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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 architecture. Thus, several
metal-oxide chemical systems with Se*"** and various metals (Cu*’*, Ni**, Co*, V*/**,
Mn**, Fe’*, Pb*', Bi**, U®") 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,

oxocentered tetrahedra



RESUME

Ce manuscrit est consacré a la synthese et la caractérisation de nouveaux matériaux
d'oxyde a 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 a 3D, offrant ainsi des
potentialités inexploitées en termes des propriétés physiques. Cette these a visé la
synthése de I'étude de nouveaux composés du Se, en utilisant des méthodes de synthese
essentiellement inspirées des conditions de croissance des minéraux.

Les informations basées sur I'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 modele « standard » basé sur I'examen des structures
cristallines en termes de coordinations de cations, soit des outils plus modernes basés
sur l'assemblage de tétraédres anions-centrés développée par l'école de la
cristallographie de Saint-Pétersbourg et par le groupe de chimie du solide de 'UCCS, a
Lille, et ce dans les cas ou l'interprétation structurale traditionnelle ne refléte pas les
principes de base de la cristallochimie. Finalement, plusieurs systemes chimiques métal-
oxyde avec du Se**’** et divers métaux (Cu*’*, Ni**, Co*, V***, Mn?*, Fe’*, Pb*', Bi*,
U®) ont été étudiés dans le cadre de ce manuscrit.

La thése 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,
manganese, fer, plomb, bismuth, synthese, structure cristalline, analyse sur monocristal

par diffraction des Rayons-X, tétraedres oxocentrés
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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 efc... 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 efc... 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
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1 INTRODUCTION

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 at the interface between solid-state chemistry and mineralogy. 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, the chemistry of selenium-containing compounds has
been developed intensively by many researchers, generating a large amount of
experimental knowledge in various fundamental and applied research areas: in
medicine [Rayman 2000], biochemistry [Tapiero et al. 2003], organic chemistry
[Pyrzynska 1996], physical chemistry [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 (Se?) and
cationic (Se*, Se®*) 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 (Se*) 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 approved minerals by the International Mineralogical Association) than Se oxysalts.

In geochemical environments, selenites and selenates are relatively rare oxo-
anion groups. By the end of the XX™ 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 (IMA) 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.
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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 the
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 ]. 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] 3d"° 4s* 4p*, and, therefore, six
valence electrons in the outermost shell. In the crystal structures of selenates, Se®* are
tetrahedrally coordinated by four O* resulted in (Se®*O4)*" anionic groups commonly
described with two Se-O single and two Se=O double bonds. In selenites, Se*" cation
form a (Se*"O;)* triangular pyramid with Se located at its apical corner, given as two
Se-O single and one Se=0 double bond. A lone electron pair is stereochemically active
and acts as a complementary external ligand forming (ESe**O;)*" tetrahedra (E - lone
electron pair). Note curious exceptions in which lone electron pair directly bonds to
metals observed e.g. in BaCoAs,Os [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.

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*-Cu** 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 (ps—

O)Cu, tetrahedral units that polymerize to form extended structural complexes
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[Krivovichev et al. 2013b]. In Section 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 Section 2.3, we present a
scrupulous investigation of the crystal growth in the PbO-NiO-SeO, 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 properties due to the peculiar features of VO, VOs and VOs 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
Pb*, 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 Section 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.

Section 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
Section 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
etal. 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
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proposed by J. Long et al. [Long et al. 1996; Tulsky and Long 2001; Alekseev et al. 2007;
Krivovichev 2009].

In Section 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,
Fe,(SeOs); and Fex(HPO:s)s. It demonstrates that in solids containing (HPO;)*™ and
(ESeOs)* anions, the H atom is negatively charged and possesses a partial hydridic

character in the phosphites.

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 Part 2 of the thesis. It is subdivided into seven parts:

Objects and methods
Crystal chemical studies of copper selenites
Crystal chemical studies of nickel and cobalt selenites

Crystal chemical studies of vanadium selenites

v v =

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 H-P bonds in phosphites

Detailed description of the theoretical and experimental results can be found in 8

original papers appended at the end of the present thesis.



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
(Se03)* and (SeO4)*. 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
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, which were selected due to their analogy with crystallogenetic chemical

processes occurring in nature. In particular, the chemical vapour transport reactions
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2.1 Objects and methods

(CVT reactions) [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 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 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 ”Se isotope exists in spent nuclear fuel as a fission product in small amount
(<0.05% [Choppin 2001]), its long half-life of 3.27-10° years [J6rg 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-IuS micro-focus tube
(University of St. Petersburg, Russia; University of Lille 1, France), and a Bruker X8
APEXII 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 MoK« X-radiation, A = 0.71073 A.
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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 [Petiicek et al. 2014] 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, CuK, X-radiation,
A=1.5418 A (University of Lille 1, France).

Infra-red absorption spectra were measured between 4000 and 400 cm ™' 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 pA 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 0.1 T
(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.

Multiphoton SHG microscopy measurements on single crystals have been carried
out in collaboration with Dr. Christine Terryn at 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).



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[Cus50,](Se05),Cl; c2.5 — [NaCl][Cu(SeO,0H),]

c2.2 - Na[Cu50,](Se0s),Cl; 2.6 — [Cu*Cl,][Pb,Cu?":0,](SeO3),Cls

c2.3 - K[Cu;0](Se03),Cl c2.7 - [Cu*CL][PbCu?*50,](Se03),Cl;

€2.4 - Na,[Cu;0,](Se0;),Cly  €2.8 — K(1_»[Cu*Cl,] [Pb,Cu*(sO2](Se03),Cly ), x = 0.20

TABLE 2.1 Crystallographic data and refinement parameters for ¢2.1, ¢2.2, ¢2.3, c2.4, ¢2.5,
2.6, c2.7,and c2.8
c2.1 c2.2 c2.3 c2.4 c2.5 c2.6 c2.7 c2.8
M . 749.07 732.96 535.09 117240  755.83 1869.77 2103.20 1992.64
(g mol™)
sp. gr. Pnma Pnma P-1 P-1 C2/c C2/m C2/m C2/m
a (A) 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 (A) 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(A) 10.5684(4) 10.488(1) 8.7836(6) 9.134(1)  9.0421(5)  12.673(11) 15.2985(4) 9.2672(9)
a(°) 920 920 113.19(1) 110.28(1) 90 920 90 90
B 90 90 108.73(1) 106.21(1) 127.04(1) 109.87(2) 119.31(1)  95.965(5)
y(©) 20 90 98.245(4) 105.16(1) 90 90 920 920
V(A% 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
p (g/cmS) 4.018 4.060 3.920 4.160 3.425 4.514 4.607 3.840
“o 15.333 15.523 15.757 16.263 13.313 25.78 25.02 15.52
(mm™)
A (MoKa)
) 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
Ri[I>20(I)] 0018 0.049 0.048 0.027 0.021 0.035 0.028 0.045
wR> [I>20(I)] 0.040 0.065 0.117 0.060 0.051 0.040 0.077 0.116
R, [all data] 0.023 0.099 0.080 0.032 0.030 0.095 0.029 0.061
wR; [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
Apmaxs Mpmin,  0.74, 1.62, 1.62, 0.85, 0.70, 1.75, 4.19, 4.25,
(e A™) -0.77 -1.67 -1.62 -0.95 -0.65 -1.86 -3.39 -1.99
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2.2.1 Synthetic procedures

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.

(a)T1 500 °C

j 7 deposition zone I:b} , [C]‘ !/

i

KICL,0,] =
[Se0),C1, 0.3 mm

source zone

450 °C T2 Ooom g

(@) Kicu.0.se0,).0), (green) Cu,0(5¢0,) CulHseO,),

o—[Cu.O%)(5e0,).Cl, (black) SMoem

FIGURE 2.1 General scheme of the CVT method - (a), the source zone of the tube — (b), the
crystals of K[Cus0,](SeO5),Cl; (¢2.1) picked out from the source zone - (c), and a common view
of the sealed silica tube after the CVT synthesis - (d)

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~ 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 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.

TABLE 2.2 Experimental details of the CVT syntheses of ¢2.1, ¢2.2, ¢2.3, c2.4, c2.5, c2.6,
c2.7,and c2.8

molar ratios: c2.1 c2.2 c2.3 c2.4 c2.5 c2.6 c2.7 c2.8

SeO; 2 2 2 2 2 1 1

CuO 4 4 4 4 4 0 2 2

CuCl, 1 1 1 1 1 225 1.50 1.50

CuCl 0 0 0 0 0 1.25 0 0

KCl 1 0 3 0 0 0 0
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2.2 Crystal chemical studies of copper selenites

TABLE 2.2 Continued

molar ratios: c2.1 c2.2 c2.3 c2.4 c2.5 c2.6 c2.7 c2.8
NaCl 0 1 0 3 3 0.50 1 0
PbO 0 0 0 0 0 0.75 0.50 0.50
conditions: c2.1 c2.2 c2.3 c2.4 c2.5 c2.6 c2.7 c2.8
temperature (°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[Cus0;](5e03):Cl: (A = K*, Na*)

K[Cu50,](Se0s),Cl; (c2.1) and Na[Cus0,](SeOs),Cls (¢2.2), are isotypic and represent
synthetic analogues of natural Na-ilinskite [Vergasova et al. 1997; Krivovichev et al.
2013a]. The crystal structures of ¢2.1 (K) and ¢2.2 (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[(40)+Cl]} square pyramids. The
Cu(3) site has a distorted [30+Cl] square coordination. The coordinations of the Cu(2)
and Cu(4) sites in ¢2.1 (K) and ¢2.2 (Na) are different as due to the shift of the CI(3) site
induced by the greater size of the K* cations compared to Na*. Thus, the Cu(2) site has
a distorted square pyramidal [(30+Cl)+Cl] coordination in ¢2.2 (Na), and a distorted
[(30+Cl1)+2Cl] octahedral environment in the crystal structure of ¢2.1 (K). The Cu(4)
atom possesses an octahedral [(40)+2Cl] coordination in ¢2.2 (Na), whereas the shift
of the CI(3) atoms is influenced by larger size of K* cations in ¢2.1 (K) results in the
change of a coordination polyhedron of Cu(4) to a five-fold square {Cu[(40+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 ¢2.1 (K) and ¢2.2 (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 ¢2.2 (Na)
consists of one oxygen and four chlorine atoms, forming a distorted {Na[(O+2Cl)+2Cl]}
trigonal bipyramid. K* cations in ¢2.1 (K) are surrounded by five oxygen and four

chlorine atoms each.
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2.2.2 Structural description of eight novel phases

Interestingly, the crystal structures of ¢2.1 (K) and ¢2.2 (Na) contain “additional”
oxygen atoms, which are coordinated solely by Cu** cations, resulting in the formation
of oxocentered (OCuy)®* tetrahedra. The (OCu,)®* tetrahedra share common corners to
form the [CusO;]®* sheets parallel to (100) (Figure 2.2). The [CusO.] * sheets in the
crystal structures of ¢2.1 (K) and ¢2.2 (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 ¢2.1 (K) and ¢2.2 (Na) can be found in the article
A-VII (see Included Articles).

FIGURE 2.2 The crystal structures of A[Cus0,](Se0;).Cl; (A* = K* (¢2.1), Na* (¢2.2)) in
two different projections featuring side and top view of the [O,Cus]®* sheet of oxocentered
(OCuy,)%* tetrahedra highlighted by red colour

K[Cus0](Se03).CI and Na>[Cu;0;](Se0s),Cl,

The structure of K[Cu;O](SeOs),Cl (¢2.3) contains three symmetrically independent
Cu’* sites. The Cu(1) site is surrounded by four O and one Cl atoms to form an unusual
distorted trigonal bipyramid in a {Cu[(20+Cl)+20]} coordination. The Cu(2) atom has
a typical planar-square [(40)] coordination. The coordination polyhedron of Cu(3) can
be described as a distorted {Cu[(40)+(O+Cl)]} octahedron. All these various Cu
coordination polyhedra are combined into sheets parallel to (001). The structure of ¢2.3

contains two symmetrically independent Se*" cations that form typical (SeOs;)*
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2.2 Crystal chemical studies of copper selenites

triangular pyramids. The K* cation is coordinated by seven O*" and two Cl™ anions in a
distorted arrangement.

In the crystal structure of Na;[Cu;0,](SeOs)sCly (c2.4), there are four
symmetrically independent Cu sites. The Cu(1) site forms a {Cu[(40)]} square, similar
to the Cu(2) site in the structure of ¢2.3. The Cu(2) and Cu(4) sites are coordinated by
three O and one Cl to form {Cu[(30+Cl)]} planar squares. The same [(30+Cl)]
coordination has been also observed in the crystal structures of ¢2.1 and ¢2.2. The Cu(3)
site in the crystal structure of ¢2.4 has a triangular bipyramidal [(20+Cl)+20]
coordination Two symmetrically independent Se sites form typical (SeO;)*" trigonal
pyramids. The symmetrically unique Na* cation is surrounded by six O*" and one CI-
anion to form an approximately triangular prismatic oxygen environment.

In the crystal structure of ¢2.3, two (OCu,)®* tetrahedra share a common Cu--Cu
edge to form the [O,Cug]** dimer, while in ¢2.4 [O,Cu;]'* dimeric units and formed by
two (OCuy)®" tetrahedra sharing a common Cu atom. The selenite groups and Cl atoms
surround these dimers to form the {[O,Cus](SeO5),CL]}* and {[O,Cu;](Se0s).Cly]}*
structural units in ¢2.3 and ¢2.4, respectively, which are further interconnected into
sheets (Figure 2.3).

FIGURE 2.3 The crystal structures of K[Cu;0](SeOs),Cl (¢2.3) and Na,[Cu;0,](Se05),Cly
(c2.4). The (OCu,)®* tetrahedra are highlighted by red colour
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2.2.2 Structural description of eight novel phases

The interlayer space is occupied by the alkali cations. A comparison of the mode
of linkage of (SeO;)*” with the oxocentered dimers in known copper oxoselenites is

given in the Chapter 2.2.3.

[NaCl][Cu(SeO;0H).]

The crystal structure of [NaCl][Cu(SeO,OH),] (c2.5) contains one symmetrically
independent Cu site octahedrally coordinated by four O and two Cl atoms. The Cu site
forms a CuO, square complemented by two long Cu-Cl bonds resulting in a
[(40)+(2Cl)] coordination observed for Cu(4) in the structure of ¢2.2. There is one Se
site coordinated by three O atoms to form a trigonal SeO; pyramid typical for selenites.
One of the three Se-O bonds is elongated compared to two other bonds owing to the
protonation of the Oy(1) site. The CuOy squares and SeO,OH groups share common
oxygen atoms to form electroneutral [Cu(SeO,OH),]° sheets parallel to the (100) plane
(Figure 2.4). Between two (SeO,OH)™ group the Oy(1)--O(2) hydrogen bond creates a
[(SeO,OH),]*” dimer that provides additional stabilization of the copper diselenite sheet.

FIGURE 2.4 Projections of the [Cu(HSeOs),]° sheet (a) and the crystal structure of
[NaCl][Cu(HSeOs),] (c2.5) featuring two-dimensional [Cu(HSeOs),] sheets with intercalated —
Na-Cl-Na- chains

In the crystal structure of 2.5, the [Cu(HSeOs).]° 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(HSeO:s),]° 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.
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2.2 Crystal chemical studies of copper selenites

The ¢2.5 compound can be considered as a member of the series of compounds
based upon the M(SeO,OH), sheets (M = Cu*', Co**, Cd*"). The prototype structure for
this group is [Cu(SeO,OH),] [Effenberger 1985] that does not have any chemical species
separating the copper hydroselenite sheets. In other compounds, the interlayer space
between the [Cu(SeO,OH),]° sheets is occupied by structural units of different
complexity. In all the compounds, the [Cu(SeO,OH).]° sheets have approximately the
same planar dimensions (measured as distances between a couple of atoms related by
symmetry operations), except for [Cu(SeO,OH),](H,O), [Lafront and Trombe 1995],
where the sheets are strongly corrugated. Detailed description of ¢2.5 can be found in
the article A-VIII (see Included Articles).

[Cu+CIz][szCU2+9O4](Se03)4CI5, [CU+CI2][PbCU2+502](SBO3)2CI3,
and K(1-x)[CU+CI2][PbeU(5-x)02](5203)2CI(4-X), x=0.20

The crystal structures of these three compounds are very unusual owing to the
incorporation of linear (Cu*Cl,)" units in the voids of a pseudo honeycomb sheets made
of  oxo-centetred (O(Cu/Pb),)* tetrahedra and (Se0s)* groups.
In [Cu'CL][Pb,CusO,](Se0;).Cls (c2.6), [Cu*Cl][PbCus0,](Se0;),Cl; (¢2.7), and
Ki_n[Cu*CL][Pb,Cu** 5.90,](Se03),Clyr, x = 0.20 (c2.8), Cu* cations form two
relatively short Cu’-Cl bonds, which result in the formation of tightly bonded (Cu*ClL)"
anionic groups that can be considered as separate structural entities. The Cu** cations
have mixed oxochloride coordinations with typical trends of Jahn-Teller d’ ions. The
Cu(1) and Cu(2) sites in ¢2.6, the Cu(4) site in ¢2.7, and Cu(3) site in ¢2.8 form distorted
{Cu[(40)+(2C])]} octahedra similar to those found for Cu(4) and Cu(l) in the
structures of ¢2.2 and ¢2.5, respectively. The Cu(3) site in ¢2.6, the Cu(2) and Cu(3)
sites in ¢2.7, and the Cu(1) site in ¢2.8 are octahedrally [(30+Cl)+2Cl] coordinated with
CuO;Cl squares complemented by two long Cu-Cl bonds. The same coordination was
observed for Cu(2) in the structure of ¢2.1. The Cu(4) site in ¢2.6 forms a trigonal
{Cu[(30)+(O+Cl)]} bipyramids, whereas the Cu(1) site in ¢2.7 and the Cu(4) site in
c2.8 are [(20+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 Pb*" cations is
consistent with the presence of stereoactive lone electron pairs. Se*" cations form

standard (SeOs)* selenite triangular pyramidal oxoanions. The structure of ¢2.8 has one
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2.2.2 Structural description of eight novel phases

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 ¢2.6 there are two additional O atoms, that form
(OCu?*3Pb) and (OCu’",) tetrahedra, respectively. The oxocentered tetrahedra share
common corners to form [O,Pb,Cu’’]'"*" 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 SeOs; groups are attached to the triangular bases
of oxocentered tetrahedra that results in formation of 1D {[O4Pb,Cu®*'](SeQs),}**
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 [O,Cus] honeycomb-sheets are
reported in several compounds based upon anion-centered tetrahedra [Krivovichev et
al. 2013b].

