 
diselenite sheet.

In the crystal structure, the [Cu(HSeO
3
)

2
] sheets alter-

nate with the sheets consisting of zigzag–Na–Cl–Na–
Cl–chains formed by Cl atoms and disordered Na sites 
(Figure 2b). The chains are parallel to the c axis. The Na–Cl 
distances are 2.917 and 2.881 Å, which is comparable to the 
distance 2.82 Å observed in halite, NaCl. The Na–Cl–Na 
angle is equal to 97.1–110.5°, which can be compared to the 
ideal angle of 90° observed in halite.
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Tab. 2: Atomic coordinates, site-occupation factors (SOFs) and displacement parameters (Å2) of atoms in the crystal structure [NaCl]
[Cu(HSeO3)2].

Atom  x  y  z  Ueq  U11  U22  U33  U23  U13  U12

Se   0.16713(2)  0.41354(4)  0.11467(3)  0.01585(8)  0.0205(1)  0.0116(1)  0.0198(1)  0.00158(9)  0.0145(1)  0.00050(9)
Cu   3/4  1/4  0  0.0180(1)  0.0319(3)  0.0103(2)  0.0187(2)  –0.0005(2)  0.0189(2)  –0.0028(2)
Cl   0  0.2461(2)  1/4  0.0271(2)  0.0217(4)  0.0334(6)  0.0243(4)  0.000  0.0129(4)  0.000
Oh1   0.3996(2)  0.2790(3)  0.0302(3)  0.0278(5)  0.029(1)  0.024(1)  0.035(1)  –0.0110(9)  0.022(1)  –0.0101(9)
O2   0.7484(2)  –0.0146(3)  0.0451(3)  0.0226(4)  0.034(1)  0.0122(9)  0.037(1)  0.0044(8)  0.029(1)  0.0005(8)
O3   0.2755(2)  0.3130(3)  0.3144(3)  0.0230(4)  0.030(1)  0.026(1)  0.0189(9)  0.0072(8)  0.0174(8)  0.0089(9)
Na*   0.5242(4)  0.4802(9)  0.0326(10)  0.0437(13)  0.047(3)  0.029(3)  0.079(5)  –0.017(2)  0.051(4)  –0.017(2)
H   0.350(5)  0.333(8)  0.034(7)  0.069(16)           

*Site-occupation factor  =  0.5.

Tab. 3: Selected bond lengths (Å) and angles (deg) in the crystal 
structure [NaCl][Cu(HSeO3)2].

Se–O3   1.671(2)  Na–Oh1  2.265(7)
Se–O2   1.680(2)  Na–Oh1  2.290(7)
Se–Oh1   1.751(2)  Na–O3   2.562(4)
 < Se–O >   1.701  Na–Cl   2.881(8)

    Na–Cl   2.918(8)
Cu–O2   1.967(2) 2 ×    
Cu–O3   1.968(2) 2 ×   Oh1–H   0.81(5)
Cu–Cl   2.7954(2) 2 ×   H...O2   1.85(5)

Fig. 2: Projections of the [Cu(HSeO3)2]
0 layer (a) and the layer of the 

…–Na–Cl–Na–Cl–… chains (b) onto the (100) plane.

Fig. 3: Crystal structure of [NaCl][Cu(HSeO3)2] featuring two- 
dimensional [Cu(HSeO3)2]

0 layers with intercalated …–Na–Cl–… 
chains.

The linkage between the alternating electroneutral 
[Cu(HSeO

3
)

2
] and [NaCl] sheets is provided by the Cu–Cl 

and Na–O bonds (Figure 3). The coordination of Na is five-
fold and consists of three O and two Cl atoms.

Discussion

According to the results of this study, the title com-
pound can be considered as a member of the group of 
compounds based upon the M(HSeO

3
)

2
 layers (M2+  =  Cu, 

Co, Cd) [23–29]. Crystallographic data and geometrical 
parameters of the layers are given in Table 4. The proto-
type structure for this group is [Cu(HSeO

3
)

2
] [23] that does 

not have any chemical species separating the copper 
hydroselenite layers. In other compounds, the interlayer 
space between the [Cu(HSeO

3
)

2
]0 layers is occupied by 

structural units of different complexity. In all Cu com-
pounds, the [Cu(HSeO

3
)

2
]0 layers have approximately the 

same linear parameters, except for [Cu(HSeO
3
)

2
](H

2
O)

2
, 

where the layers are strongly corrugated.
In general, the compound [NaCl][Cu(HSeO

3
)

2
] reported 

herein can be considered as [Cu(HSeO
3
)

2
] intercalated 
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with the NaCl layers consisting of one-dimensional 
–Na–Cl–Na–Cl–chains.
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Abstract 