. 5 : a
R 4_T L 3 b {[Pb,Cu™,,0,](Se0,). HICu'CLIK,,Cl,,..}

FIGURE 2.5 Projections of the structures of [Cu*CL][Pb,Cus04](Se03)4Cls (¢2.6) - (a) and
(b), [Cu+C12] [PbCU502](SeO3)2C13 (C2.7) - (C), and K(l_x)[Cu*Clz] [Pbxcu2+(6_x)02](SCO3)zcl(4_X),
x=0.20 (c2.8) - (d)

The sheets are surrounded by Cl™ anions in the interleaves and accommodate

both linear [Cu*Cl,] anions and Cl” ions in the larger and smaller honeycomb windows,
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2.2 Crystal chemical studies of copper selenites

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.

A very similar 'host-guest' principle is at work in the structures of ¢2.7 and ¢2.8
as well. Here, the (OCu**;Pb) and (OCu*',) tetrahedra share corners to produce single
chains extending along the common b parameter that have the [O,PbCus]*" and
[O.Pb.Cu**(-9]** compositions, respectively. The experimental partial Pb** for Cu*
substitution is allowed by the oxocentered framework in this particular topology.
Together with SeO; groups, these chains form 1D {[O;M](SeOs).}* metal-oxide
(M = Cu*, Pb*) backbones of the structures that are arranged to form pseudo
honeycomb sheets (Figure 2.5¢, d). Due to the elementary single-chains, only large
honeycomb windows are created that accommodate the (Cu'Cly)” guest anions as
observed in ¢2.6. The structure of ¢2.8 contains additional K* cations located in the
interlayer space between the metal oxoselenite chloride sheets. In all three structures,
lone electron pairs on the Pb** and Se** 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 ¢2.6, c2.7, and ¢2.8 can be found in the article A-V (see Included Articles).

2.2.3 Linkage of selenite groups with [OCu,]®* dimers

The novel compounds ¢2.3 and ¢2.4 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),)*" tetrahedra polymerized into [O,(Cu/Pb)s]** units or
corner-sharing (OCu4)® tetrahedra into [O,Cu;]'** 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.
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2.2.3 Linkage of selenite groups with [OCu,J*" dimers

TABLE 2.3 Crystallographic data for minerals and inorganic copper compounds based
upon dimers composed of oxocentered tetrahedra
S A); b (A); A); .
Cuw:O0 Fig. Chemical formula Mineral pace a (o ) (0 ) ¢ (o ) V(A% Ref.
group a (%) B() y ()
7.682;  8.118;  8.784;
2 2. K 1 L 4 .
6 6a [Cus30](Se0s).C P-1 1132 108.7 98.2 53 c2.3
13.518;
6:2 2.6a  Cu[Cus30](Se0s)s-1 P2i/a 15.990 90.5 17.745 3836 [1]
7.992; 8.141; 8.391;
2 2 -1 P-1 484 1
6 6b Cu[Cu30](Se03)3 773 66.6 81.4 8 [ ]
KPbo.sCu[PbCusO,] .
62 26 ttit P 9.132 19415 13213 2343 2
¢ Zn(Se0s3)2Clio prewittite nm 2]
. 9.43;
6:2 2.6d NaK[CuszO](SO4)3 euchlorine  C2/c 18.41 113.7 14.21 2259 [3]
i 9.479;
6:2 2.6d  K;[CuzO](SO4)3 fedotovite C2/c 19.037 111.0 14.231 2397 (4]
(NMe;H»)4[CusO:] 10.514;
62 26 P2 13.105 18.753 2516 5
€ (SO:)s(DMF)s g 103.2 (5]
MeH . 5 10.684; 12.817;
62 2.6f (NMezH2)4[CusO2] o1 8.588 0.68 817 1012 (5]
(SO4)s(DMF)2 106.5 104.6 105.9

7 2.6h  KCd[CusO2](Se05):Cly  burnsite P6s/mmc  8.781 8.781 15.521 1036 [6]

7.436; 8.336; 9.134;
7:2 2.6 Naz[Cu70,](SeOs)4Cl P-1 468 2.4
g a2[Cu70:](Se03)4Cla 110.3 106.2 105.2 ¢

References: 1 - [Effenberger and Pertlik 1986]; 2 — [Shuvalov et al. 2013]; 3 - [Scordari and Stasi 1990]; 4 - [Starova
etal. 1991]; 5 - [Burrows et al. 2012]; 6 — [Krivovichev et al. 2002; Burns et al. 2002].

{[OZCUS](SeOZ)IJ}D (lozcuspb](seoa)l)h {lozcue](soa)e}P

(8)

¥y

{[0.Cu ](s0,).}" {{0.Cu ](s0,).}" {[0,Cu,](se0,),}" {[0,Cu,](se0,).}"

FIGURE 2.6 Coordination environment of the dimers composed of oxocentered tetrahedra
in the crystal structures of different minerals and synthetic compounds listed in Table 2.3



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 was 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-TIV (see Included Articles).

TABLE 3.1 Crystallographic data and refinement parameters for a-PbNi(SeOs), (¢3.1), p-
Ple(SeO3)2 (C3.2), Plez(SCOzOH)z(S€Og)2 (C3.3), and Q—PbCO(SeO3)2 (C3.4)
c3.1 c3.2 c3.3 c3.4
M; (g mol™) 519.82 519.82 834.47 520.04
space group Pnma Cmc2, P2/c Pnma
a (A) 12.7476(4) 5.4715(4) 13.6824(10) 12.8208(4)
b (A) 5.4562(2) 9.1963(6) 5.2692(5) 5.4902(2)
c (A) 7.8332(2) 11.4436(9) 19.3476(13) 7.9085(2)
B ) 90 90 129.524(4) 90
V(&%) 544.83(3) 575.81(7) 1075.94(16) 556.67(3)
VA 4 4 4 4
p (g/cm?) 6.337 5.996 5.151 6.205
u (mm™) 47.637 45.074 32.668 46.221
7 (MoK,,) (&) 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
Ri [I>20(])] 0.0139 0.0141 0.0496 0.0186
WR2 [I> 20(D)] 0.0360 0.0346 0.0992 0.0429
R, [all data] 0.0165 0.0142 0.0783 0.0203
wR; [all data] 0.0387 0.0346 0.1104 0.0439
GOF 1.090 1.109 1.187 1.142
Apmax,APmin (e A'3) 1.573,-1.110 1.310, -1.073 2.916,-2.912 0.971, -1.887
ICSD 428905 428906 428907 428904
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2.3.1 Crystal growth in the PbO-NiO-SeO,—H,O system

2.3.1 Crystal growth in the PbO-NiO-Se0,-H;0 system

Synthetic procedures

In this system, we present a systematic exploration of the phase diagram by a
hydrothermal technique, a rare methodology belonging to the group of the solvothermal
methods, where most of the reported phases are obtained fortuitously. The exploration
of the crystal growth in the PbO-NiO-SeO,-H,O 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)SeO, (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 SeO, was necessary to achieve successful reactions, and the amount of selenium
dioxide was multiplied by five. The pH values increase from ~1 to ~5.5-6.0 on
decreasing the SeO, 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.

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, a-PbNi(SeOs), (¢3.1), B-PbNi(SeOs),
(c3.2), and PbNi,(SeO,0H),(SeOs), (€3.3), have been observed in the mixtures with
already reported compounds: Ni(SeO;)(H,O) [Engelen et al. 1996], Nis(SeOs);(H-O)
[Wildner 1991; Mcmanus et al. 1991], Ni,(OH)s(SeOs)s(OH), [Amorés et al. 1996], and
Pb(SeO;) [Popovkin et al. 1963; Fischer 1972; Koskenlinna and Valkonen 1977]. Single
crystals of the cobalt selenite, a-PbCo(SeOs), (c3.4), were obtained by the reaction
analogous to that used to obtain compound ¢3.1. Attempts to synthesize the Co-
analogue of compounds ¢3.2 and ¢3.3 using similar techniques proved unsuccessful.
The novel lead selenites crystals occur as yellow needles (c3.1), yellow prisms (c3.2),

green plates (¢3.3), and purple needles (c3.4) up to 300 um in maximal dimension.
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2.3 Crystal chemical studies of nickel and cobalt selenites
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FIGURE 3.1 Experimental crystallization diagram of the PbO-NiO-SeO,-H,O system at
200 °C with the pH zones shown in background by grey colors - (a); series of the experiments
with a PbO / NiO / SeO, molar ratio of 5 : 3 : 10 corresponding to the P; point with various pH
values — (b)

Brief analysis of the synthesized phases

The analysis of the different produced solid phases allows a rough rationalization based
on the starting stoichiometry and pH value. The Pb(SeOs) 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 Pb** by (SeOs)*
and enhanced precipitation independently of the pH.

In addition, 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(SeQ:;), low pH values favor reactivity of (SeO,OH)"
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2.3.2 Structural description of four novel phases

groups (e.g. in ¢3.3), while selenite groups dominate at higher pH values (e.g. in ¢3.1

and ¢3.2 polymorphs).

Role of pH

To gain more information about the reaction processes in the PbO-NiO-SeO,—H,O
phase diagram, an in-depth investigation was carried out for the particular P;
(PbO / NiO / SeO, molar ratio of 5: 3 : 10) stoichiometric mixture at various pH values
up to 7.5 (in order to prevent the reduction of SeO, to y — 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(SeOs) 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, a—
PbNi(SeOs); (¢3.1) and Pb(SeO:;) are formed. The reaction occurring with pH value of
3.5 leads to reported compound Nis(SeOs);(H,O) with one-third of Ni** 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 Ni;,(OH)s(SeOs)s(OH), and
Ni(SeOs)(H,O). The crystal structure of the latter is only composed of NiOs(H,O)
polyhedra, while the tubular crystal structure of Nij;;(OH),(SeO3)s(OH)s contains half of
the protonated (NiOs(OH))*” octahedra. With pH values greater than 7.0, only the very
stable solid products Pb(SeOs) phase is observed.

2.3.2 Structural description of four novel phases

a-PbM(SeO0s), (M = Ni**, Co*')

The isotypic compounds ¢3.1 and ¢3.4 are built up from a 3D framework composed of
anionic (SeO;)* and (MOe)'*" building units sharing common corners (Figure 3.2). We
find one symmetrically independent M** position with rather regular (MOs)'*
octahedral coordination. There are two independent Se atoms per formula unit, where
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2.3 Crystal chemical studies of nickel and cobalt selenites

Se** cations form typical (SeO;)* triangular pyramids. The unique Pb* site is
surrounded by O anions shared by (SeO3)* and (MOs)"*- groups. It forms asymmetric
Pb** 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 ¢3.1 and
c3.4 is represented as a black-and-white graph with black and white nodes symbolizing
coordination polyhedra of M* and Se*', respectively. It highlights the topological
connectivity of the SeO3 and MOs polyhedra in complex 3D framework with stretched
rectangular channels extending along [010] direction occupied by the lead cations and
the Se** 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 MOs and six SeOs polyhedra (Figure 3.2a).

Divalent lead cations reside in the cavities and balance the charge of the
framework of the compounds ¢3.1 and ¢3.4. Detailed description of the crystal

structures of ¢3.1 and ¢3.4 can be found in article A-IV (see Included Articles).

FIGURE 3.2 General projection of the crystal structures of a-PbM(SeQs), (M = Ni** (¢3.1),
Co?* (c3.4)) along the b-axis - (a), and the corresponding black-and-white graph - (b), M** Se**
are black and white circles, respectively

B-PbNi(Se0s);

The crystal structure of ¢3.2 contains one symmetrically independent Ni** cation that

forms a slightly distorted NiOs octahedron. Two independent Se*" sites have a trigonal
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2.3.2 Structural description of four novel phases

pyramidal coordination. In the crystal structure of ¢3.2 a coordination polyhedron of a
unique Pb** ion is asymmetric and obviously indicates that the 6s* lone pair is
stereochemically active.

Similarly to what found in the a-PbNi(SeOs), form (c3.1), the f—form is built up
from isolated NiOs octahedra interlinked by SeOs groups via common oxygen corners.
However, the linkage modes differ in both structures. The crystal structure of ¢3.2
(Figure 3.3) is essentially two dimensional (2D) and is based upon [Ni(SeO;),]*" sheets,
which lay parallel to (001). The lone pairs of electrons of Se*" cations are oriented in the
[001] direction toward the vacant part of the interlayer space. Cavities are filled by the

Pb** cations, which serve to balance charge and achieve the cohesion between the sheets.

FIGURE 3.3 The crystal structure of p-PbNi(SeOs), (¢3.2) in two different projections - (a)
and (b), and the black-and-white graph corresponding to the Ni-Se sheet in the structure- (c)

The shortest interlayer O--O contacts across the interlayer is about 3.36 A, 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” SeOj; orientations are found in the
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2.3 Crystal chemical studies of nickel and cobalt selenites

crystal structure. Detailed description of the crystal structure of ¢3.2 can be found in the
article A-IV (see Included Articles).

PbNiz(SGOzOH)z(SeO3)2

In the crystal structure of ¢3.3 there are two symmetrically independent Ni** sites with
rather regular octahedral coordination. The four crystallographically inequivalent Se**
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)O,0OH)™ and (Se(4)O,OH) trigonal pyramids with one long Se-O bond, and two
shorter Se-O bonds. The two independent Pb** 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 ¢3.3, the NiOs octahedra are sharing their vertices with
SeOs 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 Se** cations.

FIGURE 3.4 General projection of the crystal structure of PbNi,(SeO,OH),(SeO:;). (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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2.3.2 Structural description of four novel phases

It is striking that in the (a,b) projection the similitude between Pb(1) and Pb(2)
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 Pb(1) and Pb(2) sites
(Figure 3.4b).

Figure 3.4c shows the black-and-white graph corresponding to a 3D metal
cationic framework of ¢3.3. Its structural architecture is closely related to that observed
in the crystal structure of PbFe,(SeOs), [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 ¢3.3 can be found in the article A-
IV (see Included Articles).



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 f-(V,05)(SeOs), (c4.1),
sz(VO)(Se03)3 (C4.2), and B—Pb4(V303)2(SeO3)3(H20) (C4.3)
c4.1 c4.2 c4.3
M: (g mol™) 403.80 862.20 1789.30
space group P21/c P2i/n P-1
a(A) 7.1812(3) 5.1938(3) 7.1425(2)
b (A) 7.0753(2) 16.1141(9) 7.1933(2)
c(A) 14.0486(5) 11.2533(6) 21.5261(7)
«(°) 90 90 90.0190(10)
B 101.5462(15) 90.527(2) 98.1800(10)
y(°) 90 90 94.5980(10)
V(&%) 699.35(4) 941.79(9) 1091.12(6)
V4 4 4 2
p (g/cm?) 3.835 6.081 5.446
y (mm™) 13.105 48.272 38.305
2 (MoK,) (A) 0.71073 0.71073 0.71073
total rflns 7488 9381 21653
indep rflns 2126 3062 6579
Rint 0.0252 0.0305 0.0272
Ri [I>20(I)] 0.0232 0.0236 0.0260
wRa [I>20(I)] 0.0503 0.0411 0.0535
R, [all data] 0.0298 0.0322 0.0302
wR; [all data] 0.0527 0.0429 0.0549
GOF 1.065 1.059 1.042
Apmax,Apmin (€ A7) 1.03, -0.49 1.40, -1.34 5.06, -2.96

2.4.1 Pathways for synthesis of lead vanadate selenites

The PbO-VO,-SeO; ternary system has not been widely explored so far, and it counts
only six known phases, namely, Pb,(V>",05)(SeOs), [Li et al. 2010], Pb,(V**O)3(SeO;)s
[Li et al. 2010], PbiV>"0,)x(Se03)4(Se;0s5) [Yeon et al. 2012], a-
Pb4(V>*305),(Se0;);(H,O) [Cao et al. 2014], Pb,(V>*0,)(SeO5),Cl [Cao et al. 2014], and
Pb(V°*0,)(SeO;)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
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2.4.1 Pathways for synthesis of lead vanadate selenites

reactivity of (Se*'Os)*” anions in solution, while Pb** oxysalts are prone to the phase
formation in aqueous solutions as demonstrated by our previous results. Only two of
the compounds, Pbs(V>*0,),(Se05)4(Se20s) [Yeon et al. 2012] and Pb,(V>*0,)(Se0s),Cl
[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 B-(V>*,05)(SeOs),
(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, Pb,(V*O)(SeOs);
(c4.2) B-Pbs(V>"305)2(Se0;);(H.0) (c4.3), were obtained by using the hydrothermal
techniques in the course of the phase diagram exploration. Due to time restrictions,
“hydrothermal” phase diagrams using both PbO and PbCl, precursor have not been
studied systematically, in contrast with the Ni-containing system developed in the
Section 2.3. 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 Chapter 2.3.1.
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FIGURE 4.1 Experimental crystallization diagram of the PbCl,—V,0s—SeO,-H,O (a) and
PbO-V,05-Se0,-H,O (b) systems at 200 °C with the pH zones shown in the background by
grey colours

The reaction products have been identified by means of single crystal (for both
systems) and powder (for the PbO-V,0s;—SeO,-H,O system) X-ray diffraction
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2.4 Crystal chemical studies of vanadate selenites

methods. As in the case of the Ni-system, self-acidification was achieved owing to the

SeO; reaction with water according to the following reactions:

SeO,; + H,O <> H,Se0s; (1)
H,SeO; <> H* + (HSCO3)_ (pKa = 262) (2)
(HSeO;)” <> H' + (SeOs)* (pK. = 8.32) (3)

In the PbCL-V,0s—Se0,-H,O system, the Pb,(VO,)(SeO;).Cl [Cao et al. 2014]
and Pb(VO;)Cl [Jo et al. 2009] phases dominate, while PbCl, and Pb(V,05) occur in the
PbCl;-rich and V,0s-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, Pb,(V*O)(SeOs); (c4.2), and P-Pbs(V>*305)2(Se0;5);(H.0) (c4.3), described

below.