Two novel copper selenite chlorides, K[Cu3O](SeO3)2Cl (I) and Na2[Cu7O2](SeO3)4Cl4 (II), have been 

synthesized by the chemical vapor transport reactions (CVT method). The crystal structures have been 

solved by direct methods and refined by least-square techniques: I is triclinic, space group P–1, 

a = 7.6821(5) Å, b = 8.1179(5) Å, c = 8.7836(6) Å, α = 113.193(3)°, β = 108.735(4)°, γ = 98.245(4)°, 

V = 453.32(5) Å3, R1 = 0.0481 for 1210 unique reflections with |Fo| ≥ 4σF; II is triclinic, space group P–1, 

a = 7.4362(6) Å, b = 8.3361(7) Å, c = 9.1343(11) Å, α = 110.277(6)°, β = 106.212(6)°, γ = 105.158(4)°, 

V = 467.94(8) Å3, R1 = 0.0265 for 2498 unique reflections with |Fo| ≥ 4σF. The structures of I and II can be 

described in terms of dimers of copper oxocentered tetrahedra. In the crystal structure of I, two (OCu4)
6+ 

tetrahedra share a common Cu∙∙∙Cu edge to form the [O2Cu6]
8+ dimer, whereas the crystal structure of II is 

based upon two (OCu4)
6+ tetrahedra linked together by one common Cu atom resulting in the formation of 

the [O2Cu7]
10+ dimer. A comparison with related minerals and inorganic compounds is given. 

Keywords: crystal structure, oxocentered tetrahedra, lone electron pair, stereoactivity, euchlorine, fedotovite, 

prewittite, burnsite 

204



 

Introduction 

The crystal chemistry of selenium-containing natural and synthetic oxocompounds of copper is of special 

interest owing to the specific structural features of both Cu2+ and Se4+ cations. Cu2+ cations may possess 

different and flexible coordination geometries (Burns and Hawthorne, 1995a, b; Rosner et al., 2007; Melník 

et al., 2011; Burrows et al., 2012; Krivovichev et al., 2012), while Se4+ cations form asymmetric (SeO3)
2– 

groups due to the stereochemically active behaviour of the s2 lone electron pairs resulting in structurally 

complex architectures and interesting physical properties (Mao et al., 2008; Zhang et al., 2010; Berdonosov 

et al., 2013). 

Most of the naturally occurring copper selenite chlorides have been reported from the fumaroles of the 

Tolbachik volcano (Kamchatka peninsula, Russia): ilinskite, Na[Cu5O2](SeO3)2Cl3 (Vergasova et al., 1997; 

Krivovichev et al., 2012), georgbokiite, a–[Cu5O2](SeO3)2Cl2 (Krivovichev et al., 1999a), chloromenite, 

[Cu9O2](SeO3)4Cl6 (Vergasova et al., 1999), burnsite, KCd[Cu7O2](SeO3)2Cl9 (Burns et al., 2002; 

Krivovichev et al., 2002), allochalcoselite, Cu+[PbCu2+5O2](SeO3)2Cl5 (Krivovichev et al., 2006), 

parageorgbokiite, b–[Cu5O2](SeO3)2Cl2 (Krivovichev et al., 2007), prewittite, 

KPb0.5Cu[PbCu5O2]Zn(SeO3)2Cl10 (Shuvalov et al., 2013), and nicksobolevite, [Cu7O2](SeO3)2Cl6 

(Vergasova et al., 2014). The crystal structures of these mineral species contain so-called “additional” or 

“extra” oxygen atoms, which are coordinated solely by copper atoms to form oxocentered (OCu4)
6+ 

tetrahedra. A number of experimental and theoretical works on structural description of anion-centered 

tetrahedra in inorganic compounds have been recently summarized by Krivovichev et al. (2013). 

According to the original idea proposed by Filatov et al. (1992), polynuclear clusters based upon the 

oxocentered copper tetrahedra can perform the role of transport agents of copper in high-temperature 

environments in volcanic fumaroles. Further experimental works on preparation of mineral analogues by 

using of chemical vapor transport reactions (CVT method) provided additional (though indirect) evidence in 

favor of this hypothesis and demonstrated the suitability of the CVT method for the synthesis of copper 

oxoselenites with various structural architectures (Millet et al., 2001; Krivovichev et al., 2004; Becker et al., 

2007; Berdonosov et al., 2009; Zhang et al., 2010). 
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In this paper, we report on the syntheses and crystal structures of two novel copper oxoselenite chlorides, 

K[Cu3O](SeO3)2Cl (I) and Na2[Cu7O2](SeO3)4Cl4 (II), that have been obtained during exploration of 

synthetic copper selenite chloride systems close to ilinskite and prewittite. The structures of the new 

compounds are based upon topologically different types of dimers of [OCu4]
6+ tetrahedra, and herein we 

provide a short review of related minerals and inorganic compounds. 