2.4.2 Structural description of three novel phases

B-(V203)(Se03):;

The crystal structure of the new p-polymorph of (V,05)(SeOs); (c4.1) contains two V**
atoms and two Se*" atoms. The V(1) site is coordinated by six oxygen atoms to form an
irregular [1,+4+1]-octahedron with one short (V(1)-O(4) = 1.586 A) and one elongated
bond (V(1)-O(3) = 2.385 A). The V(2) site forms a square [1+4]-pyramid with one
short V(2)-0O(9) = 1.570 A bond. This kind of five-fold coordination has been observed,
e.g. in the crystal structures of A,Cd(VO)(V,0).Cl (A = Rb, T1) [Mertens and Miiller-
Buschbaum 1997]. Se*" cations form the typical (SeOs)*" 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 (V4Ous)'*
tetramer. The selenite anions play different structural roles. The Se(2)Os triangular
pyramids are attached to the tetramer in such a way that selenite triangular O-O-0O
bases are relatively parallel to the V-V-V-V plane of the tetramer. The Se(1)Os 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 A are oriented

parallel to (-201) plane. The structural feature of this type of sheets in addition to their
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2.4.2 Structural description of three novel phases

electroneutrality is the presence of large lengthy channels of size 3 x 10 A running along
[100].
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FIGURE 4.2 Projections of the structures and optical microscope images of the crystals of

c4.1, c4.2, c4.3, and a-Pbs(V;05),(Se0;);(H,0). VOs octahedra, VOs square pyramids, SeO;
triangular pyramids, and Pb** cations are blue, green, orange, and grey, respectively

Polymorphism of (V203)(5e03)

The crystal structures of the two polymorphs, a-(V,03)(SeOs), [Lee and Kwon 1996]
and B-(V.0;5)(Se0;), (c4.1), both consist of vanadate tetrameric structural units with
different geometry. The crystal structure of a-modification is based upon chains
extended along the a-axis, and composed of (SeOs;)* pyramids and square-like
octahedral (V4015)"* tetramers shown in Figure 4.3a. The tetramer is built up from two
pairs of edge-shared V°* octahedra linked through common oxygen equatorial corners.
Its V°* centres have rather regular square planar geometry with the two V(1)--V(2)
distances equal to 3.41 A and 3.53 A, and the V-V-V angles between 88.7° and 91.3°. In
contrast, in the structure of B—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
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2.4 Crystal chemical studies of vanadate selenites

are 3.20 A and 6.28 A, 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 a—(V,0;)(Se0s), and
B-(V>0;)(Se0s); (c4.1) - (a) and (b), respectively

It is noteworthy that the crystal structures of both polymorphic compounds are
related with those of chemically similar (V,03)(TeOs), [Darriet and Galy 1973; Millet et
al. 1999] and (V,03)(XO,), (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 VO, 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.

sz(V4+0)(S€03)3

This phase is fundamentally different from the other ones since it contains so-called
vanadyl (V=0)*" ions. In the crystal structure of Pb,(V*O)(SeOs); (c4.2), there is a
unique V* position octahedrally coordinated by six O atoms and isolated in the cell.
The (VOs)* octahedron contains one short vanadyl bond (V(1)-O(7) = 1.615 A), four
equatorial bonds with the average bond length of 2.035 A, and one shortened trans-
bond (V(1)-O(5) = 2.096 A). Occurrence of such short trans-bond length is rather rare
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2.4.2 Structural description of three novel phases

for the compounds with octahedrally coordinated V** sites [Schindler et al. 2000], and
is commonly more closed to 2.2 A. Nevertheless, it has been observed, e. g. in the crystal
structures of A,(VO);(P,0,), (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 (SeO; or P,0O5), while the V=0 oxygen atom it is not further bonded. Three
symmetrically independent Se sites form typical (SeO;)* triangular pyramids. The
structure of ¢4.2 contains two symmetrically independent Pb** sites. Both lead cations
are surrounded by ten common O atoms with vanadate and selenite groups. Generally,
all Pb** cations demonstrate short and strong Pb-O bonds in one coordination
hemisphere and long weaker Pb-O bonds in another.

The structure of c¢4.2 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 [(VO,)(SeOs);]* chains running along the
a-axis. Both bidentate Se(2)O; and Se(3)Os groups bridge between two adjacent V(1)Os
octahedra, whereas Se(1)O; 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).

B-Pb4(V303):(Se03)s(H20)

New B-polymorphic modification of Pbs(V30s)2(SeOs)s;(H,0) (c4.3) contains six V**,
three Se**, and four Pb** 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 [1.+4+1]
coordinated by six O atoms with each one short bond. V(3), V(5), and V(6) have a
distorted square [1+(1:+3)]-pyramidal environment with two short bonds (<V-O.>
equals 1.643 A, 1.651 A, and 1.652 A for V(3), V(5), and V(6), respectively) and three
equatorial bonds. In the structure of c4.3, there are three symmetrically independent
Se** cations that have typical oxygen coordination of triangular pyramid. The
coordination polyhedra of four unique Pb** cations are strongly distorted because of the
stereoactivity of their 6s* 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 A from Pb(1) belongs to a water molecule. It links via
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2.4 Crystal chemical studies of vanadate selenites

hydrogen bonding with non-bonded oxygen vertex of the Se(3)O group (O(26)-
0(20) = 2.644 A), and it forms a long hydrogen contact (O(26)-O(17) = 3.269 A) with
the oxygen atom bridged between Se(3)O and V(3)Os 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 chapter by analogy to the a—form.

FIGURE 4.4 Structural units in the crystal structure of B—Pb.(V>*305),(SeO5);(H,0) (c4.3)

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
4.2¢). Adjacent chiral ribbons bridged via strong metal oxide linkages form 2D
structural units parallel to (010) (Figure 4.5b). Pb(l) 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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2.4.2 Structural description of three novel phases

Polymorphism of Pb4(V30s):(Se03)s(H-0)

Both a- and B-polymorphic compounds have been synthesized within the framework
of the present study. The a-form of Pbs(V30;s).(SeOs);(H,O) has been very recently
described in [Cao et al. 2014]. It crystallizes in the monoclinic noncentrosymmetric P2,
space group, while the f-modification (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 4.5).

inversion
center

2, screw axis

FIGURE 4.5 Mode of packing of the vanadate selenite ribbons in the crystal structures of o—
Pb4(V305)2(5e05)5(H,0) - (a) and [3—Pb4(V308)2(SeO3)3(H20) (c4.3) - (b)

Significant differences between them are that the structure of a-
Pb4(V305)2(Se0s)3(H,O) consists of two vanadate selenite ribbons (designated as A and
A?") rotated as a result of operation of the 2, screw axis, whereas the structure of -
modification (c4.3) contains two chiral inverted vanadate selenite ribbons (designated
as A and A™") related to each other by the inversion centre (Figure 4.2¢, d).

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.
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2.4 Crystal chemical studies of vanadate selenites

This is achieved by the same position of lead cations and SeO; groups in the two
structures, which is very rare to the best of our knowledge.

In the structure of the a-polymorph, the ribbon A is connected to adjacent
rotated ribbon A?*' forming a layer composed of alternating ribbons in a
...A-A*-A-A"-A... sequence (Figure 4.5a). The structure of p-phase (c4.3) has a
...A-A"'-A-A"- 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.



2.5 Crystal chemical studies of selenium compounds
with manganese and bismuth

Bi** ion has strong affinity to oxocentered 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; Lii et al.
2014], and, therefore, its combination with SeO; groups promises to appear very
unusual phases. In addition, the substitution of Bi** for Mn** ion in several oxocentered
phases [Abraham et al. 2002; Aliev et al. 2014] encouraged us to work with manganese
phases as well. Although our results showed only one oxocentered 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 - MH(SCO4)(H20)2 c5.5 - Bis(seO3)4Cllo
c5.2 - an[BiZO](SeO3)4 c5.6 - [3—B1(SeO3)Cl
c5.3 - MnBl(SeO3)2C1 c5.7 - PbBilo(SeO3)12C13

¢5.4 — Mn,(Mns,Bi)(SeO3)sCls

TABLE 5.1 Crystallographic data and refinement parameters for ¢5.1, ¢5.2, ¢5.3, ¢5.4, 5.5,
¢5.6,and ¢5.7
c5.1 c5.2 c5.3 c5.4 c5.5 c5.6 ¢5.7
M:(gmol™)  233.93 1051.68 553.29 1896.37 2116.22 371.4 4104.1
space group Pbca Pccn P-1 Pbcm P2i/c Cc Ccca
a(A) 10.4353(5)  10.8771(3)  7.0926(8) 10.7914(2) 21.460(2) 22.7052(3) 15.819(6)
b(A) 9.2420(5)  19.9770(5)  7.2695(6)  15.9782(3)  8.4012(9) 76.785(4) 17.871(7)
c(A) 10.5349(6)  5.5058(1) 8.0160(8) 17.5682(3) 15.3370(18)  16.0550(3) 15.857(6)
a() 90 90 88.226(4) 90 90 90 90
B 90 90 72.005(3) 90 110.639(5) 135.000(2) 90
y(°) 90 90 64.560(4) 90 90 90 90
V(A% 1016.02(9) 1196.37(5)  352.47(6)  3029.23(10)  2587.7(5) 19792.4(12)  4483(3)
Zz 8 4 2 4 4 192 4
p (g/cm®) 3.059 5.839 5213 4.158 5.432 5.981 6.079
p (mm™) 9.71 43.63 37.40 19.55 47.37 52.08 53.17
2 (MoK,) (A) 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
Rin 0.0295 0.0247 0.0198 0.0310 0.0421 0.0962 0.0496
Ri [I>20(1)] 0.0227 0.0285 0.0208 0.0220 0.0291 0.0612 0.0667
wRy [I>20(I)]  0.0467 0.0620 0.0436 0.0529 0.0711 0.0645 0.0639
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TABLE 5.1 Continued
c5.1 c5.2 c5.3 c5.4 c5.5 c5.6 c5.7
R, [all data] 0.0302 0.0325 0.0219 0.0317 0.0333 0.1124 0.1057
WR; [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
Apmax, Apmin 0.70, 2.54, 1.90, 0.73, 3.42, 5.39, 5.38,
(e A‘3) -0.93 -1.47 -1.67 -1.16 -2.95 -4.51 -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 H,SeO, (4.7 mmol) and distilled water (10 ml) was used
for synthesis of Mn(SeO,)(H,0); (¢5.1). 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 on heating
above 160 °C the selenic acid H,Se®* O, can be easily decomposed with the formation of
selenious acid H,Se*" O and oxygen [De 2003]. Single crystals of ¢5.1 suitable for X-ray
analysis were grown after two days.

Single crystals of Mn,[Bi,O](SeO;)s (c5.2), have been obtained from the
hydrothermal reaction of SeO, (2.5 mmol), MnO, (2.0 mmol), Mn,O; (0.25 mmol), and
BiOCI (3.0 mmol) performed in 6 mL of distilled water. 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(SeO:;),Cl (¢5.3) and Bis(SeO3)sClyo (€5.5) compounds were grown together as a
result of the same chemical vapour transport reaction of SeO, (4 mmol), Mn,O; (1.0
mmol), Bi,O; (1.0 mmol) and BiCl; (2.0 mmol) performed in a sealed evacuated silica
tube over a temperature gradient of 400 °C to 350 °C during 100 hours. The
Mn,(Mns,Bi)(SeO;)sCls (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,
B-Bi(SeO;)Cl (¢5.6) and PbBiio(SeO3)1,Cls (€5.7), have been synthesized by Dr. Almaz
Aliev. The crystals of ¢5.6 were grown by the CVT reaction of the mixture of SeO, (1.0

mmol), MnO; (1.0 mmol), BiOCI (1.0 mmol), and a drop of concentrated solution of
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HCI, while the mixture of SeO, (1.0 mmol), PbO (1.0 mmol), BiOCI (1.0 mmol), and a
drop of concentrated solution of HCI was used for preparation of the compound ¢5.7.
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(SeOy4)(H:0):

The crystal structure of Mn(SeOs)(H.O), (c5.1) contains one symmetrically
inequivalent octahedrally coordinated Mn** cation. Four of six of its oxygen ligands are
interacting with adjacent Se®* cations, while two others belong to water molecules
arranged in cis-position relative to each other. A unique crystallographically
independent Se®" site has tetrahedral coordination and linked by sharing of all its four

vertices with adjacent MnO4(H,O) octahedra into a 3D framework (Figure 5.1a).

FIGURE 5.1 View of the crystal structure of Mn(SeO4)(H,0); (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)

The framework of the crystal structure of ¢5.1 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(SeO,)(H,0), 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 (Mn**) and white (Se®*) vertices relative to the graph plane are
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2.5 Crystal chemical studies of selenium compounds with manganese and bismuth

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 ¢5.1 belongs to the variscite structural type M(TO.)(H;O),,
where M = Fe**, AI’*, Ga*, In’* or Zn**, and T = P**, As>* or Se®". This type includes such
minerals as mansfieldite Al(AsO,)(H,O),, scorodite Fe(AsO4)(H,O),, yanomamite
In(AsO4)(H,0),, strengite Fe(PO4)(H,0),, and variscite Al(PO,)(H,O); itself. It should
to be noted, that Mn(SeO,)(H,0); is the second example of the variscite-type compound

containing metal cations in the oxidation state of +2.

Mn2[Bi;0](Se03)4

The structure of Mn,[Bi,0](SeOs)s (¢5.2) contains only a single crystallographic Bi site
coordinated by 8 oxygen atoms. The coordination polyhedron of Bi’* can be described
as a distorted square antiprism. The unique Mn*" cation site has a distorted octahedral
coordination. Each MnOs octahedron shares two edges with adjacent octahedra to form
[MnO,]* zigzag chains running along the c-axis (Figure 5.2a). Two crystallographically

independent Se** sites form typical selenite pyramids.

(a)

FIGURE 5.2 Projection of the crystal structure of Mn,[Bi,O](SeOs), (c5.2) (b) composed of
[MnQ,]°* (a) and [Bi,O]** chains (c)

The crystal structure of ¢5.2 contains an “additional” oxygen atom, which is
coordinated solely by four Bi** cations forming oxocentered (OBis)'"* tetrahedra. They

share trans-oriented edges to form infinite [Bi,O]** chains along the c-axis (Figure 5.2c).
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2.5.2 Structural description of seven novel phases

These chains are rather common in the crystal chemistry of oxocentered bismuth
phases, e.g. in [Bi,O]JAuO, [Krivovichev et al. 2013b]. The chains are further linked
through SeO; groups and [MnQO,]¢ structural units into a 3D framework with pseudo-
tetragonal empty channels occupied by lone electron pairs of Se** cations (Figure 5.2b).

The structural architecture of ¢5.2 is closely related to that observed in the crystal
structures of Tb,O[SeOs], [Wontcheu and Schleid 2002] and M;0,Cl[SeOs], (M>* = Tb
[Wontcheu and Schleid 2005] and Y [Zitzer et al. 2011]). In their structures the lone
electron pairs of Se** cations form similar channels running between cationic [Tb,O]*
chains in Tb,O[SeOs], and [M50,]°" double chains in M;0,Cl[SeOs], (M** = Tb and Y).

MnBi(Se03):Cl

In the crystal structure of MnBi(SeOs),Cl (¢5.3), there is one symmetrically inequivalent
Mn site. The Mn?* cations form (MnQO,ClL,)® 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 SeOs groups into sheets
parallel to (001).

FIGURE 5.3 General projections of the crystal structure of MnBi(SeO3),Cl (¢5.3) along
[010] - (a) and [001] - (b) (disordered O sites are omitted for clarity); anionic arrangement of
metal cations in the structure - (c)
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2.5 Crystal chemical studies of selenium compounds with manganese and bismuth

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 located
at the third corner of the Se(2)Os; group resulted in normal thermal values, while the
Se(2) showed the high thermal parameters. In the structure of ¢5.3, a symmetrically
unique Bi’* cation is in nine-fold distorted coordination of eight oxygen and single
chlorine atoms (Figure 5.3c). The Bi** cations separate the sheets composed of selenite
and manganese polyhedra from one another and serve to balance charge.

The structure of ¢5.3 is isotypic with previously studied MnSm(SeOs).Cl,
CoSm(Se0s),Cl, and CuGd(Se0s),Cl [Wickleder and Hamida 2003].

Mn? 4(Mn?*s, Bi**)(Se053)sCls

The compound Mny(Mns,Bi)(SeOs)sCls (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 ¢5.4 is based
upon 2D structural units composed of distorted square antiprisms of four
crystallographically inequivalent mixed sites statistically occupied by Mn** and Bi**
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:
0.97Mn**/0.03Bi**, 0.92Mn**/0.08Bi**, 0.87Mn*'/0.13Bi**, and 0.37Mn*'/0.63Bi** for
Mn(3), Mn(4), Mn(5), and Bi(6), respectively, under restraints of neutral charge.

In the structure of ¢5.4, there are two fully ordered Mn*" sites, which are
octahedrally surrounded by three oxygen and three chlorine atoms each. A couple of
the octahedra share their common Cl; face to form a dimer, which is further linked
through one of the CI corners with adjacent dimer into a square-like tetrameric unit.
Four symmetrically inequivalent Se*" 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 CI 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 ¢5.4 is shown in Figure 5.4b.
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FIGURE 5.4 Projection of the crystal structure of Mns(Mns,Bi)(SeO3)sCls (c5.4) along [100]
— (c), the sheet of square antiprisms - (a), the tetrameric unit - (d), and their arrangement in the
structure - (b)

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 Se** cations along the a-axis (Figure 5.4c).

Bis(5€03)4Cl1o

The crystal structure of Bis(SeO;)sClyo (c5.5) is formed by six distorted oxochloride
polyhedra of bismuth, Bi(1)O;Cls, Bi(2)OsCls, Bi(3)O;Cls, Bi(4)OsCls, Bi(5)0sCls, and
Bi(6)OsCl,, linked to four crystallographically inequivalent Se** cations resulting in a 3D
framework. The stereoactive behaviour of the lone electron pairs on the Bi’* cations is
manifested by the particularly asymmetric coordination environments around these
cations. Coordination polyhedra of Bi share their edges and corners to build
Bis(SeOs)4Cl, 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).

In the structure of ¢5.5, the cavities are around 9.7 A long and 3.8 A wide. The
close inspection of a Fourier difference electron-density map showed a high residual

peak (8.71 e/A?) at a distance of 0.86 A from the Se(3) site indicating its possible splitting
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2.5 Crystal chemical studies of selenium compounds with manganese and bismuth

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 A), those for the Se(3)' site are too long (2.09-2.41 A), which
suggested its occupation by Bi**. 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 ¢5.5

@

Bi(1)0,Cl,  Bi(4)0.Cl,

can be found can be in the article A-III (see Included Articles).