 

Experimental 

Synthesis 

Single crystals of two novel copper selenite chlorides, K[Cu3O](SeO3)2Cl (I) and Na2[Cu7O2](SeO3)4Cl4 (II), 

have been prepared by the CVT method. Mixtures of CuO, CuCl2, SeO2, and KCl for I (NaCl for II) taken in 

the 4:1:2:3 molar ratio were loaded into a fused silica tube (ca. 15 cm), which was evacuated to 10–2 mbar 

before sealing. The tubes were placed horizontally into a tubular two-zone furnace, and heated to 500°. The 

temperature difference between the source and deposition zones of the tube was about 50°C. After three 

days, the tubes were cooled down to room temperature over 24 hours. Tiny rifle green block-shaped crystals 

of I and II were observed in the middle parts of tubes. 

X-ray diffraction single-crystal analysis 

Crystals selected for the X-ray data collection were mounted on glass fibers, and studied on a Bruker X8 

APEX II three-circle diffractometer equipped with a microfocus X-ray tube with the MoKα radiation at 50 

kV and 40 mA. The unit-cell parameters (Table 1) were refined by the least–squares techniques. The data 

were integrated and corrected for absorption using a multiscan type model implemented in the Bruker 

programs APEX and SADABS. 

The crystal structures of I and II have been solved by direct methods in the space group P–1, and refined 

using least–squares techniques to the R1 value of 0.048 for I and 0.027 for II, calculated for 1210 and 2498 

observed unique reflections for I and II, respectively, using the SHELXL (Sheldrick, 2008) program 

package. Atomic coordinates and displacement parameters are given in Tables 2 and 3; selected interatomic 
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distances are in Tables 4 and 5. The result of bond-valence analysis for I and II is given in Tables 6 and 7. 

All empirical parameters required for bond-valence calculations were taken from (Brese and O’Keeffe 

1991). In both structures the values of bond-valence sums of Cl anions are rather low (0.53 v.u. for Cl1 in I; 

0.69 v.u. and 0.70 v.u. for Cl1 and Cl2 in II, respectively), which is typical for copper oxoselenite chlorides 

(Krivovichev et al., 2012). Additional structural information is provided in the Supporting Information 

(CIF).  

 

Results 

Cation polyhedra and their arrangement 

The review of the mixed-ligand CuOmCln atomic environments of Cu2+ cations was given in (Krivovichev et 

al., 2012). The coordination polyhedra of Cu2+ cations observed in the crystal structures of I and II have 

been already described in other natural and synthetic copper compounds. 

The structure of I contains three symmetrically independent Cu sites (Fig. 1a). The Cu1 site is surrounded by 

four O and one Cl atoms to form an unusual distorted [CuO4Cl]7– trigonal bipyramid with the O7, O2 and 

Cl1 atoms forming an equatorial triangular plane. This type of coordination geometry, [(2O+Cl)+2O], has 

previously been reported for the structure of β–Cu3(SeO3)2Cl2 (Becker et al., 2007). The Cu1–O bond lengths 

vary from 1.892 Å to 2.144 Å; the Cu1–Cl1 bond length is equal to 2.400 Å. The Cu2 atom has a typical 

planar-square [CuO4]
6– coordination, which had been observed, e.g. in the structure of francisite, 

[Cu3BiO2](SeO3)2Cl (Pring et al., 1990). Four oxygen atoms are located at a distance from the Cu2 atom 

ranging between 1.932 Å and 2.003 Å. The coordination polyhedron of Cu3 can be described as a distorted 

[(4O)+(O+Cl)] octahedron, and is similar to that observed in the crystal structures of georgbokiite, a–

[Cu5O2](SeO3)2Cl2 (Krivovichev et al., 1999a), kamchatkite, K[Cu3O](SO4)2Cl (Varaksina et al., 1990), and 

nabokoite, K2Cu7(TeO4)(SO4)5Cl (Pertlik and Zemann, 1988). The average <Cu3–Oeq> bond length within 

the equatorial plane of the octahedron is 1.952 Å. The apical O7 and Cl1 atoms are located at 2.749 Å and 

3.046 Å from the Cu3 site, respectively. Various Cu coordination polyhedra are combined into layers parallel 

to (001) (Fig. 2a). The structure of I contains two symmetrically independent Se4+ cations that form the 
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(SeO3)
2– triangular pyramids with Se located at its apical corner and a stereoactive lone pair acting as a 

complementary ligand. The average <Se–O> distance equals 1.687 Å and 1.701 Å for the Se1 and Se2 sites, 

respectively. The K+ cation is coordinated by seven O2− and two Cl− anions in a distorted arrangement (Fig. 

1a). 