A

Bi(2)0.Cl,  Bi(5)0.Cl,

Bi(3)0,Cl,  Bi(6)0.Cl,

FIGURE 5.5 Projection of the crystal structure of Bis(SeOs)4Clyo (¢5.5) on the (010) plane,
showing BiO,Cl, polyhedra (yellow) and SeO; groups (orange) sharing their edges and corners

B-Bi(Se0s)Cl with giant unit cell

The crystal structure of f—Bi(SeO;)Cl (¢5.6) is very unusual and complex. Noteworthy,
beyond its NCS character, the volume cell is strikingly large (19792 A’). A total of 48
bismuth, 48 selenium, and 48 chlorine crystallographically independent atoms have
been localized. The structure of ¢5.6 can be described as built from two blocks,
[BisCly6)** (Figure 5.6d) and [Bi;.Cls,]*" (Figure 5.6¢), regularly sandwiched between
[Bi14(SeOs)24]% sheets (Figure 5.6b). In Figure 5.6a, the BiO; polyhedra are shown by
yellow colour, whereas, for the sake of clarity, the [BisClis]*" and [Bi;,Cls,]*" 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 [BisCli¢]** have also
been found in the new compound PbBi(SeOs):.Cls (c5.7) described below. The
[Bi14(SeO;3)24]®” structural unit is built by the association of Bi** cations and SeO;

pyramids. In BiO, units with x in between 8 and 10, all the Bi-centered polyhedra are
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2.5.2 Structural description of seven novel phases

asymmetric, which is typical of the bismuth coordination due to the stereoactive

behaviour of the 6s* lone pairs on Bi’* cations.

BiO, BiOCI,

FIGURE 5.6 Projection of the crystal structure of —Bi(SeO;)Cl (c5.6) along [100] - (a). An
alternation of three different parallel layers: [Bi14(SeO3)24]¢ - (b), [Bi2Cls2]** - (¢), and [BigCly]**

-(d)

The large value of the b-parameter (~76 A) can be explained by the variety of
different modules stacked along the b-axis. In other words, the ordering between the
[BisCli]®* and [Bi;,Cls,]** cationic units sandwiched between the [Bi4(SeOs)14]® anionic
sheets is the key factor for the formation of a giant cell and responsible for the doubling
of b-parameter. Detailed examination of the crystal structure of ¢5.6 and the analysis of
the a - B — y phase transitions associated with a dramatic fluctuation of structural
complexity together with the transitional character of the p phase can be found in the

article A-III (see Included Articles).

PbBi10(Se03)12Cls

The crystal structure of PbBio(SeO;)1.Cls (¢5.7) contains five independent sites
occupied by heavy cations. One of them, Bi(1), is fully occupied by Bi**, while a
refinement of the four others indicated the same mixed Bi**/Pb*" occupancy of 0.9/0.1.
Taking into account Bi/Pb—O and Bi—Cl bond lengths smaller than 3.10 A, the following
irregular coordination polyhedra of heavy cations can be observed: Bi(1)Os, Bi(2)Oo,
Bi(3)O10, Bi(4)O10, and Bi(5)O4Cls. Three crystallographically inequivalent triangular

65



2.5 Crystal chemical studies of selenium compounds with manganese and bismuth

pyramidal selenite groups are connected to the 2D structural units composed of Bi(1)Os,
Bi(2)O10, Bi(3)O, and Bi(4)Oi polyhedra by sharing of common O-O edges
(Figure 5.7). Generally, the structure of ¢5.7 can be described as a 2D network, with the
[(Pb,Bi)14(SeO3).4]" sheet (Figure 5.7b) sandwiched between the [(Pb,Bi)sClis]"* layers
(Figure 5.7¢) laying parallel to the (010) plane. The structural architecture of ¢5.7 is
closely related to that observed in the crystal structure of CaNd;o(SeOs)1,Clis
[Berdonosov et al. 2007]. Detailed description of the crystal structure of ¢5.7 can be
found can be in the article A-III (see Included Articles).

[(Pb,Bi).,(Se0,),,]"

(a) k)

[(Pb,Bi),Cle]"

o 9

» CI3o
BisO"

cl2o
[5)

oCll o

ocCla o

P

W

+
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[

FIGURE 5.7 Projection of the crystal structure of PbBi1o(SeO3)1.Cls (c5.7) along the a-axis
- (b), two parallel cationic and anionic layers: [(Pb,Bi)14(SeOs)24]"” - (a) and [(Pb,Bis)Clis]"" - (c)



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 Table 6.2.

6. [CHNI 6o [CHNL
) [(UO,)(Se04)2(H,0)](H,0) ) [(UO,)(Se04)2(H,0)]
CHsN C,HsN
6.2 - [CHeN], il [CHsN],
[(UO,)(Se04)2(H.0)] [(UO,)(Se04)3(H,0)]
63 [CHNI qp. |CsHsN:I[HOLs[(UO,
) [(UO,)2(Se0.)s] ) (5€04)293(5€03)0.07(H0)](NO3)o 5
4. |CHNI(HO) w61y |CHNLHO
) [(UO,)1(Se04)3(H,0)](H,0) ' [(UO,)2(Se04)3(H,0),].(H20)s5
5. |CHNI w13 [CHNLHOI(UO,
) [(UO,)3(Se04)s](H,0)4 ) (5e04)4(HSeO3)(H,0)](H,Se05).,
. |CHNI(H:O,)(H0), 14 |CsHoNLHO]
) [(UO,)3(Se04)s] (H,0)4 ) [(UO,)5(Se04)5(H,0)]
6y |CHNL(HO) 15 |CHNL(GHN)
) [(UO,)5(Se04)s(H,0)1(H,0),4 ) [(UO,)5(SeO4)4(HSeOs)(H,0)]
s [CHNLs(H:O)s(HOR[(UO)s o [CHNI[(H;0)(H:0)]

) (S5e04)s(H20)](H2Se04)26(H20)s ) [(UO,)(SeOs4)3(H,Se05)](H,O)
TABLE 6.1 Crystallographic data and refinement parameters for ¢6.1, ¢6.2, ¢6.3, ¢6.4, ¢6.5,
€6.6, ¢6.7, and ¢6.8

c6.1 c6.2 c6.3 c6.4 c6.5 c6.6 c6.7 c6.8
i\n/lglgg) 639.99 623.99 1020.98 1042.96 1692.97 1678.91 2709.91 2946.25
sp. gr. Pnma P2\/c P2, P2)/c Pnna Ibca Pca2, Pnma
a(A) 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 (A) 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(A) 15.836(1) 22.260(2)  10.095(1) 24.228(2)  10.3602(5) 18.663(2) 16.242(1)  10.417(1)
B () 90 104.566(9)  95.98(1) 102.803(9) 90 90 90 90
V(A3) 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
p (g/cm3) 2.960 3.078 3.908 3.376 3.577 3.280 3.392 3.277
u (mm™) 16.423 17.507 25.012 21.166 21.319 19.720 20.814 20.086
A (MoKa)
(A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
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TABLE 6.1 Continued
c6.1 c6.2 c6.3 c6.4 c6.5 6.6 6.7 c6.8

total rflns 10099 12119 5477 12326 18468 32094 27846 61466

indep

Hins 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

R

' 0.0467 0.0466 0.1072 0.0674 0.0541 0.1040 0.0852 0.0858

[I>20(I)]

R

W 0.0860 0.0637 0.2712 0.1551 0.1119 0.1867 0.1901 0.1736

[I>20(I)]

R

! 0.0566 0.0785 0.1126 0.0957 0.0790 0.2138 0.1305 0.1556

[all data]

R

W 0.0882 0.0688 0.2766 0.1693 0.1216 0.2287 0.2150 0.2083

[all data]

GOF 1.334 0.996 1.083 1.049 1.104 0.968 0.997 1.055

A maxs

AP _ 1.44, 1.59, 8.61, 2.84 223, 2.58, 2.44, 2.90,

Prin -3.13 -221 -3.16 -1.99 -1.82 -1.43 -1.84 -1.49

(eA™)

CCDC# 866552 866549 866547 866553 866546 866551 866548 866550
TABLE 6.2 Crystallographic data and refinement parameters for ¢6.9, ¢6.10, ¢6.11, ¢6.12,
¢6.13, ¢6.14, c6.15, and c6.16

6.9 €6.10 c6.11 c6.12 c6.13 c6.14 c6.15 c6.16

Ml’)

lfjg) 666.15 1079.14 2256.03 2267.28  1685.05 1770.70  1685.07  1217.08
mo.

sp. gr. P21212, P2,1212, P2\/c P2\/c P2\/m P2\/m Pnma P2\/n

a(A) 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(A) 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(A) 16.760(2) 16.9138(8) 17.9913(6) 14.197(4) 11.5623(5) 11.377(3) 22.194(2) 16.4176(9)

B 90.00 90.00 98.019(1)  120.39(2) 97.582(1)  97.510(4)  90.00 111.628(1)

V (A% 1541.2(2) 2129.6(2)  2169.6(2)  4746(2) 17753(1)  1946.5(7) 3870.0(7) 2263.8(2)

Z 4 4 2 4 2 2 4 4

p(g/lcm®)  2.871 3.366 3.457 3.173 3.152 3.021 2.892 3.571

g (mm™) 15306 20.394 20.036 18.323 19.286 17.217 17.310 20.822

2 (MoK,)

) 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

ins 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

R

' 0.031 0.029 0.033 0.048 0.036 0.040 0.060 0.027

[I>20(I)]

R

W 0.063 0.048 0.074 0.106 0.097 0.058 0.096 0.052

[I>20(I)]

R

! 0.035 0.038 0.049 0.104 0.055 0.099 0.095 0.041

[all data]

R
i 0.064 0.050 0.077 0.122 0.102 0.066 0.105 0.054
[all data]
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2.6.1 Synthetic procedures

TABLE 6.2 Continued
c6.9 €6.10 c6.11 c6.12 c6.13 c6.14 €6.15 c6.16
GOF 0.940 0.934 0.964 0.875 0.979 0.737 1.127 0.928
Aprmas
Ap _ 2.34, 1.10, 2.82, 4.61, 2.79, 1.65, 1.05, 2.39,
Pmin; -1.45 -1.20 -2.00 -4.34 -2.23 -1.38 -1.21 -1.81
(e A7)
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 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 of crystal growth: 72 hours)

molar ratios: c6.1 c6.2 c6.3 c6.4 c6.5 c6.6 c6.7 c6.8
SeO, 0.5 0.4 0.7 0.4 0.8 0.7 0.4 0.7
UO2(NOs)2:6H,0 ! 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.2
CH;5N 2 0.4 0.5 0.2 0.5 0.1 0.1 0.5 0.1
HO (ml) 2 2 2 2 2 2 2 2
molar ratios: c6.9 c6.10 c6.11 c6.12 c6.13 c6.14 c6.15 c6.16
SeO, 4.1 4.1 0.7 0.7 0.7 4.7 0.5 0.8
UO2(NOs)2:6H,0 ! 0.4 0.4 0.2 0.1 0.1 0.1 0.1 0.1
CH/N 3 0.2 0.2 0.4 0.1
CHuN* 0.1

C4Hi3N;3° 0.1

CsH/NO ¢ 1.3 1.3

HO (ml) 2 2 2 2 2 2 2 2

! uranium materials used in these experiments were depleted; > methylamine (MA); * dimethylamine (DMA); *
diethylamine (DEA); ® diethylenetriamine (DETA); ¢ N,N-dimethylformamide (DMF).

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 U*: Se®/** ratios of inorganic structural units: 1 : 2 - ¢6.1, 6.2, ¢6.9, c6.16;
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2.6 Crystal chemical studies of uranyl selenates and selenite-selenates

2:3-¢6.3,¢6.4, c6.10-c6.12;3: 5 - ¢6.5, c6.6, ¢6.13 — ¢6.15; and 5 : 8 — 6.7, ¢6.8. The
crystal structures of all phases contain uranyl (UO;)* pentagonal bipyramids, selenate
(Se*O4)* tetrahedra, or/and selenite (Se*'O;)* 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, U**
cations form approximately linear uranyl ions, [UO,]**, with the average <U=0> bond
length of 1.756 A 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 H,O molecule) to form UO; (or UO¢(H,O)) pentagonal bipyramids with the
average <U-O.¢> bond length equal to 2.390 A. Generally, the U-O.H, bond lengths
are longer and lie in range of 2.42-2.54 A. The average <Se-O> bond distance in selenate
and selenite groups equals to 1.628 A. 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 (¢6.16), A-II (¢6.1 - ¢6.8), and
A-VI (c6.9 - ¢6.15) (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 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 6.1 shows a whole topological diversity of inorganic structural units

in the crystal structures of novel compounds ¢6.1 - ¢6.16.

Compounds withU:Se=1:2

Crystal structures of [CHeN],[(UO,)(Se04).(H,0)](H,O) (c6.1),
[CH6N][(UO,)(Se04).(H,0)] (¢6.2), and [C,HsN],[(UO,)(SeOy4).(H,O)] (c6.9), are
based upon structural units with composition [(UQO,)(SeO4),(H,O)]*. In the structures
of 6.1 and ¢6.9 the (UOs(H.0))* pentagonal bipyramids share corners with two
adjacent (SeO,)* tetrahedra to form [(UO,)(SeO4).(H.0O)]*" 1D chains arranged into the
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2.6.2 Structural description of sixteen novel phases

pseudo sheets parallel (Figure 6.1a, b), while the structure of ¢6.2 is based upon 2D
sheets of the same composition (Figure 6.1c, d). The chains have been observed first in
the structure of Mn[(UQO,)(SO4),(H,O)](H,O)s [Tabachenko et al. 1975] and later in a
number of amine-templated uranyl oxysalts. The layered topology of ¢6.2 is common
for a large number of sheet topologies with the composition [A,0,(SO.)2(H.0)]
[Krivovichev 2009].

CLENRES Phrass

¥ { B |
Ladn tdnrdn
f ¥ Y -
R vl v

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
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2.6 Crystal chemical studies of uranyl selenates and selenite-selenates

The crystal structure of [C;HsN][(Hs0,)(H.O)][(UO,)(SeO4)s(H.SeO;)](H,O)
(c6.16) is based upon [(UO,),(SeO4)s;(H.SeOs)]* sheets formed as a result of
condensation of the (UO,)*, (Se®*04)*, and (Se**O(OH),)" 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.

Compounds withU:Se=2:3

In the crystal structures with a U:Se ratio of 2:3, [CH¢NJ]2[(UO,).(SeOy)s] (c6.3),
[CHeN](H;0)[(UO,)2(Se04)s(H0)[(H20)  (c6.4), [C:HsN]L[(UO2)2(SeOs)s(H20)]
(€6.10), [C4HisN3][H30]05[(UO,)2(Se04)295(S€03)0.07(H.0)](NOs)os  (¢6.11), and
[C2HsN5[H50:] [(UO,)2(Se04)3(H20).]2(H20)s (¢6.12), coordination polyhedra of U
and Se®"'*" share common ligands to produce 2D sheets with the chemical compositions
[(UO,)2(Se04)5-+(Se03)(H,0),]* (n = 0, 1, 2; x = 0, 0.07). Topology of the sheet with
n = 0 observed in ¢6.3 is based only upon 4-membered rings of alternating uranyl and
selenate polyhedra (Figure 6.1g, h). It was already reported eg in
[CHeN;]2[(UO,)2(Se0,);] [Krivovichev et al. 2009].

Crystal structures of ¢6.4, ¢6.10, and ¢6.11 with n = 1 are based upon structural
units with same composition [(UO,).(SeO.);(H,0)]*", but with different topologies of
linkage of U and Se polyhedra. The structure of ¢6.4 contains 2D sheets (Figure 6.1i, j)
similar to those found in the structure of ¢6.16. 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 ¢6.16. The topology of the sheet in ¢6.4 is rare and has been observed in unique uranyl
selenate K(H;0)[(UO,),(Se0.4);(H.0)](H,O)s [Ling et al. 2010].

In the sheets of ¢6.10 and ¢6.11 (Figure 6.1k, 1), 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 ¢6.10 and ¢6.11 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
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2.6.2 Structural description of sixteen novel phases

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, the symbols
u (up), d (down), m (orientation up-down topologically equivalent) or (J (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 ¢6.10 and ¢6.11 are equivalent and can
be written in row as (uCJdd)(uuJd). Thus, the uranyl selenate sheets observed in these
crystal structures correspond to the same geometrical isomers.

The topology of the [(UO,)»(SeO4)s(H,0),]* sheet with # = 2 in ¢6.12 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 withU :Se=3:5

The  crystal  structures of  [CHgN][(UO,)s(SeOs)s](H.O)s  (c6.5) and
[CHsN](Hs0.)(H30).[(UO,)5(Se04)s] (H,0), (¢6.6) are based upon topologically similar
inorganic sheets with the composition [(UO,)3(SeO4)s]* (Figure 6.10, 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 ¢6.5 and ¢6.6 may be written as
(Ouuddd)(mddmuu) and (OudOud)(duuddd)(0d0duddu)(ddddud), respectively.
Thus, the uranyl selenate and selenite-selenate sheets observed in these crystal structures
correspond to different geometrical isomers.

The crystal structures of [C,HsN]:[H30][(UO,)3(SeO4),(HSeO5)-
(H0)](H2SeOs)o>  (€6.13), [CiHN][H;0][(UO,)3(Se04)s(H.0)]  (¢6.14), and
[C;HsN]3(C,HN) [(UO,)5(SeOy4)s(HSeO5)(H20)] (6.15) 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 [CsH1uN]4[(UO,)3(Se0.,)(HSeOs)(H,0)](H,SeOs)(HSeO,) [Krivovichev et al. 2006].