In the crystal structure of II, there are four symmetrically independent Cu sites (Fig. 1b). The Cu1 site forms 

a [CuO4]
6– square with the average <Cu1–O> bond length of 1.940 Å, similar to the Cu2 site in the structure 

of I. The Cu2 and Cu4 sites are coordinated by three O (<Cu2–O> = 1.934 Å, <Cu4–O> = 1.945 Å) and one 

Cl atom (Cu2–Cl2 = 2.363 Å, Cu4–Cl1 = 2.284 Å) to form [CuO3Cl]5– planar squares. The same [(3O+Cl)] 

coordination has been observed previously in the crystal structure of ilinskite, Na[Cu5O2](SeO3)2Cl3 

(Vergasova et al., 1997; Krivovichev et al., 2012). The Cu3 site in the crystal structure of II has a triangular 

bipyramidal [(2O+Cl)+2O] coordination with the bond Cu3–O bond lengths in range 1.902–2.156 Å, and the 

Cu3–Cl2 distance of 2.407 Å. The copper polyhedra form the arrangement shown in Fig. 2b. Two 

symmetrically independent Se sites form (SeO3)
2– trigonal pyramids with the average <Se–O> bond lengths 

of 1.699 Å and 1.697 Å for Se1 and Se2, respectively. The symmetrically unique Na+ cation is surrounded by 

six O2− and one Cl− anion. The Na1–O6 contact corresponds to a weak interaction and its distance is rather 

long (3.169 Å), but it helps to form an approximately triangular prismatic oxygen environment of Na+. 

 

Dimers of [OCu4]
6+ tetrahedra and their linkage 

By analogy with many copper minerals of fumarolic origin (see, e.g. Pekov et al. (2013a,b)), the analysis of 

the crystal structures of I and II in terms of oxocentered tetrahedra seems appropriate to describe the 

structural organization and to reveal relations between different structures with similar chemical 

composition. 

In the crystal structure of I, two [OCu4]
6+ tetrahedra share a common Cu∙∙∙Cu edge to form the [O2Cu6]

8+ 

dimer shown in Fig. 3a. The selenite groups and Cl atoms surround these dimers to form the 

{[O2Cu6](SeO3)4Cl2]}
2− structural units shown in Fig. 3b, which are further interconnected into layers 

parallel to (001) (Fig. 4). The interlayer space is occupied by the K+ cations. The (SeO3)
2− triangular 
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pyramids are attached to the [O2Cu6]
8+ finite cluster in such a way that four selenite triangular O–O–O bases 

are parallel to the four triangular Cu–Cu–Cu faces of the oxocentered tetrahedra (Fig. 4b). This mode of 

atomic interactions between oxocentered tetrahedra and cation-centered groups is known as a ‘face-to-face’ 

principle and it had been previously reported by Krivovichev and Filatov (1999) and Krivovichev et al. 

(1999b). It is of interest that the same geometry of linkage between copper oxocentered dimers and selenite 

triangular pyramids have been observed previously in the monoclinic polymorph of Cu[Cu3O](SeO3)3–I 

(Effenberger and Pertlik, 1986). 

It is noteworthy that, despite of the similarity in their similar chemical formulae, kamchatkite, 

K[Cu3O](SO4)2Cl (Varaksina et al., 1990), is not isotypic to the compound I, K[Cu3O](SeO3)2Cl. In contrast 

to the latter, the former is based upon chains of corner-sharing (OCu4)
6+ tetrahedra. 

The crystal structure of II is based upon the [O2Cu7]
10+ dimeric units shown in Fig. 3c and formed by two 

(OCu4)
6+ tetrahedra sharing a common Cu atom. The dimers are linked by the (SeO3)

2− groups to produce

layers parallel to (100) with interlayer space filled by the Na+ cations, Cl- anions and lone electron pairs of 

the Se4+ cations (Fig. 5). The [O2Cu7]
10+ dimers are coordinated by selenite groups and Cl atoms to form 

{[O2Cu7](SeO3)4Cl4]}
2− structural unit shown in Fig. 3d. Note that the selenite anions play different structural

roles in the crystal structure of II. Whereas the (Se2O3) triangular pyramids is in ‘face-to-face’ orientation 

relative to (O1Cu4) tetrahedra, the (Se1O3) groups are located in between the copper oxoselenite clusters and 

provide their linkage into the metal-oxide layers through the formation of the Se–O–Cu links. 

Discussion 

The novel compounds I and II reported herein are the new members of the structural family of minerals and 

synthetic compounds that are based upon the dimers composed from (OCu4)
6+ groups (Krivovichev et al., 

2013) (Table 8). Fig. 6 provides an overview of the observed coordination environments of the dimers of 

oxocentered tetrahedra in the crystal structures of related copper minerals and synthetic compounds. 