The orientation matrices for ¢6.13, ¢6.14 and ¢6.15 have dimensions 6x2. The
series of symbols written in row (duuudd)(udOdu), (dumudm)(udOddu), and
(ududud)(udOdud) for their inorganic sheets completely characterizes the topological

structure of the geometric isomers ¢6.13, ¢6.14 and ¢6.15.
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2.6 Crystal chemical studies of uranyl selenates and selenite-selenates

Compounds withU :Se=5:8

The crystal structures of [CHgN]4(H;0),[(UO,)s(SeO4)s(H.O0)](H.O)s (c6.7) and
[CHN]15(Hs0,)15(H30)5[(UO,)5(SeO4)s(H,0) ] (H2SeO4)2.6(H.0)s (¢6.8) are based upon
sheets with the chemical composition [(UO,)s(SeO4)s(H.0)]* (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 ¢6.7 and
6.8 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 ¢6.7
and ¢6.8 may be written as (uuJuu)(ddudd) and (ddOdd)(duuud), 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 A.(UO,),(TO4),(H,O),
(A" = monovalent cation, and T°" = Se, S, Cr, Mo) has been analysed. It was supposed
that the basic highly-polymerized 3D parent structure is that of (UO,)(TO,), whereas
the role of reducing agents is played by A,(TO,) and H,O. Consequently, the
relationships between different compositions and structures may be visualized using the
UO,TO, - A,TO4 - H,O 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 ID-and-2D, 2D-and-3D fields, and are in agreement with the principle of
dimensional reduction for inorganic oxysalts.
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@ 0D structures A.TO List of novel compounds with general formula

O 1D structures 2 4 A,(U0,),(TO,),(H,0),(A" = amine, H,0; T = Se”)

® 2D structures point formula type dim. comp.
1 ¢6.9

% 3D structures 9 A,U0,)(T0,),(H,0)

= 2 ¢6.2
1D + 2D structures 11 A,(U0,)(TO,),(H,0), 1 ¢6.1
¥% 1D+ 3D structures 16 A,(U0,),(TO,), 2 6.3
#® 2D + 3D structures 30 X » 17 A,(U0,),(TO,),(H,0) 2 ¢6.10
B 18 A,(UQ,),(TO,),(H,0), 2 c6.4

/ e 19 A(UO,,(TO,),(H,0), 2 c6.12

Q° > 30 A,U0,),(TO,), 2 6.5

o vu(\) 31 A(U0,),(TO,)(H,0) 2 c6.14

S 32 A(U0),(TO).(H,0). 2 c6.6

/ 38 As(Uoz)s(To4)3(Hzo)5 2 6.7

39 A(UO,(T0,),(H,0),, 2 c6.8

—-— theoretical borders
— — — experimental borders

UOZTO410 30 " Ho— T eame s HZO

FIGURE 6.2 Dimensional ~ fields on the compositional diagram of the
UO,TO, - A,TO, - H,O (A = monovalent cation, T =S, Se, Cr, Mo) system.

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
As(U0O,)2(TO4)3(H20)s and As(UO,)»(TO4)3(H,0)75 compositions, respectively. We
attribute these deviations to the double role of H,O: 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.

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 A,(UO,),(TO4),.
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.



2.7 Analogy between electron lone pairs of selenites
and H-P bonds 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. The
(HPOs)> anions, which are resulted from phosphonic acid HPO(OH), upon
deprotonation, are commonly encountered as a tridentate tetrahedral ligands in solids.
The H-P bond in (HPO;)* is commonly viewed as resulting from protonation of the
phosphorus lone pair. Although the phosphite groups in solution have been subject of
a number 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, Fe,(SeOs); and Fe,(HPOs);. The tunnel crystal structures of those clearly
show an analogy between lone electron pairs of selenite groups and H-P bonds in
phosphite anions. It demonstrates that in solids containing (HPOs)*" and (ESeOs)*
anions, the H-P bond in phosphites has the same role as does the lone pair E in selenites
(Figure 7.1), suggesting that the H atom is negatively charged and the H-P bond

possesses some hydridic character in (HPOs)* anions.

(a) Se4+: 4s2 4p0 OSeO (b) P?- 3522 3p(; B \H :5:!;’!:6:
0™ 2s° 2p° :0: 0:2s"2p° () "0:
H:1s -
sp 3"'“'!’
@
@ P

2% el o gl
‘ @@ oo OF

9-® (ESe0,)” BD>P (oo

FIGURE 7.1 Lewis structures and simplified artistic representation of orbital models of
(ESeOs)* (a) and (HPO;)* (b) anions, which highlights the similar geometrical role of Hypos and

ESeO3-
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2.7.1 Synthesis and structural characterization of iron selenite and phosphite

2.7.1 Synthesis and structural characterization of iron selenite and
phosphite

Single crystals of Fe,(SeOs); (¢7.1) and Fe;(HPOs); (¢7.2) have been prepared by
hydrothermal techniques. The reagents FeCl;-6H,O, Li,CO; and SeO,/H;PO; 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 Fe,(HPO;); 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 Fe,Os, 30% of HsPO;, and 50% of distilled 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 Fe,(SeO;); (¢7.1) and
Pez(HPO3)3 (C7.2)
c7.1 c7.2
M; (g mol™) 492.58 351.63
space group P6s/m P6s/m
a(A) 7.8720(9) 8.0195(2)
c(A) 7.3258(10) 7.3700(2)
V(A% 393.15(10) 410.48(2)
V4 2 2
p (g/cm?) 4.161 2.845
p (mm™) 17.603 4.144
2 (MoK,) (A) 0.71073 0.71073
total rflns 3894 8590
indep rflns 472 475
Rint 0.0303 0.0325
Ry [I>20(1)] 0.0141 0.0133
wR, [I>20(1)] 0.0308 0.0413
R, [all data] 0.0157 0.0154
WwR; [all data] 0.0311 0.0433
GOF 1.098 1.249
ApmaxsApmin (e A7) 0.451, -0.426 0.423, -0.309

The crystal structures of Fey(SeOs); (c7.1) and Fe,(HPOs); (c7.2) contain
[Fe;0o]"*~ dimers of face-sharing Fe**Os octahedra. The average Fe-O bond lengths of
Fe,(Se0s); and Fe,(HPO:;); are nearly the same, and so are their Fe---Fe distances (2.987
A and 2.980 A, respectively). The [Fe,Os]'*" dimers share all their six vertices with
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2.7 Analogy between electron lone pairs of selenites and H-P bonds phosphites

(ESeOs)*or (HPOs)* 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 in of (ESeOs)*". The Se-O bonds (1.676-1.722 A) are longer than the P-O bonds
(1.513-1.540 A), but the tunnel is larger in diameter for Fe,(HPO3); than for Fe,(SeOs)s.
The H-P bond is 1.310 A, whereas the centre of each lone pair of selenite anion is at a
distance of =0.260 A from the Se (calculated using the program HYBRIDE based on a
theory developed by Verbaere and co-workers. [Verbaere et al. 1978]).

i Fe--Fe
in selenite:
2.987A

o in phosphite:
2.980 A

FIGURE 7.2 View of the crystal structures of Fe,(SeOs); (¢7.1) and Fe;(HPO3); (¢7.2) along
the c-axis - (a) and (c), respectively; mode of linkage of iron (brown) and selenite (orange)
polyhedra in ¢7.1 - (b).

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 Fe,(HPOs);, and -0.108 e.u. and -0.099 e.u. for the H
atoms of two inequivalent phosphite groups in Sr(H,O),[(UO,)(HPO:3),] [Villa et al.
2013].

In Fe;(HPO3)s, the calculated partial charges for O and P atoms are 8o = —0.34 e.u.
and &p = +0.17 e.u., respectively. Dealing with bigger ligands, e.g. chlorides in PCl;, the
bond P**-Cl" polarization is displaced in favor of high partial positive charge on the
phosphorus atom (8¢ = —0.11 and §p = +0.34), which is not suitable for the formation
of a H-P bond.
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2.7.2 Calculation of partial charges

TABLE 7.2 Calculated partial charges for featured selected compounds.

partial charges, +q

H P/Se/As O/Cl ref.
Fe2(HPO:)s -0.024 +0.170 -0.382 (x2), -0.293 [1],¢7.2
Sc2(HPOs)3 -0.068 +0.304 -0.602 (x2), -0.695 [2]
AL(HPOs)s -0.042 +0.454 -0.504 (x2), -0.573 [3]
Gay(HPO:3); -0.032 +0.479 -0.437 (x2), -0.483 [3]
Fe»(HPO:)F, -0.048 +0.401 -0.453 (x2), —0.452 [4]
-0.108 +0.170 -0.539, -0.707, -0.695
Sr(H20)2[(UO2)(HPO3),] [5]
-0.099 +0.199 -0.666, -0.585, -0.676
-0.045 +0.478 -0.420 (x3)
Ni(HPO3)2(OH)s [6]
-0.048 +0.459 -0.432 (x3)
PCl; +0.340 -0.114 (x2), -0.113 [71
Fex(SeOs)s +0.056 -0.353 (x2), —0.280 c7.1
Sca(Se0s)s +0.088 -0.558 (x2), —0.661 [8]
+0.231 -0.468 (x2), —0.467
an(ASC)a)z [9]
+0.206 -0.469 (x2), -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].

Similar effects can be expected in arsenites by lowering the metal electronegativity
(Xe > Xas), which play in favour of stereoactive “free” lone pairs in AsO; groups. A more
electronegative selenium cation (xs. >> xp) generates less polarized Se-O bonds, as in
Fey(SeOs)s, leading to §se = +0.056 e.u., which is also not suitable for the formation of
H-Se bonds and is responsible for (ESeOs)*” 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 HPO; groups are very weak magnetic connectors between two

magnetic centres, e.g. PO4, SeOs... This work is still in preparation.



3 CONCLUSION AND PERSPECTIVES

The exploration of several metal-oxide chemical systems containing selenium with
various metals (Cu"?*, Ni**, Co*, V*#**, Mn**"**, Fe’*, Pb*", Bi**, U") were presented in
this work. Crystal chemistry of a large group of novel oxide compounds of Se* and Se®*
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 published articles. From the crystallographic viewpoint, most of the phases
present a very well ordered assembly composed of distinct units leading to very good
quality crystals. Only compounds described on the basis of oxocentered O(Bi/Mn),
units show a tendency for disorder. This is a general situation favoured in the Bi** case,
because O-Bibonds based on the sums of ionic radii give a contribution of 0.596 valence
unit, greater than the 0.5 needed, which leads to distortion or Bi substitution, like in the
described cases.

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 validate
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
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method for the synthesis of unique mixed Cu*-Cu** oxyhalide compounds. The
compounds described herein are based upon oxocentered (y4,—O)Cu, tetrahedral units
that polymerize to form structural complexes of different dimensionality.

The PbO-NiO-SeO, 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 in the crystal structures
of vanadate selenites, which can be caused in part by the presence of chemically differ
bonds in (V>*O,) 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 A,(UQ,),(TO4)4(H,0), compounds (A* = monovalent cation, and T°" = Se, S, Cr,
Mo) using the principle of dimensional reduction combined with the composition-
structure diagram allowed to separate on it dimensional 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, suggested that the H atom is negatively
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charged and the H-P bond possesses some hydridic character in (HPO;)*. It offers
promising potentialities for synthesis of open structures decorated by polarized P-H or
Se-E units, i.e. for 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 oxocompounds 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 crystal structure of the new organically templated uranyl selenite-selenate [C,HgN][(Hs50,)(H,0)1[(UO,),(SeO,4);(H,SeO3)](H,0)
is based upon complex layers with a unique topology, which was not observed previously in inorganic compounds.

The oxo salt compounds of uranyl have been intensively studied
owing to their importance in radioactive waste management,
uranium mineralogy, catalysis, ion-exchange, efc.! 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,?© selenites,” molybdates,®!? vana-
dates'>!* and silicates,'> have been prepared recently. Uranyl
selenates,'®2! which can form nanotubular structures?®->* 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, [C,HgN]-
[(H50,)(H,0)1[(UO,),(Se0,);(H,Se05)1(H,0) 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=0]**. The U=0 bond
lengths are 1.751(5)-1.765(4) A. Both uranyl cations formed by
the U(1) and U(2) atoms are surrounded in the equatorial plane

 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
UO,(NOs),-6H,0, 0.0045 g (0.1 mmol) of dimethylamine, 0.1160 g
(0.8 mmol) of 40% H,SeO,, 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 (C,H;gNO,3Se,U,, M = 1217.08) are
monoclinic, space group P2,/n, at 293 K: a = 14.7979(8), b = 10.0238(6)
and ¢ = 16.4176(9) A, B = 111.628(1)°, V = 2263.8(2) A3, Z=4, d g =
3.571 gcm™, u(MoKa) = 20.822 cm™!, F(000) = 2168. Intensities of 25431
reflections were measured with a Bruker SMART APEX II CCD diffrac-
tometer [A(MoKa) = 0.71073 A, 20,4« = 58°] and 5476 independent
reflections (R;, = 0.0734) were used in further refinement. The structure
was solved by direct method and refined by the full-matrix least-squares
technique against F? in the anisotropic-isotropic approximation. Hydro-
gen atoms of H,O groups were located from the Fourier synthesis of the
electron density. The H(C,N) atom positions were calculated. The refine-
ment converged to wR, = 0.0538 and GOF = 0.928 for all independent
reflections [R; = 0.0265 was calculated against F for 4285 observed reflec-
tions with 7> 20(0)]. 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.ccde.cam.ac.uk/data_request/cif.
For details, see ‘Notice to Authors’, Mendeleev Commun., Issue 1, 2012.

© 2012 Mendeleev Communications. All rights reserved.
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by five O.q atoms to form the pentagonal bipyramids [UO,I%.
In the crystal structure of 1, the U-O,q bond lengths vary from
2.378(4) to 2.414(5) A. In the structure of 1, three sites [Se(1),
Se(2) and Se(3)] of four independent Se positions correspond
to Se¥!, whereas the Se(4) site is occupied by Se'. The SeV!
positions are surrounded by four O atoms each with the average
(Se-0) bond lengths of 1.638, 1.636 and 1.642 A for Se(1),
Se(2) and Se(3), respectively. The Se(4) site has a trigonal
pyramidal coordination with an apex occupied by the Se'¥ atom.
This coordination is typical of the Se'¥ atom with a stereoactive
lone electron pair. The Se(4)Oj; trigonal pyramid is strongly
distorted with one short Se(4)-O(17) bond [1.661(4) A], and the
Se(4)-0(18) and Se(4)-O(19) bonds being appreciably longer
[1.713(5) and 1.735(5) A, respectively]. Such a distorted coor-
dination geometry is typical of biprotonated selenite groups
(H,Se0;); in particular, it was observed in the structure of
[C5H ,N1,(UO,)5(Se0,)4(HSeO;)(H,0)(H,Se03)(HSeO,).”

The crystal structure of 1 is based upon [(UO,),(SeO,)s-
(H,Se05)]* layers formed as a result of the condensation of
[UO,1%, [SeO,]> and (H,SeOs) coordination units by sharing
common oxygen atoms. The [(UO,),(SeOy4);(H,Se0;)]> layers
are parallel to (101) (Figure 1). Protonated dimethylamine mole-
cules, [C,HgNT*, and [HsO,]* 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 [(UO,),(SeO,)s-
(H,Se05)]* layer in more detail. The selenate tetrahedra and
(H,SeO3) trigonal pyramids coordinate uranyl ions in a mono-

Figure 1 Crystal structure of 1 projected along the b axis. Displacement
ellipsoids are drawn at a 50% probability level.
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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).

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.”® The linkage
topology of the U and Se polyhedra can be described in terms of
the graph theory? 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 compounds?"3* 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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Abstract Single crystals of eight novel uranyl selenates,
(CH3NH3),[(UO,)(Se04)2(H20)[(H20) (I) and (CH3NH;),
[(UO,)(Se04)>(H,0)] (I, (CH3NH3),[(UO,)x(SeOy);] (1)
and  (CH3NH3)(H;0)[(UO2)x(SeO04)3(HO)I(H0) - (IV),
(CH3NH3)4[(UO,)3(Se04)51(H,0)4 (V) and (CH3NH3)
(H50,)(H30)2[(U0,)3(Se04)51(H20)4  (VI),  (CH3NH3)4
(H30),[(U0,)5(Se04)3(H,0)](H,0)4 (VII), and (CH3NH3), 5
(H50,)1 5(H30)3[(U0O2)5(Se04)s(H0))(H2Se04)2 4(H0)3 (VIID),
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 A,(UO,),(T04),
(H,0), (A = monovalent cation, and 7 = 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
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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 of VIth 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 various materials,
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

@ Springer
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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 H,O, Sigma-Aldrich), selenic
acid (40 wt% in H,O, 99.95 %, Aldrich), and
UO,(NO3),-6H,O (Vekton) were used as received.
Deionized distilled water was also used in these syntheses.

Synthesis

Crystals of new eight organic—inorganic compounds
(CH3NH;3),[(UO,)(Se04)2(H0)](H0) - (D),  (CH3NH3),
[(UO2)(Se04)2(H,0)] (), (CH3NH3)2[(UO2)x(SeOy)s] (IID),
(CH3NH;)(H;0)[(UO2)x(Se0.);(H0)I(H,0) - V),  (CH;
NH3)4[(UO,)3(Se04)s](H0)4 (V), (CH3NH3)(Hs0,)(H;0)2
[(UO2)3(Se04)sI(H20)s  (VD),  (CH3NH3)4(H;0),[(UO>)s
(Se04)5(H0)](H0),  (VII)  and  (CH3NH3);5(H502)1 5
(H30)3[(UO,)5(Se04)s(H,0)](H,S€04),.6(H,0)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.