The structures based upon dimers of edge-sharing oxocentered tetrahedra have been observed previously in 

the crystal structures of two polymorphs of Cu[Cu3O](SeO3)3 (Effenberger and Pertlik, 1986). Here the 
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[O2Cu6]
8+ dimers are surrounded by the selenite groups and Cu atoms not bonded to “additional” O atoms. 

The coordination environments of the dimers in the two polymorphs are different. In the monoclinic 

structure, four selenite anions attach to four faces of the (OCu4)
6+ tetrahedra in a ‘face-to-face’ orientation 

(Fig. 6a), very similar to the arrangement observed in I. In the crystal structure of the triclinic phase, in 

addition to the four ‘face-to-face’-attached selenite groups, the dimers are surrounded by two other selenite 

groups each (Fig. 6b). 

Euchlorine, NaK[Cu3O](SO4)3 (Scordari and Stasi, 1990), and fedotovite, K2[Cu3O](SO4)3 (Starova et al., 

1991), were the first minerals described as based upon the [O2Cu6]
8+ dimers. In the crystal structures of these 

minerals, four sulfate tetrahedra are ‘face-to-face’ attached to the dimers, whereas two other sulfate 

tetrahedra groups provide their linkage in two dimensions (Fig. 6d). Very similar copper oxosulfate clusters 

have recently been observed in the crystal structures of novel Cu metal−organic polymers: 

(NMe2H2)4[Cu6O2](SO4)6(DMF)4 (Fig. 6e) and (NMe2H2)4[Cu6O2](SO4)6(DMF)2 (Fig. 6f) (Burrows et al., 

2012). 

In the crystal structure of prewittite, KPb0.5Cu[PbCu5O2]Zn(SeO3)2Cl10 (Shuvalov et al., 2013), two adjacent 

heterometallic oxocentered (OCu3Pb)6+ tetrahedra share of a common Cu∙∙∙Pb edge to form the [O2Cu5Pb]8+ 

dimer (Fig. 6c). Two selenite groups are in ‘face-to-face’ position relative to the oxocentered tetrahedra. 

The [O2Cu7]
10+ dimer formed by two corner-sharing (OCu4)

6+ tetrahedra has been described in the crystal 

structure of burnsite, KCd[Cu7O2](SeO3)2Cl9 (Burns et al., 2002; Krivovichev et al., 2002), and the 

compound II described here is the second example. In contrast to the crystal structure of II, where the 

selenite groups are attached to the lateral faces of the oxocentered tetrahedra (Fig. 6g), in the structure of 

burnsite, selenite groups are in the ‘face-to-face’ orientation relative to the opposite Cu–Cu–Cu faces of the 

dimer so that they are parallel to each other (Fig. 6h). The resulting copper oxoselenite complexes are linked 

via Cu–O bonds into a 3D-framework that contains large channels filled by the (KCl6)
5– triangular prisms 

and the (CdCl6)
4– octahedra. 

The interesting case of a [O4Cu13]
18+ tetramer formed by successive linkage of two [O2Cu7]

10+ dimers has 

recently been reported for nicksobolevite, Cu[Cu13O4](SeO3)4Cl12 (Vergasova et al., 2014). The tetramers are 

interconnected by selenite groups and additional copper cations into ladder-like layers. 

210



The observed complex clusters consisting of oxocentered tetrahedral units surrounded by selenite groups 

form metal-oxide backbones of many copper oxoselenite chlorides. Whereas Cu coordination is diverse and 

is changing from structure to structure, the oxocentered units appear to be relatively robust. Their existence 

and frequent occurrence in different structures provides an indirect evidence for the importance of such units 

as pre-nucleation building blocks existing in gaseous media as it occurs in volcanic fumaroles or evacuated 

silica ampoules used in the CVT method. The two new compounds, K[Cu3O](SeO3)2Cl and 

Na2[Cu7O2](SeO3)4Cl4, reported herein, are very similar in their chemistry and structure to the natural copper 

oxoselenite chlorides and one may predict their possible formation in fumarolic environments under 

appropriate physical and chemical conditions. 
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Fig. 1. Coordination of cations in the crystal structures of K[Cu3O](SeO3)2Cl (a) and Na2[Cu7O2](SeO3)4Cl4 

(b). Legend: K+ = pink; Cu2+ = cyan; Se4+ = orange; O2– = red; Cl– = green. 
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Fig. 2. Mode of linkage of the Cu coordination polyhedra in the crystal structures of K[Cu3O](SeO3)2Cl (a) 

and Na2[Cu7O2](SeO3)4Cl4 (b). Legend: Cu2+ = cyan; O2– = red; Cl– = green. Displacement ellipsoids are 

drawn at 50 % probability level. 
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Fig. 3. Structural units based upon oxocentered (OCu4)
6+ tetrahedra and their environment in the crystal 

structures of Na2[Cu7O2](SeO3)4Cl4 (a, b) and K[Cu3O](SeO3)2Cl (c, d). Legend as in Fig. 2. Displacement 

ellipsoids are drawn at 50 % probability level. 
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Fig. 4. The crystal structures of K[Cu3O](SeO3)2Cl in two different projections. Legend: K+ = pink; 

Cu2+ = cyan; Se4+ = orange; O2– = red; Cl– = green; the [OCu4]
6+ tetrahedra are highlighted by red. K–O, K–

Cl and Cu–Cl bonds are omitted for clarity. Displacement ellipsoids are drawn at 50 % probability level. 
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Fig. 5. The crystal structure of Na2[Cu7O2](SeO3)4Cl4 projected along the b (a) and c (b) axes. Legend as in 

Fig. 4. Na–O, Na–Cl and Cu–Cl bonds are omitted for clarity. Displacement ellipsoids are drawn at 50 % 

probability level. 
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Fig. 6. Coordination environment of the dimers composed of [OCu4]
6+ tetrahedra in the crystal structures of 

different minerals and synthetic compounds. See text for details. 
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Table 1. Crystallographic data and refinement parameters for I and II. 

 K[Cu3O](SeO3)2Cl Na2[Cu7O2](SeO3)4Cl4 

Crystal data   

Crystal system triclinic triclinic 

Space group P–1 P–1 

Unit-cell dimensions a, b, c (Å), 
α, β, γ (°) 

7.6821(5), 8.1179(5), 8.7836(6), 

113.193(3), 108.735(4), 98.245(4) 

7.4362(6), 8.3361(7), 9.1343(11), 

110.277(6), 106.212(6), 105.158(4) 

Unit-cell volume (Å3) 453.32(5) 467.94(8) 

Z 2 1 

Calculated density (g/cm3) 3.920 4.160 

Absorption coefficient (mm–1) 15.757 16.263 

Crystal size (mm) 0.13×0.09×0.07 0.25×0.21×0.20 

Data collection   

Temperature 293 K 293 K 

Radiation, wavelength (Å) MoKα, 0.71073 MoKα, 0.71073 

F(000) 494 541 

θ range (°) 2.95 – 27.46 2.60 – 30.52 

h, k, l ranges −8→9, −10→6, −11→10 −10→10, −11→11, −12→13 

Total reflections collected 5607 11190 

Unique reflections (Rint) 1749 (0.0501) 2842 (0.0474) 

Unique reflections F>4σF 1210 2498 

Structure refinement   

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 

Weighting coefficients a, b * 0.0766, 0.0 0.0202, 0.0999 

Extinction coefficient 0.0046(13) 0.0069(5) 

Data/restraints/parameters 1749/0/128 2842/0/143 

R1[F>4σF], wR2[F>4σF] 0.0481, 0.1170 0.0265, 0.0601 

R1 all, wR2 all 0.0800, 0.1328 0.0322, 0.0621 

Goodness-of-fit on F2 1.014 1.070 

Largest diff. peak and hole 1.620, −1.617 e Å–3 0.851, −0.954 e Å–3 

Rint = Σ|Fo
2–Fo

2(mean)|/Σ[Fo
2]. GoF = S = {Σ[w(Fo

2–Fc
2)2]/(n–p)}1/2 where n = no. of reflections, p = no. of 

refined parameters. R1 = Σ||Fo|–|Fc||/Σ|Fo|. wR2 = {Σ[w(Fo
2–Fc

2)2]/Σ[w(Fo
2)2]}1/2. w* = 1/[σ2(Fo

2)+(aP)2+bP] 

where P is [2Fc
2+ Max(Fo

2,0)]/3. 
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Table 4. Selected bond lengths (Å) in the structure of K[Cu3O](SeO3)2Cl. 

K1–O7 2.685(7) Cu2–O1iv 2.003(8) 

K1–O4v 2.759(8)   

K1–O3vi 2.850(8) Cu3–O5 1.893(7) 

K1–O1vii 3.072(8) Cu3–O3 1.944(7) 

K1–O2ii 3.138(8) Cu3–O6 1.945(7) 

K1–O4ii 3.142(8) Cu3–O6i 2.025(7) 

K1–O6vi 3.288(7) Cu3–O7i 2.749(8) 

K1–Cl1viii 3.495(5) Cu3–Cl1 3.046(8) 

K1–Cl1iv 3.712(4)   

  Se1–O3 1.675(7) 

Cu1–O5i 1.892(6) Se1–O4 1.685(8) 

Cu1–O2ii 1.934(7) Se1–O2 1.702(8) 

Cu1–O7 2.053(7) <Se1–O> 1.687 

Cu1–O2i 2.144(8)   

Cu1–Cl1 2.400(3) Se2–O1 1.673(7) 