@ Springer
100

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
on a glass fiber. Data were collected by means of a STOE IPDS
1I diffractometer using monochromated MoK, radiation and
frame widths of 2° in . 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 SHELXI.—-97 [30] and SIR-92 [31].
Attempts to refine anisotropic parameters of several oxygen
atoms positions and positions of atoms in organic methyl-
amine molecules 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 (R;) 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
H,0 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 L, IL, IIL, 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 (CH3NH;)[(UO,)(SeOy,),(H,0)](H,0),,
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Table 1 Crystallographic Data for I-V in the system UO,(NO3),—H,SeO,—methylamine-H,O

Compound I I Juts v

Empirical formula (CH3NH;3),[(UO,)(SeO4)» (CH;3NH;3),[(UO,) (CH3NH;), (CH3NH3)(H;0)[(UO,),
(H,0)1(H,0) (Se04)2(H,0)] [(UO2)2(Se04)3] (Se04)3(H,0)1(H20)

fw 639.99 623.99 1020.98 1042.96

Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic

Space group Pnma P2,/c P2, P2\/c

aA) 7.5496(7) 8.2366(10) 8.5827(13) 8.4842(10)

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

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

o (deg) 90.00 90.00 90.00 90.00

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

7 (deg) 90.00 90.00 90.00 90.00

V(A% 1436.3(2) 1346.7(2) 867.7(2) 2051.9(3)

z 4 4 2 4

D (gcm™) 2.960 3.078 3.908 3.376

u (mm™h 16.423 17.507 25.012 21.166

20 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
gof*

Ry, wR, [I > 2a(D]*
Ry, wR, [all data]

1605 [R(int) = 0.0875]
1.334

0.0467, 0.0860
0.0566, 0.0882

3656 [R(int) = 0.0828]
0.996

0.0466, 0.0637

0.0785, 0.0688

2931 [R(int) = 0.1271]
1.083

0.1072, 0.2712

0.1126, 0.2766

3602 [R(int) = 0.1698]
1.049

0.0674, 0.1551

0.0957, 0.1693

WRy = [Z[w(F; — FOIEw(Fo)’1"?
* gof = [Ew(Fa — FO)/(Mobs— Mparam)]”
® R, = S(F,| — IF)/ZIF,

where n = 1 (I) and O (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 U®" cation each
that forms two short U®*-O>" bonds [1.755(10)-
1.775(6) A] resulting in formation of nearly linear uranyl
cations, [U02]2+. This basic uranyl entity is coordinated in
the equatorial plane by four oxygen atoms and one H,O
molecule, which forms pentagonal bipyramids with the
U6+—Oeq bond lengths in range of 2.331(9)-2.360(7) A.
There are two independent Se atoms per formula unit in
each structure. The Se®" cations in the structures are tet-
rahedrally coordinated by four O atoms, forming [SeO4]*~
tetrahedra. The interpolyhedral Se—O,, bonds are longer
(1.628(9)-1.656(6) /&; Oy, = O atom bridging between U
and Se polyhedra) than the Se-O, bonds (1.593(10)-
1.624(7) A; O, = terminal O atom in selenate group).
Crystal structures of I and II are based upon complex
units with composition [(UO,)(Se04)-(H,0)]*>~, 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 [UOG(HZO)]f” pentagonal bipyramids share

corners with two [SeO4]?” tetrahedra to form [(UO,)
(SeO4)2(H20)]2_ chains running parallel to the ¢ axis in the
structure of I, and [(UOZ)(SeO4)2(H20)]2_sheets which are
parallel to (101) in the structure of II. The chains of I are
arranged into sheets parallel to (010) plane.

In both structures, protonated [CH;NH;]* 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) A. In the
equatorial plane, both uranyl cations are coordinated by
five 0>~ 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 0>~ anions and one H,O(17)
group. The average (U-O,,) bond length is 2.34 A in IIL
In the crystal structure of IV, the U-O,4 bond lengths are in
the range of 2.32(1)-2.41(1) A, and the U-H,O(17) bond
length is 2.494(16) A. Each structure contains three
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Table 2 Crystallographic Data for VI-IX in the system UO,(NO3),—H,SeO,—methylamine—-H,O

Compound A\ VI vII VIII

Empirical formula (CH3NH;3)4[(UO,)3 (CH3NH3)(Hs0,)(H30)2  (CH3NH3)4(H30)2[(UO3)s  (CH3NH3); 5(HsO,)1 5(H30)3[(UO2)s
(Se04)51(H20)4 [(UO2)3(Se04)51(H20)4 (Se04)3(H,0)1(H20)4 (Se04)5(H20)1(H28e04)2 6(H20)3

fw 1692.97 1678.91 2709.91 2946.25

Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic

Space group Pnna Ibca Pca2, Pnma

aA) 16.4221(14) 20.956(2) 31.505(2) 30.9728(19)

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

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

o (deg) 90.00 90.00 90.00 90.00

P (deg) 90.00 90.00 90.00 90.00

7 (deg) 90.00 90.00 90.00 90.00

V(A% 3143.7(3) 13597(4) 5305.9(6) 11945.0(11)

z 4 16 4 8

D (gcm™) 3.577 3.280 3.392 3.277

w(mm™) 21.319 19.720 20.814 20.086

20 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 2774 4913 [R(int) = 0.3280] 8463 [R(int) = 0.2070] 10116 [R(int) = 0.2139]

[R(int) = 0.1191]
gof* 1.104

Ry, wRy [I>20(D]°  0.0541, 0.1119
Ry, wR; [all data] 0.0790, 0.1216

reflections
0.968

0.1040, 0.1867
0.2138, 0.2287

0.997
0.0852, 0.1901
0.1305, 0.2150

1.055
0.0858, 0.1736
0.1556, 0.2083

WR, = [Z[w(F2 — FHYEZw(FH?'?
* gof = [Zw(Fg — Fo)/(obs — Mparam)]'”
b Ry = X(IF,| — IFI)/ZIF,|

symmetrically independent [SeO,]*~ tetrahedra. The (Se-O)
bond lengths are 1.66 and 1.62 A for III, and the com-
pound IV, respectively.

In both structures, the [UO,®", [UOs(H,0)]°  and
[Se04]*~ coordination polyhedra share common ligands to
produce 2D sheets with the chemical compositions
[(UO,)5(Se0y);]*~ in Il and [(UO,)5(SeO,)3(H,0)]*~ inIV.
The sheets are parallel to (100) and (101) in the compounds ITT
and IV, respectively (Fig. 2). The interpolyhedral Se—Oy,—U
angles are in the range of 136(2)-146(3)°, with the average
value of 140° in ITI, 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 [CH3NH;]" as interlayer species.
In the interlayer space of IV, there are two protonated
[CH;NH;]" cations and one H,O molecule.

Compounds with U:Se = 3:5

The crystal structures of V and VI contain three crystal-
lographically independent U atoms each. All the U®™ sites
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adopt the pentagonal bipyramidal coordination geometry
with two short uranyl bonds ((U-Oy,) = 1.75 A in both
V and VI). In the equatorial plane, the uranyl cations are
surrounded by five O atoms ((U-Oq) = 2.40 A). There
are five tetrahedrally coordinated Se sites in each structure
((Se-O) = 1.64 and 1.62 A 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 [UO;]*~ pentagonal bipyramids and
[SeO4]*~ tetrahedra are linked through common vertices to
form sheets with the composition [(UO,)5(SeO)s]*~. In the
structure of V, the uranyl selenate sheets are corrugated and
oriented parallel to (100). In the structure of VI, the inorganic
two-dimensional complexes are more or less planar and run
parallel to (010) (Fig. 3).

Both structures contain protonated methylamine mole-
cules [CH3NH;]" 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 [HsO,]" cation
(the respective 0O(33)-O(34) interatomic distance is
2.30(12) ;\) and two hydronium cations [H;0]%.
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Table 3 Selected bond distances (A) and angles (deg) in the structures of I-VIII

U-Op,—Se

Se-0O,

Se-Oy,

U-H,0,,

U-0,,

U-Oy;

(139.8)

(1.602)

(1.630)

2.482(13)

(2.336)

(1.762)

138.2(5)-141.3(5)
(140.4)

1.593(10)-1.610(8)

1.628(9)-1.632(8)

2.331(9)-2.340(9)

1.755(10)-1.769(12)

(1.767)

(1.614) 1.610(6)-1.624(7)

2.513(6) (1.646) 1.638(7)-1.656(6)

(2.347) 2.335(6)-2.360(7)

I

132.5(4)-147.7(4)

(140)

1.759(6)-1.775(6)

(1.770)

(1.65)

(1.66)

(2.34)

il

136(2)-146(3)

(138.5)

1.65(3)-1.65(4)
(1.597)

1.59(3)-1.74(6)

(1.628)

2.22(5)-2.44(6)

(2.375)

1.769(10)-1.771(10)

(1.751)

2.494(16)

v

133.9(8)-144.8(9)

(135.2)

1.583(16)-1.605(19)

(1.600)

1.608(15)-1.654(14)

2.316(14)-2.407(14)
(2.403) (1.643)

1.746(9)-1.758(9)

(1.753)

127.0(6) ~145.1(13)

(136.8

1.608(13) —1.95(3)

(1.60)

1.44(2) ~1.657(14)

(1.62)

2.369(11) ~2.43(2)

(2.40)

1.740(14) —1.759(15)

(1.75)

VI

129.6(19)-146.2(19)

(136.8)

1.54(4)-1.66(4)

(155)

1.55(3)-1.68(3)

2.33(4)-2.45(3)
(2.39) (1.61)

1.67(3)-1.81(3)
(1.758)

2.54(3)

viI

129(2)-152.9(13)

(137.6)

1.50(5)-1.62(3)

(1.587)

1.55(4)-1.66(3)

(1.619)

2.31(2)-2.48(3)

(2.396)

1.751(10)-1.764(10)

(1.72)

2.51(2)

viI

126.3(13)-150.2(14)

1.56(2)-1.61(2)

1.575(19)-1.652(17)

2.364(18)-2.421(19)

1.69(2)-1.77(2)

In brackets given are average value in the crystal structures

Fig. 1 The crystal structures of I and II projected along the ¢ (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 = H,O groups (Color figure online)

Compounds with U:Se = 5:8

Five symmetrically independent uranium positions were
observed in the crystal structures of VII and VIIL. All U
sites have typical seven-coordinate pentagonal bipyramidal
coordination geometries with the average (U**—Oy,) ura-
nyl bond lengths equal to 1.76 and 1.73 A 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) A for VII and 2.36(2)-
2.42(2) A for VIIL In both structures, four out of the five
equatorial oxide ligands of [U(1)O,]** cations belong to
the [Se04]*~ groups; the fifth is an H,O molecule. The
U(1)-H,0 bond length is 2.54(3) and 2.51(2) A in VII and
VIII, respectively. The Se atoms in both structures are
tetrahedrally coordinated by four O atoms each, forming
[SeO,4]*~ tetrahedra. The (Se-O) bond lengths of tetrahe-
dra are 1.61 and 1.62 A for VII and VIII, respectively.
The structures of VII and VIII are based upon sheets
with the chemical composition [(UO,)5(Se0,)s(H,0)1° .
The sheets are formed by corner sharing between [Ugp]"™
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Fig. 2 The crystal structures of IIT and IV projected along the b axes
(a, b, respectively). Legend is as in Fig. 1

(¢ =0, H,O; n=6, 8) pentagonal bipyramids and
[SeO,]*” tetrahedra. In the structure of VIL, 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-Oy,,—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 compounds VII and VIII contain as interlayer species
protonated methylamine [CH3;NH;]" cations, hydronium
[H;0]" and [HsO,]" cations and water molecules as inter-
layer species. Assignment of the interlayer sites to the [H;0] "
cations was based upon the presence of three H;0™ O con-
tacts in the range of 2.6-2.9 A. The [HsO,]" cations are
characterized by the presence of a short O---O contact of
23-24 A corresponding to a strong hydrogen bond within
the cation and two additional O---O contacts in the range of
2.7-2.9 A for each O atom of the [HsO,]™ cation. In contrast,
H,O0 groups form from two to three weak hydrogen bonds to . .

A . . B Fig. 3 The crystal structures of V and VI projected along the ¢ axes
adjacent 9 atoms with the O---O interatomic distances longer (a, b, respectively). Legend is as in Fig. 1; the selenate tetrahedra in
than 2.9 A. In the interlayer space of VIII, there are also three V with disordered orientations are shown in red; cyan cir-
disordered electroneutral (H,SeO,) groups. cles = [H30]" groups (Color figure online)
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Fig. 4 The crystal structures of VII and VIII projected along the
a (a) and ¢ (b) axes, respectively. Legend is as in Fig. 1; cyan
circles = [H30]" groups; orange circles indicate positions of disor-
dered Se atoms in the interlayer space (Color figure online)

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 5¢ and d show black-and-white graphs corre-
sponding to the topological structures of the 1D- and 2D-
units of I and IL. The [(UO,)(SeOy4),(H,0)1*~ 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]"" tetrahedra (T =S, Se, P, As).
They have been observed first in the structure of

Mn[(UO,)(SO4)>(H,0)]1(H,0)s [33] and later in a number
of amine-templated uranyl sulfates [34-39] and other
compounds, including [(UO,)(H,PO4),(H,0)](H,0), [40],
[(UO2)(H2As504),(H0)]  [41],  M[(UO;)(Se04)2(H,0)]
(H20)s (M = Mg, Zn) [42], [CsHieNo2]o[(UO,)(SeO4)2
(H>0)](NO3), [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: [CsH;4N,],[(UO,)(SeO4)>(H,0)]
(Hx0), [C4HoN[(UO2)(SeO04),(HO)] [9], (H30)2[(UO,)
(Se04)2(H,0)](H,0) [44], and K;(H502)(H30)[(UO,),
(Se04)4(H,0),]1(H,0),4 [45]. The graph contains tight four-
membered rings and extended voids of about 3 x 15 AZin
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 (H3;0)[C3;HsN,][(UO,),
(Se04)3] [9] and [CHgN51,[(UO,)x(Se04)5] [46]. Topology
of the [(UO,)5(SeOy)s])>~ sheet in IV contains four- and
eight-membered rings. This topology is relatively rare and
has previously been observed in K(H30)[(UO,)»(SeOq4)s
(H20)1(H20)6 [47] and [NgCaeHalo.5[(UO2)2(SO4)3(H0)]
(H>0), [48].

The crystal structures of V and VI are based upon
topologically similar inorganic sheets with the composition
[(UO,)5(Se0,)s]*~ (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 Mg,[(UO,)3(Se04)s1(H,0),6 [49] and
Mg»[(UO2)3(CrO4)s]1(H20)17 [50].

The black-and-white graphs corresponding to the topo-
logical structures of the [(UO,)5(Se0,)s(H,0)1°~ 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(H20)]6_
and [UO,]®~ pentagonal bipyramids, respectively. This
topology has previously been observed in [N3CeH;sgls
[(UO,)s5(SO4)s(H,0)] [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
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Fig. 5 The
[(UO,)(Se04)»(H,0)1*~ chains
in the crystal structure of

I (a) and
[(UO,)(Se04)2(H,0)1*~ sheets
(b) in the crystal structure of IT
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 (¢, d, respectively)
(Color figure online)
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Fig. 7 The
[(UO,)3(Se0,)s(H0)* 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)

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
[(UO,)5(SeOy)s])*~ sheets with the same graph observed in
the structures of IV, K(H30)[(UO,)»(Se04)3(H,0)](H,O0)¢
[47], and [NgCssH4lo.5[(UO2)2(S04)3(H20)J(H,0), [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]*~ (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 [UOg(H,0)]°~ and [UO,]®~ 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 [J
(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 [J
symbols. The orientation matrix for the sheet of the crystal
structure of IV shown in Fig. 9c has 8 x 2 dimensions and
can be written in row as (uududdO)(ddCJCuudu). It is
noteworthy that the crystal structure of K(H30)[(UO,),
(Se04)3(H,0)](H,0)¢ [47] has the same orientation matrix
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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)

® uddrjuududd

Muududdjuu
udd[juududd
Quududdgguu
uddj[juududd
NMuududduu
Fig. 9 Black-and-white graphs of the uranyl selenate sheets in the
structures of IV and K(H30)[(UO,),(Se0,)3(H,0)](H,0)s (a) and in

the structure of [NgCasHalos[(UO2)2(SO4)3(H0)1(H20), (b) with the
orientation symbols of tetrahedra; extended tables of orientation symbols
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(¢, d, respectively). Translationally independent orientation matrices of
tetrahedra are selected in (¢) and (d) by rectangular areas (Color figure
online)




Struct Chem (2012) 23:2003-2017

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 (¢) and (d) by
rectangular areas (Color figure
online)

_dw uu

nddguupgddpgu
muumddmuumd

lddnouupnddpu

muumddmuumd
dd[u
mummddmﬂpmd

dduu_dddduudd
_ud_m]um u
duudddduudd
ndupdupdjupnd
duudddduudd

udjudnudiu

d tdrnddudiddu CuwulduuuOduu fdufdududdud
wultuguuluu Nddddrddddr Tddduidddur]
udnlddudnlddu uuduuulduu duf[dudulidud
yuuuluuuul Hddddidddd[ ldddu[jdddur]

udgddudoddu
OuuuuJuuuul

Fig. 11 Black-and-white graphs of uranyl selenate sheets in the
structures of VII (a), VIII (b), and [N3CeH;5]-[(UO,)5(SO,)s(H,0)]
(¢) with the orientation symbols of tetrahedra; extended tables of

of the inorganic sheet. The orientation matrix of the sheet
of the crystal structure of [NgCosHylos[(UO,)2(SO4)3
(H,0)I(H,0), [48] shown in Fig. 9d can be written as
(udduudO)(udCCluddu).

The black-and-white graph corresponding to the inor-
ganic [(UO,)5(Se0,)s]*~ sheets in V, and VI are shown in
Fig. 10a, b, respectively, with the orientation symbol

uulduuuljduu
lddddoddddr

duldudulldud
Jdddujdddu(]

orientation symbols (d-f, respectively). Translationally independent
orientation matrices of tetrahedra are selected in (d—f) by rectangular
areas (Color figure online)

indicated at each white vertex. The orientation matrices
(Fig. 10c, d) have dimensions 6 x 2 and 6 x 4 for V and
VI, respectively. The series of symbols written in
row (Cuudd)(mddmuu) and (CudClud)(duuddd)
(Odul]du)(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
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Fig. 12 Dimensional fields on
the compositional diagram of
the UO,T04~A,TO4~H,0

(A = monovalent cation,

T =S, Se, Cr, Mo) system. See
Table 4 for the list of
compounds and references

U5 T

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 [(UO,)s(H,O)
(SO4)s]®~ sheets in VII, VI, and [N3CgH;5][(UO5)s
(SO4)s(H,0)] with the u, d and [J symbols written near the
white vertices are shown in Fig. 11. Orientation matrices
for these sheets may be written as (uulJuu)(ddudl]),
(ddOdd)(duuul]), and (dulldd)(dudull), respectively
(Fig. 11a—c).

Dimensional reduction in uranyl oxysalts with general
formula A,(UO,),(T04),(H>0),

The eight novel compounds reported herein can be
described by the general formula [CH3NH3],(UO,),
(T0O4),(H,0),. 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 A,(UO,),(TO4),(H,0), (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 (UO,)(70,), whereas the
role of reducing agents is played by A,(70,) and H,0. As a
consequence, the relationships between different compo-
sitions and structures may be visualized using the

@ Springer
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UO,T04-A,T04~H,0 compositional diagram (Fig. 12).
Table 4 summarizes formulas and dimensional character-
istics of the structures of respective compounds.

The diagram shown in Fig. 12 may 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 OD 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
Ae(UO2)2(TO4)3(H20)6 and Ag(UO,)(T04)3(H,0)75 com-
positions, respectively. We attribute these deviations to the
double role of H,O: 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 A,(UO,),(TO4),. The points 23, 29, 27, and 35
correspond to the structures with dimensionalities equal to
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Table 4 Phases of inorganic oxysalts with general formula A,(UO,),(T04),(H,0), in the UO,T04~A,TO4~H,0 system
Point Formula type n P q r D* T A References
1 (UO,)(TO4)(H,0), 0 1 1 2 1 Se, Cr - [52, 53]
3 Mo - [54]
2 (UO,)(TO4)(H0), 5 0 2 2 5 1 S - [55]
3 (UO,)(TO4)(H,0)3 0 1 1 3 1 Cr - [52]
4 (UO,)(TO4)(H0)5 5 0 2 2 7 1 S - [56, 571
5 (UO,)(TO4)(H,0)4 0 1 1 4 1 Se - [58]
6 (UO,)(TO4)(Hy0)4 3 0 1 1 4.3 1 Cr - [52]
7 (UO,)(TO4)(Hy0)s 5 0 2 2 11 1 Cr - [59]
8 A>(UO,)(TOL), 2 1 2 0 1 Mo Li [60]
2 Mo Na, K, Rb, Cs [61-64]
2 Cr, Mo Tl [65]
9 As(UO,)(TO4)>(H,0) 2 1 2 1 1 Se Amine, H;0 [66]
2 S, Se Amine, H;0 [67], IT
2 Mo K, Rb, Cs, NH, [63, 64, 68-70]
10 As(UO,)(TO,)>(H0), 5 4 2 4 3 1-2 Se Amine [25]
11 Ax(UO,)(TOL)2(H,0), 2 1 2 2 1 S, Se Amine [47]
2 S, Se K, Rb, Cs, NH,4 [71-76]
2 Se Amine, H;0 [77-79], 1
12 Ay(UOy)(TO4)2(H20)5 5 4 2 4 5 2 Se Amine [80]
13 Ax(UO,)(TO4)2(H,0)3 2 1 2 3 1 Se Amine [66]
2 S, Se Amine, H;0 [81]
14 Ar(UO,)(TO4)-(Hx0)5 5 4 2 4 7 2 Se K, H;0 [82]
15 A (UO,)(TOy4)2(H,0), 2 1 2 4 2 Se, Mo Na [83, 84]
16 A(UO,)»(TOy)3 2 2 3 0 2 S, Se Amine, H;0 [9, 66, 85], III
2 S, Mo Cs [86, 87]
3 Mo Rb, Cs (871
3 Mo Tl [88]
17 A(UO,)»(TO4)3(H,0) 2 2 3 1 2 Se Amine [9, 75, 89]
3 Se H;0 [771
18 A(UO,)»(TO4)3(H0), 2 2 3 2 2 Se K, H;0 [45]
2 Se Amine, H;0 [66, 89], IV
19 Ax(U0,),(TO4)3(H,0)s 5 4 2 6 11 2 Se H;0 [90]
20 A(U0,),5(TOy4)3(H20)6 2 2 3 6 2 Se, Cr K, Rb, NH, [73, 91, 92]
3 Se Rb, H;0 [93, 94]
21 A2(U0O,),(TO4)3(H,0)7 2 2 3 7 2 Se K, H;0 [47]
22 Ay(UO,),(TO4)5(H,0)7 5 4 4 6 15 3 Se Na [95]
23 Ay(UO,)5(TO)y 2 3 4 0 3 Mo Na, K [9]
24 Ay(UO»)4(TOL)s(H,0), 2 4 5 2 3 Mo Amine [96]
25 Ay(UO,)6(TOL)-(H,0), 2 6 7 2 3 S Amine [971
3 Mo Rb, Cs, NH, [63, 98]
26 Ay(UO,)6(TO4)2(H,0)4 2 6 7 4 3 Mo Amine [99]
27 A4(UO,)(TO,); 4 1 3 0 1 Cr Na [100]
28 A4(UO,)(TO,)3(H,0), 5 8 2 6 3 1 Mo Na, Tl [83]
29 A4(UO,)5(TOy)s 4 3 5 0 2 Se Amine, H;0 v
30 A4(UO,);5(TO4)5(H,0) 4 3 5 1 2 Se Rb [73]
31 A4(UO,)5(TO,)s(H,0)s 4 3 5 5 2 Se Amine, H;0 VI
32 A4(UO,)5(TO,)s(H,0)6 4 3 5 6 2 Se Amine, H;0 [66]
33 A4(UO,)5(TO,)s(H,0)g 4 3 5 8 2 Cr K [91]
@ Springer
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Table 4 continued

Point Formula type n p q r D* T A References
34 A4(UO,)5(TO4),(H,0) 4 5 7 1 3 Mo NH, [101]
35 Ag(UO,)(TO,), 6 1 4 0 0 Mo Na, Rb, Cs, Tl [63, 83, 102, 103]
36 Ag(UO,)4(TO4)7(H,0)6 6 4 7 6 2 Cr K [104]
37 Ag(UO2)5(TO,)g(H0)5 6 5 8 5 2 Se Amine, H;O VII
38 Ag(UO,)5(TO4)s(H20)s 5 12 10 16 11 2 Se Amine, H;0 VIII
39 Ag(UO,)s(TO)5(H20) 10 6 5 8 10 2 Se H;0 [105]
T =S, Se, Cr, Mo; A = monovalent cation
# D dimensionality of structural unit
3,2, 1, and 0, respectively. The points 16 and 8 are located 5. Nyman H, Hyde BG, Andersson S (1984) Acta Crystallogr
on the borders between 2D-and-3D, 1D-and-2D fields, B40:441 . . .
. . . . . 6. Burns PC, Miller ML, Ewing RC (1996) Can Miner 34:845
respectively. Thus, the dimensionality of the structural unit 7. Burns PC (1999) Rev Miner 38:23
is decreasing from the points 23 to 35, which is in agree- 8. Burns PC (2005) Can Miner 43:1839
ment with the principle of dimensional reduction. 9. Krivovichev SV, Burns PC, Tananaev IG (eds) (2007) Structural

Conclusions

In this study, we have reported eight novel phases in the
methylamine—(UO,)(NO3),~H,SeO4,—H,O 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 A,(UO,),(T04),
(H,0), compounds (A = monovalent cation, and 7 = 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, Bi,O; (or BiOCI), and SeO, by the
chemical vapor transport method using HCI as a transporting agent afforded three
novel bismuth/lead chloroselenites, namely, $-BiSeO;Cl (1), Big(SeO;),Cly, (2),
and PbBi;((Se0;),Cl; (3). Compound 1 is noncentrosymmetric (space group Cc,
SHG active) and has a giant unit cell (V = 19792(2) A%). In the context of the
complex BiSeO;Cl phase diagram reported by Oppermann et al,, it was assigned to
the undescribed f-form on the basis of its IR spectra and powder X-ray diffraction
pattern. The comparison between the a-, -, and y-forms suggests their formation
via the condensation of volatile Bi(SeO;)Cl molecules. Analysis of the structures of
the a-, f-, and y-forms indicates that the @ — f# — y phase transitions are associated
with a dramatic fluctuation of structural complexity together with the transitional
character of the 8 phase. Compounds 1 and 3 are layered compounds with identical
([MCl]** and [M,,(SeO3),,]°7) layers, where M stands for Bi in 1 and Pb/Bi in

T 200 0

3. There are additional [Bi;,Cls,]*" layered subunits in 1. The crystal structure of 2 consists of the [Bis(SeO5),Cl;o] building
blocks forming an open framework with six-membered-ring channels. These three compounds complete the poorly known

bismuth selenium oxochloride panorama.

H 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.]'Z 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 coeflicients 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 OBi, oxocentered tetrahedra®* or oxo-
fluoride metal units.® The lone-pair (LP) polyanions, such as
EO, where E stand for the external s> electrons, also favorably
arrange in NCS crystal structures, as for instance, in the
compound BiO(10,) with efficient SHG,° E allowing
asymmetric or one-side coordination around the polyanion.
In this context, selenite oxides are also promising materials with
complex crystal structures.”® 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

v ACS Pub“cations © 2014 American Chemical Society

3026

of bismuth oxochloride structures, ie., Arppe’s compound
derivatives® or multidimensional open frameworks.' Combin-
ing both NCS and low-dimensional specificities appear as a
challenge for multifunctional materials.

The BiOCl—SeO, binary system studied here was poorly
explored and consists of one single chemical composition,
Bi(SeO;)Cl, that crystallizes in three polymorphs.'"'* 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 SeO,
and BiCl; at low temperatures. As a transport agent, HCI is
used, though SeO, can be considered as playing the same
role.”?

In this paper, we report on the synthesis of three new
bismuth selenite halides, 1- 3-BiSeO;Cl, 2- Biz(SeO;),Cl,o, and
3- PbBi}((Se0;),,C 5 and describe their structural peculiarities.
For the layered f-BiSeO;Cl that has a noncentrosymmetric
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Table 1. Crystal Data, Measurement and Structural Refinement Parameters for -BiSeO;Cl, Big(SeO5),Cl,,, and

Bis(Se0;),Clyq PbBiy(Se03),Clg

Crystal Data

PbBi,(Se0,),,Cl,

P-BiSeO,Cl
crystal symmetry monoclinic
space group Cc
a (A) 22.7052(3)

b (A) 76.785(4)

¢ (A) 16.0550(3)

S (deg) 135.000(2)

V (A%) 19792(2)

z 192

D, (g/cm®) 5470

p (mm™) (for 2 Ka = 0.71073 A) 52.04
appearance colorless platelet

crysral size (mm®)

0.13 X 0.09 X 0.05

monoclinic orthorhombic
P2,/c Ceca
21.460(2) 15.819(6)
8.4012(9) 17.871(7)
15.3370(18) 15.857(6)
110.639(5)

2587.7 (5) 4483 (3)

4 4

5432 6079

47.37 53.17

colorless needle
0.81 X 0.37 X 0.13

colorles platelet
0.16 X 0.15 X 0.06

Data Collection

A(Mo Ka) (A) 0.71073

scan mode ® and ¢

6(min—max) (deg) 1.1-26.5

R(int) (%) 0.096

recording reciprocal space —-28<h<28
—96 < k <96
—-20 <120

0.71073 0.71073

® and ¢ w and ¢
2.0-30.5 2.2-264
0.045 0.050
-30<h<30 -15<h<19
—-11 <k <7 —22<k<21
-20<1<21 -19<1<19

Refinement

measured, independent obs® refl

no. of refined parameters 1637
refinement method P
R,(F*)(obs)/R,(F*)(all) 0.0612/0.1124
wR,(F 2)(obs)/wR,(F?) (all) 0.0645/0.0694
GOF(obs)/GOF(all) 1.32/1.63
AP Apin (e-A73) 5.39/-4.51

extinction coefficient

“obs = [I > 36(I)].

242854, 35097, 20 337

34697, 7843, 6363 10469, 2253, 1504

298 115

P F
0.0299/0.0427 0.0667/0.1057
0.0330/0.0442 0.0639/0.0859
1.46/1.76 0.84/0.92
342/-2.97 5.38/-7.01
0.0070(13) 0.0022(13)

crystal structure and a giant unit cell (V = 19783 A%), the SHG
properties have been quantified.

B 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- (-BiSeOsCl. 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 + 1SeO, + 1MnO, and a drop of
concentrated solution of HCL An energy-dispersive spectroscopy
(EDS) analysis indicated the absence of manganese in the obtained
crystals.

2- Big(Se03),Cl;p The transparent colorless needles of 2 were found
on the walls of the cold side of the quartz ampule with the mixture of
2BiCl; + 1 Bi,O; + 45e0, + 1Mn,0; 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- PbBi;(5e03);,Clg. 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 1IPbO + 1BiOCl + 1SeO, and a
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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 Ka radiation at 50 kV and
40 mA. The collected data were integrated using the Bruker program
Saint Plus 6.025."* The unit-cell parameters were refined from the full
data set. Multiscan absorption correction was performed for the three
compounds using SADABS.'® The structures were solved by Superflip
method."® Jana 2006 program was used for structure refinements.'” 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
calculations'®" 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™ with a Perkin—Elmer Spectrum Two
spectrometer equipped with a diamond attenuated total reflectance
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(ATR) accessory. It was compared to the IR spectra reported for
previously known BiSeO;Cl 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 20X, 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.

BiSeO;Cl Phase Diagram. The compounds with the BiSeO;Cl
composition have already been reported in the literature as three
different polymorphic modifications, @, f, and y (Figure 1). The y-
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Figure 1. Phase relationships for BiSeO;Cl depending on temperature
and stoichiometric amounts of BiOCI and SeO,. 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.

form (space group Pna2,, a = 11.707(2), b = 7.047(1), c = 5.315(1) A)
was prepared in evacuated (1072 Pa) silica tubes from the 3:2 mixtures
of BiOCl and SeO, by Ibragimov et al."' 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 BiOClI, the product was
systematically the y-form. Single crystals of the a-BiSeO;Cl (space
group P2,2,2;, a = 6.353(2), b = 7.978(3), ¢ = 8.651(4) A) was
obtained by Berdonosov et al.'> by heating of the evacuated quartz
tube with BiOCI and SeO, 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 BiOCI platelets and colorless
parallelepipedal crystals of y-BiSeO;Cl. Oppermann et al.*’ reported
the sequence of phase transitions occurring with temperature starting
from the a-form as follows: @ — 3 at 400 °C/2 °C and f§ — y at 410
°C/2 °C and going until melting point at 417 °C/2 °C. This was
deduggd from differential thermal analysis performed by Oppermann
et al.

The crystal structure of the @- and y-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 y-form
have been investigated."" Optical conclusions are that dielectric
relaxation due to ions jumping over the defect vacancies in the crystal
lattice occurs. The $-BiSeO,Cl polymorph was announced as stable in
a very narrow thermal domain from the high temperature trans-
formation of a-BiSeO;Cl between 400 and 410 °C.>° However, the
crystal structure of the /# 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 f-form.”® Therefore, the
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Figure 2. Crystal structure of a-BiSeO;Cl: (a) projection along the b-
axis, (b) along the a-axis. The crystal structure of y-BiSeO;Cl: (c)

projection along the c-axis, (d) along the b-axis.

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

Crystal Structure of -BiSeO;Cl. Colorless platelet single crystals
have been isolated from the CVT products. An EDS analysis
performed on single crystals shows evidence of Bi, Se, and CI 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) A,
b =76.785(4) A, ¢ = 16.0550(3) A, and § = 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 R,
= 0.0612, wR, = 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 -
BiSeO;Cl phase were deposited with the depository number CSD-
426283. It is noteworthy that residual electronic density remains quite
high (5.39 e A7) 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 a- and y-BiSeO;Cl structures are
shown in Figure 2. The BiOCl, polyhedra in the former and the
BiO;Cl; polyhedra in the latter are interconnected via SeO; triangular
pyramids by sharing respective edges and corners. The Bi** cations can
be considered as interstitial ions in the [ClSeO;]*~ anionic sublattice,
so that both compounds can be considered as three-dimensional (3D).

The f-BiSeO;Cl crystal structure can be described as 2D (Figure
3a,b), which is of interest from the viewpoint of the reported @ — f§ —
y sequence of transitions. The crystal structure is built from two
blocks, [BigCly]** (Figure 3c) and [Bi;,Cly,]* (Figure 3d), regularly
sandwiched between [Biy4(SeO;),,]*” layers (Figure 3d). In Figure 3a,
the BiO,Cl, polyhedra are shown in green, whereas, for the sake of
clarity, the [BigCl¢]** and [Bi;,Cly,]*" layers are represented as an
arrangement of Bi (yellow) and Cl (green) atoms (Figure 3b). Similar
halide layers with the composition [BigCl;g]** have been already
observed in the structure Big(SeO;);Brg>' and have also been found in
the new compound PbBi,((SeO;),,Clg described below.

dx.doi.org/10.1021/cg500293w | Cryst. Growth Des. 2014, 14, 3026—3034
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Figure 3. (a) The crystal of f-BiSeO;Cl projected along the a axis. BiO, polyhedra are shown in yellow and BiO,Cl, in green; (b) the same
projection without the interlayer BiO,Cl, polyhedra. It shows an alternation of three different parallel layers: (c) [BigCl6]** (green), (d) [Bi),Cly,]*
(blue), and (e) [Bij4(SeOs),4]®" presented as an association of distorted Bi—O, polyhedra and SeO; by sharing edges and corners. (f) Focus on
[Bi},Cls,]* layers enhances the complex stacking along b~76 A, through the Bi, atom position.

The Se*" cations form SeO; triangular pyramids with the lone
electron pairs pointing externally. The Se—O bond lengths and the
0—Se—0 bond angles are in the typical range from 1.65 to 1.75 A and
from 92.8° to 106.4, respectively (see Tables S7 and S8, Supporting
Information). The [Bi;4(SeO;),,]°" layer is built by the association of
Bi®*" cations and the SeOj triangles. In BiO, 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 6s* lone pairs on Bi®* 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 A) can be explained by the
variety of different modules stacked along the b-axis. In other words,
the ordering between the [Bi},Cly,]* and [BigClis]** cationic units
sandwiched between the [Bi;(SeO;),,]%" 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 BiSeO;Cl polymorphs may be
quantified using Shannon information theory.”> >* According to this
theory, structural complexity may be quantitatively evaluated from the
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Shannon information encoded in the atomic arrangement of the unit
cell. The structural information amounts, I ), for the @- and y-forms
are identical and equal to 62.039 bits per unit cell (bits/u.c.),” which
allows classification of their structures as simple.** In contrast, the
structure of the f-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 f-phase. In
order to understand structural reconstructions during the & — f# — y
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 a-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 A are
considered; Figure 4d). The average <Bi—Bi> interatomic distance is
4.344 A. The arrangement of the Bi atoms in the y-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 A. The arrangement of the Bi atoms in

dx.doi.org/10.1021/cg500293w | Cryst. Growth Des. 2014, 14, 3026—3034
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Figure 4. Arrangement of the Bi atoms in the structures of the a-, f-, and y-polymorphs of BiSeO;Cl (a, b, and ¢, respectively) and the local
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taken into account. The boxes in a, b, and ¢ contain average Bi coordination numbers (CN) and the average <Bi—Bi> interatomic distances.
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Figure S. (a) Infrared red spectrum of the prepared 8-BiSeO;Cl (in blue) compared to the spectrum of $-BiSeO;Cl, a-BiSeO;Cl and y-BiSeO;Cl
(in black) (from Oppermann et al.*°). (b) XRD patterns of experimental 5-BiSeO;Cl (red), #-BiSeO,Cl from Oppermann’s work (black) and of
XRDP calculated from data of the crystal structure (green). Our -BiSeO;Cl reassembles the f-form mentioned by Oppermann et al.*® Differences
between simulated and experimental XRD powder patterns for -BiSeO;Cl imply preferred orientation (along (0n0)) as the X-ray diagram was

measured using single crystals on a silicium sample holder.

the structure of transitional #-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 a-phase) and 6 (as
in y-phase). The <Bi—Bi> distance is 4.347 A. The a — f# — 7
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 SiO, with the
cristobalite structure (Iggm = S.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 $-BiSeO;Cl can thus be assigned to its existence as an
intermediate phase between the structurally simple a- and y-forms.