  Se2–O7 1.675(7) 

Cu2–O4 1.932(7) Se2–O6 1.754(7) 

Cu2–O5 1.936(7) <Se2–O> 1.701 

Cu2–O5iii 1.942(7)   

Symmetry codes: (i) −x+2, −y+2, −z+2; (ii) x−1, 

y−1, z; (iii) −x+3, −y+2, −z+2; (iv) x+1, y, z; (v) 

−x+2, −y+1, −z+1; (vi) x, y−1, z; (vii) −x+1, 

−y+1, −z+1; (viii) −x+1, −y+1, −z+2. 
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Table 5. Selected bond lengths (Å) in the structure of Na2[Cu7O2](SeO3)4Cl4. 

Na1–O5 2.253(3) Cu3–O1v 1.909(2) 

Na1–O3 2.352(3) Cu3–O6 2.073(2) 

Na1–O7 2.365(3) Cu3–O7 2.156(2) 

Na1–O4vi 2.371(3) Cu3–Cl2v 2.4067(9) 

Na1–O2 2.607(3)   

Na1–Cl1ii 2.7603(16) Cu4–O4ii 1.925(2) 

Na1–O6 3.169(3) Cu4–O1 1.940(2) 

  Cu4–O7iv 1.969(2) 

Cu1–O1 1.919(2) Cu4–Cl1vi 2.2842(9) 

Cu1–O1iii 1.919(2)   

Cu1–O6ii 1.960(2) Se1–O2 1.685(2) 

Cu1–O6iv 1.960(2) Se1–O3i 1.683(2) 

  Se1–O7 1.729(2) 

Cu2–O1 1.905(2) <Se1–O> 1.699 

Cu2–O5 1.943(2)   

Cu2–O3 1.954(2) Se2–O5ii 1.679(2) 

Cu2–Cl2 2.3633(9) Se2–O4 1.694(2) 

  Se2–O6 1.717(2) 

Cu3–O2i 1.902(2) <Se2–O> 1.697 

Symmetry codes: (i) −x+1, −y+1, −z; (ii) −x+1, 

−y+1, −z+1; (iii) −x+1, −y, −z+1; (iv) x, y−1, 

z;(v) x, y+1, z; (vi) x+1, y, z. 
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Table 6. Bond-valence analysis (in valence units = v.u.) for the structures of K[Cu3O](SeO3)2Cl. The 

italicized values in brackets are given for interatomic distances that are not considered as bonds, and do not 

sum up in total. 

  O1 O2 O3 O4 O5 O6 O7 Cl1 Σ 

K1 0.08 0.07 0.14 0.18, 0.07 
 

(0.04) 0.22 0.08, 0.05 0.89 

Cu1 
 

0.50, 0.28 
  

0.56 
 

0.36 0.34 2.04 

Cu2 0.42 
  

0.50 0.50, 0.49 
   

1.91 

Cu3 
  

0.49 
 

0.56 0.49, 0.39 0.06 0.06 2.05 

Se1 
 

1.34 1.44 1.41 
    

4.19 

Se2 1.45 
    

1.17 1.44 
 

4.06 

Σ 1.95 2.19 2.07 2.16 2.11 2.05 2.08 0.53   
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Table 7. Bond-valence analysis (in valence units = v.u.) for the structures of Na2[Cu7O2](SeO3)4Cl4. The 

italicized values in brackets are given for interatomic distances that are not considered as bonds, and do not 

sum up in total. 

O1 O2 O3 O4 O5 O6 O7 Cl1 Cl2 Σ 

Na1 0.11 0.23 0.22 0.30 (0.02) 0.22 0.23 1.31 

Cu1 0.522x→ 0.472x→ 1.98 

Cu2 0.54 0.48 0.49 0.37 1.88 

Cu3 0.54 0.55 0.34 0.28 0.33 2.04 

Cu4 0.49 0.51 0.46 0.46 1.92 

Se1 1.41 1.41 1.25 4.07 

Se2 1.37 1.43 1.29 4.09 

Σ 2.09 2.07 2.12 2.10 2.22 2.10 2.21 0.69 0.70 
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Table 8. Crystallographic data for minerals and inorganic copper compounds based upon dimers composed 

of [OCu4]
6+ tetrahedra. 

O:Cu Chemical formula 
Mineral 

name 

Space 

group 

a (Å); 
α (°) 

b (Å); 
β (°) 

c (Å); 
γ (°) 

V (Å3) Ref. 

2:6 NaK[Cu3O](SO4)3 euchlorine C2/c 18.41 
9.43; 

113.7 
14.21 2259 1 

K2[Cu3O](SO4)3 fedotovite C2/c 19.037 
9.479; 

111.0 
14.231 2397 2 

KPb0.5Cu[PbCu5O2]Zn(SeO3)2Cl10 prewittite Pnnm 9.132 19.415 13.213 2343 3 

Cu[Cu3O](SeO3)3–I  P21/a 15.990 
13.518; 

90.5 
17.745 3836 4 

Cu[Cu3O](SeO3)3–II P–1 
7.992; 

77.3 

8.141; 

66.6 

8.391; 

81.4 
484 4 

K[Cu3O](SeO3)2Cl P–1 
7.682; 

113.2 

8.118; 

108.7 

8.784; 

98.2 
453 * 

2:7 KCd[Cu7O2](SeO3)2Cl9 burnsite P63/mmc 8.781 8.781 15.521 1036 5 

Na2[Cu7O2](SeO3)4Cl4 P–1 
7.436; 

110.3 

8.336; 

106.2 

9.134; 

105.2 
468 * 

References: 1 – (Scordari and Stasi, 1990); 2 – (Starova et al., 1991); 3 – (Shuvalov et al., 2013); 4 – 

(Effenberger and Pertlik, 1986); 5 – (Burns et al., 2002; Krivovichev et al., 2002); * – this work. 
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ABSTRACT 
This work deals with the synthesis and characterization of novel oxide materials containing selenium in the 
oxidation states of +4 or +6. The structural types occurring in 33 known oxoselenite minerals have 
an amazing variety, and cover the whole field from 0D isolated complexes to 3D frameworks, 
which offer unexploited potentialities in terms of physical properties. This thesis aims to synthetize 
and investigate new Se based compounds, essentially using methods inspired by mineralogical 
processes. Information based on original building units assembled into original architectures have been 
deduced and compared to related inorganic phases of the literature. In the present study, our innovative 
so-called “geo-inspired” approach is applied in order to obtain complex novel crystalline compounds. This 
approach assumes emulation and modelling of natural crystal growth processes. Herein, we used either 
a traditional descriptive procedure based on consideration of the crystal structures in terms of 
coordinations of cations, or the modern theory of anion-centered tetrahedra developed by the St. 
Petersburg school of crystallography and the UCCS group of solid-state chemistry in Lille, in cases 
when the traditional structural interpretation does not reflect basic principles of crystal chemistry. 
Thus,  several  metal-oxide  chemical  systems  with  Se4+/6+ and  various  metals  (Cu+/2+, Ni2+, Co2+, V4+/5+, 
Mn2+, Fe3+, Pb2+, Bi3+, U6+) were studied in the context of the present work. The thesis contains results 
of synthetic procedures, and crystal chemical characterization of 39 new metal selenites, selenates, 
and selenite-selenates. The analogy of selenite groups with phosphites was also investigated. Main 
results are described with references to more detailed publications given in the appendices. 

RÉSUMÉ 
Ce manuscrit est consacré à la synthèse et la caractérisation de nouveaux matériaux d'oxyde à base de 
sélénium dans les états d’oxydation +4 ou +6. Les types structuraux rencontrés parmi les 33 oxy sélénites 
minéraux montrent une diversité structurale étonnante, et couvrent le champ des dimensionnalités 0D à 
3D, offrant ainsi des potentialités inexploitées en termes des propriétés physiques. Cette thèse a visé la 
synthèse de l’étude de nouveaux composés du Se, en utilisant des méthodes de synthèse essentiellement 
inspirées des conditions de croissance des minéraux. Les informations basées sur l’assemblage de briques 
élémentaires originales dans des architectures structurales ont été déduites et comparées aux données de la 
littérature sur des phases proches. Lors de ce travail, notre approche « géo-inspirée » innovante été 
appliquée afin d'obtenir de nouveaux polytypes complexes. Nous avons donc utilisé des procédés simulant 
les conditions de croissance des minéraux. En termes de description, nous avons également utilisé soit le 
modèle « standard » basé sur l’examen des structures cristallines en termes de coordinations de cations, soit 
des outils plus modernes basés sur l’assemblage de tétraèdres anions-centrés développée par l'école de la 
cristallographie de Saint-Pétersbourg et par le groupe de chimie du solide de l’UCCS, à Lille, et ce dans les 
cas où l'interprétation structurale traditionnelle ne reflète pas les principes de base de la cristallochimie. 
Finalement, plusieurs systèmes chimiques métal-oxyde avec du Se4+/6+ et divers métaux (Cu+/2+, Ni2+, Co2+, 
V4+/5+, Mn2+, Fe3+, Pb2+, Bi3+, U6+) ont été étudiés dans le cadre de ce manuscrit. La thèse contient les résultats 
des procédures synthétiques et de la caractérisation cristallochimique des 39 nouveaux sélénites, sélénates 
et sélénite-sélénates des métaux. Les principaux résultats sont donnés et font référence aux publications 
plus détaillées données en annexe.  
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