3030

In order to check whether the phase under study is indeed the f-
phase reported previously, the infrared (IR) spectra of f-BiSeO,Cl
were measured between 4000 and 400 cm ™ using crushed crystals. On
Figure 5a, the IR spectrum is compared to those reported for the a-,
p-, and y-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 a-, /-, and y-forms). In Figure Sb, the theoretical X-ray
diffraction pattern is compared to the experimental patterns reported
for the f-form™ and for the phase presented above. Taking into
account significant preferred orientation effects along the - [010]
directions, a good compatibility is confirmed. Finally, we presume that
our refined model indeed corresponds to the mysterious #-form. This
assessment involves first order @ — f and f — 7 reconstructive
transitions through a complex intermediate -phase with extraordinary
complexity and the giant unit cell (V = 19792 A%).

dx.doi.org/10.1021/cg500293w | Cryst. Growth Des. 2014, 14, 3026—3034
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Figure 6. (a) Transmission image of a crystal of BiSeO;Cl, (b) color: emitting surface (4, = 420—440 nm, 4,,, = 860 nm), (c) SHG intensity of
BiSeO;Cl single crystals compared to KDP with experimental error bars.

For f-BiSeO;Cl, 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 Bi** cations. The second harmonic generation
effect was therefore tested for the single crystals of 1 by means of a
laser scanning microscope (selected A = 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
(KH,PO,) (wavelength: 860 nm, frequency 80 MHz) as presented on
Figure 6¢c). 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 BiSeO;Cl molecules
are formed during the CVT process.”” We have tried to figure out the
configurations of these imaginary molecules by analyzing the structures
of the a-, -, and y-forms of BiSeO,Cl. With that purpose in mind, for
each Bi atom the closest Cl atom and SeO; group was selected, leading
to the individual BiSeO;Cl molecules shown in the Figure7a for the a-
form and Figure7b for the y-form. Selection of this kind is more
complicated in f-BiSeO;Cl 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 BiSeO;Cl groups, in agreement with the
proposed real existence of such molecules and their reorganization
across phase transitions observed upon heating.”® 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 Big(Se03),Clyo. Colorless needle-like
single crystals of Big(SeO5),Cl,, have been isolated after another CVT
synthesis involving the initial composition 2BiCl; + 1 Bi,O; + 4SeO, +
1Mn,0O; as detailed above. The pertinent data of the diffraction-data
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a) Q,

Figure 7. BiSeO;Cl “molecules” in the structures of (a) a-BiSeO,Cl
and (b) y-BiSeO;Cl. BiSeO;Cl “molecules” with (c) shortest and (d)
longest Bi—Cl bonds which are the two extreme representatives of 48
Bi atoms in f-BiSeO;Cl.

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)-
04Cl, Bi(2)O;Cly, Bi(3)0;Cl,, Bi(4)0Cl,, Bi(5)0,Cl,, and Bi(6)-
0,Cl,, 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 Bi** and Se* cations is manifested by the particularly
asymmetric coordination environments around these cations. Bi
coordination polyhedra share edges and corners to build
Bis(Se0;),Cl;o blocks linked together in such a way as to create an

dx.doi.org/10.1021/cg500293w | Cryst. Growth Des. 2014, 14, 3026—3034
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Figure 8. (a) The crystal structure of Big(SeO;),Cl;o projected along the b axis, showing BiO,Cl, polyhedra (dark green) and SeOj groups (blue)
sharing edges and corners. (b) The same projection with omission of the BiO,Cl, polyhedra for clarity.
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Figure 9. (a) Oxygen coordination of the Bila and Se3a atoms, (b) part of the structure of Big(SeO5),Cl,, projected along the ¢ axis.
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Figure 10. (a) The crystal structure of PbBi;o(SeO;);,Cls projected along the a axis with two parallel cationic and anionic layers: (b)
[(Pb,Bi),4(SeO;),4]"” built on association of distorted BiO, polyhedra (yellow) and SeO; groups (blue) (c) [(Pb,Bis)Cl;]"* layers parallel to the ac
plane. The labels + stand for Bi y coordinate above or below the chloride planes.

open structure with some kind of empty cavities bordered by the Cl) as shown on Figure 8a. The cavities are around 9.7 A long and 3.8
anions (essentially CI”) and parallel to the b axis. These cavities are A wide. The presence of such tunnels with n-membered rings (MRs;
delimited by 12 edges (1- edges: Cl-Cl and Cl-O and faces: CI-Cl— here n = 12) was already observed in other selenites and especially in

3032 dx.doi.org/10.1021/cg500293w | Cryst. Growth Des. 2014, 14, 3026—3034
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the structure of Bi,(VVO,),(SeO;), (8-MR).2® Focusing on the
chloride arrangement, it reveals a 2D character of the structure with
CI” crenel-layered (Figure 8b).

The close inspection of a Fourier difference electron-density map
showed a high residual peak (8.71 e/A’) 0.86 A 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 (1L.71—
1.74 A), those for the Se3’ site are too long (2.09—2.41 A), which
suggested its occupation by Bi. The final Bila/Bilb 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 -OSeO,BiO- 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 Bis(SeO3),Cl;o
phase were deposited with the depository number CSD-426286.

The Crystal Structure of PbBi,;o(Se03);,Clg. 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
Bi;;(SeO;);,Cls, 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 BiS, since their bond-valence sum
values are 2.77, 2.59, 2.52, 247 v.u, respectively. The resulting
electroneutral formula is PbBi;o(SeO;),,Cl;, and the structure is
shown on Figure 10a. If all Bi/Pb—O and Bi—Cl bond lengths smaller
than 3.10 A are taken into account, the following irregular
coordination polyhedra can be observed: Bi(1)Og, Bi(2)Oq, Bi(3)O0,
Bi(4)O,, and Bi(5)O,Cly. The Bi—O bond lengths vary from 2.37 to
2.75 A, whereas the Bi—Cl bond lengths are in the range from 2.96 to
3.10 A.

In the SeO; groups, Se**—O bond lengths and O—Se*—0O bond
angles are between 1.65 and 1.75 A, and 92.8 and 106.4°, respectively,
as expected. The structure can be described as a 2D network, with the
[(Pb,Bi),4(Se05),,]"" layer (Figure 10b) sandwiched between the
[(Pb,Bi)sClys]™" (Figure 10c) layers parallel to the ac plane. This
structure is polystructural with CaNd,((SeO;),,Clyg crystal structure
published by Berdonosov et al. in 2007.”

Technical details of the data acquisition and refinement parameters
are gathered in Table 1. The crystal-structure data for
PbBi,((Se0;),Cls 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.

Bl 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 Bi**, Se*", and/or Pb** 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

3033

shown here as a powerful tool to access complex (ie., giant)
crystal structures, alternative synthesis routes must be
developed. At least in the case of BiSeO;Cl, 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
P-BiSeO;Cl phase shown reported previously as stable only in a
narrow thermal range (AT = 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 a- and p-

polymorphs.
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ABSTRACT: The PbO—NiO—SeO, 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, a-PbNi(SeO;), (I), f-PbNi(SeO;), (II),
and PbNi,(SeO,0H),(Se0;), (III), and one novel lead cobalt
selenite, a@-PbCo(SeO;), (IV), which have been structurally
characterized. The crystal structures of the a-forms I, IV, and III
are based on a 3D complex nickel selenite frameworks, whereas the j-
PbNi(SeO,), 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, I, and IV are discussed.

Bl INTRODUCTION

The demand for specific noncentrosymmetric (NCS) crystal
structures is very strong because interesting physical properties,
such as second-harmonic generation (SHG)," piezoelectricity,
ferroelectricity,® and pyroelectricity,* 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
(Ti*, V**, Mo®) octahedrally coordinated d° 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 (As*, Se*,
Sb**, Pb**, and Bi**, 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.® The incorporation of heavy lone pair cations such as
Pb**/Bi** 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/Bi,0;—MO,—Se0, (M = Cu?**, V¥, Ge*,
Nb™*, V¥, Mo, W x = 1,2; 5 = 1,2, 3, 5) ternary systems.®™**
From the experimental viewpoint, due to the low and close

v ACS Pub| ications © 2015 American Chemical Society
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melting and sublimation temperatures (340 and 350 °C,
respectively), the crystal growth of selenites is generally achieved
using either chemical transport routes,">"* recently leading to
original bismuth selenites, including giant cell compouncls,14 or
hydrothermal methods due to the good solubility and reactivity
of (SeO;)*” anions. However, as recently demonstrated by the
evidence of a number of phases in competition in the CoSeO;—
Se0,—H,0 phase diagram'® and other hybrid inorganic—
organic systems,m'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—SeO, system in
hydrothermal conditions. It leads to the synthesis of four novel
lead selenites, a-PbNi(SeO;), (I), B-PbNi(SeO;), (II),
PbNi,(Se0,0H),(SeO5), (III), and a-PbCo(Se0;), (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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Figure 1. Experimental crystallization diagram of the PbO—NiO—SeO,~H,O 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:SeO, molar ratio of 5:3:10 corresponding to the P, 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 a- PbNi(SeO;), (I), f-PbNi(SeO,), (II), PbNi,(SeO,0H),(Se0;), (III), and

a-PbCo(Se0;), (IV)

I

M, (g mol™) 519.82

cryst syst orthorhombic
space group Pnma

a(A) 12.7476(4)

b (A) 5.4562(2)
c(A) 7.8332(2)

a (deg) 90

/ (deg) 90

7 (deg) 90

V(A% 544.83(3)

z 4

p (g/em®) 6.337

p# (mm™) 47.637
A(Mo Ka) (A) 0.71073
Opnin—max (deg) 3.1-29.6
reflns collected 10212

indep reflns (R,,,) 823 (0.0336)
R, (I>204(I)) 0.0139

wR, (I > 26(1)) 0.0360

R, (all data) 0.0165

wR, (all data) 0.0387

GOF 1.090
AP/ D (6 A7) 1.573/-1.110

I I 1\%
519.82 834.47 520.04
orthorhombic monoclinic orthorhombic
Cme2, P2/c Pnma
5.4715(4) 13.6824(10) 12.8208(4)
9.1963(6) 5.2692(5) 5.4902(2)
11.4436(9) 19.3476(13) 7.9085(2)

90 90 90

90 129.524(4) 90

90 90 92

575.81(7) 1075.94 (16) 556.67(3)

4 4 4

5.996 5181 6.205

45.074 32.668 46.221
0.71073 0.71073 0.71073
3.6—-28.0 1.9-28.0 3.0-28.0
2345 5454 3226

686 (0.0260) 2083 (0.0459) 742 (0.0260)
0.0141 0.0496 0.0186
0.0346 0.0992 0.0429
0.0142 0.0783 0.0203
0.0346 0.1104 0.0439

1.109 1.187 1.142
1.310/-1.073 2.916/-2912 0.971/-1.887

B EXPERIMENTAL SECTION

Syntheses. Commercial PbO (99,999%, Aldrich), SeO, (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
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was used to adjust the pH to its desired value. Our exploration of the
crystal growth in the PbO—NiO—SeO,~H,O 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)SeO, (m, n,k=1,2, .., 8) molar sum was fixed as
constant equal to 10 mmol, and the mixture was completed with 6 mL of

2426 DOI: 10.1021/ic503055v
Inorg. Chem. 2015, 54, 2425-2434
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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 SeO, into selenous
acid according to the following reactions:

SeO, + H,0 — H,Se0; (1)

@
®)

Then a large stoichiometric excess of SeO, 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 SeO, 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, a-PbNi(SeO;), (I), S-PbNi(SeOs), (II), and
PbNi,(SeO,0H),(SeO;), (III), have been prepared by the hydro-
thermal techniques. They have been observed in the mixtures already
reported: Ni(SeO;)(H,0),'® Ni;(Se0,);(H,0),'"*°
Ni,(OH)4(Se0;)s(OH),, > and Pb(SeOQ.ZZ_25 Single crystals of the
cobalt selenite, @-PbCo(SeO;), (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
p#m in maximal dimension.

X-ray Diffraction. Powder X-ray diffraction analyses of all of the
powder samples were performed at room temperature in a 26 range of
10—60° with a scan step width of 0.02° using a D8 Advance Bruker AXS
diffractometer (Cu Ka radiation, 2 = 1.5418 A). 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 Ka 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 t;rpe model implemented in the Bruker programs APEX*® and
SADABS.” The structures were solved by direct methods and refined by
means of the program SHELXL-2013>* 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 a-PbCo(SeO,),, a-PbNi(Se0s),, f-
PbNi(SeO;),, and PbNi,(SeO,0H),(SeO;), 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, y and y~' vs T could be obtained that could inform on
the magnetic interactions. All measurements were carried out on
nonaligned samples (random crystallites orientation).

Multiphoton SHG Microscopy. For compound I, a laser scanning
microscope LSM 710 NLO Zeiss (Jena, Germany) was used as

H,Se0; < H + (HSeO;)” (pK, = 2.62)

(HSeO;)” < H* + (Se0,)*”  (pK, = 8.32)

2427

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 20X , 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 X 0.55 ym?

Partial Charge and Dipole Moment Calculations. We have
chosen to follow Henrjs 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.””

B 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(SeO;) compound is the most frequent phase in the system,
and it has been observed as a solid product with variable degree of
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Figure 2. Theoretical (red) and experimental (black) PXRD patterns
for the crystal structures of a-PbNi(SeO;), (a),
PbNi,(Se0,0H),(Se0,), (b), and a-PbCo(SeO5), (c).
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Table 2. Solid Products of the Experiments with a PbO/NiO/SeO, Molar Ratio of 5:3:10 (Point P, in Figure 1a)

pH
no. before reaction after reaction
P, 1.0 L5
1 LS 2.5
2 2.0 3.5
3 3.0 5.0
4 4.0 6.0
N 5.0 7.0
6 6.0 7.5

solid products
Pb(SeO;); a-PbNi(SeO;), (I)
Pb(SeO,); a-PbNi(SeO,), (I)
Pb(SeO;); a-PbNi(SeO;), (I); Nij(SeOs);(H,0)
Pb(S€O3); Ni(SeO3)(H20); Niu(OH)s(seos)s(OH)z
Pb(Se05); Ni(SeO;) (H,0); Nij(OH)4(SeO;)5(OH),
Pb(SeO;)
Pb(SeO,)

Figure 3. General projection of the crystal structures of a-PbM(SeQ;), (M = Ni** (I), Co** (IV)) along the b axis (a) and the corresponding black-and-
white graph (b). Legend, panel a: MO octahedra, blue-green; SeO, trigonal pyramids, orange; Pb**, gray balls. Legend panel b: M**, black circles; Se*,

white circles.

crystallinity in each hydrothermal experiment, sometimes found
as a predominant white powder. This proves a preferred
complexation of Pb** by (SeO;)?” 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(SeO;)(H,0)"®
and Ni;(SeO,);(H,0)"”?°) 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 sgecies. Finally, occulting the systematic
presence of Pb(SeO;),* > low pH values favor reactivity of
(HSeO;)™ groups (e.g, in PbNi,(SeO,0H),(Se03),), while
selenite groups predominate at higher pH values (e.g,
PbNi(SeO;) polymorphs) in good agreement with the acidic
reactions and pK.s given earlier (egs 2 and 3).

Experimental (black) and theoretical (red) PXRD patterns for
new phases described later, a-PbNi(SeO;), (I),
PbNi,(SeO,0H),(Se0;), (III), and a-PbCo(SeO;), (IV), are
represented in Figure 2, leading to a mixture with diamagnetic
Pb(SeO;). 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 P; point (PbO:NiO:SeO, = 5:3:10)
and P, point (PbO:NiO:SeO, = 2:3:25) of Figure la,
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,
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PXRD patterns corresponding to the P, P,, Ps, Py, and P, points
in Figure la are provided as examples in the Supporting
Information (Figures S1—SS).

Influence of the pH. To gain more information about the
reaction processes in the PbO—NiO—SeO,—H,0 phase
diagram, an in-depth investigation was carried out for the
particular P; (PbO:NiO:SeO, molar ratio of 5:3:10) stoichio-
metric mixture at various pH values up to 7.5 (in order to prevent
the reduction of SeO, to y-Se metal’**'). The reagents were
mixed with 1.7S 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(SeOs,) 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, a-PbNi(SeO;), (I) and
Pb(Se0,),> > are formed. The reaction occurring with pH
value of 3.5 leads to reported compound Ni;(SeO5);(H,0)*
with one-third of Ni** 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 Ni;,(OH),(SeO;)s(OH)¢>" and Ni(SeO;)(H,0)."®
The crystal structure of the latter is only composed of

DOI: 10.1021/ic503055v
Inorg. Chem. 2015, 54, 2425-2434
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Figure 4. Coordination environment of Pb** cations in the crystal structures of I (a), IV (b), II (c), and III (d and e).

[

Figure S. Polyhedral representation of the channel walls in @-PbNi(SeO5), (a) and its projection along the b axis as a combination of the pseudoribbons
cross-linked into a 3D framework (Pb** cations are omitted for clarity) (b). Legend: NiOj4 octahedra, green; SeOj trigonal pyramids, orange.

Figure 6. Crystal structure of #-PbNi(SeO;), in two different projections (a and b), and the black-and-white graph corresponding to the Ni—Se sheet in
the structure (Pb** cations are omitted for clarity) (c). Designations as in Figure 4.

NiO4(H,0) polyhedra, while the tubular crystal structure of Bl STRUCTURAL DESCRIPTION
Nij,(OH),(SeO3)s(OH)*' contains half of the protonated a-PbM(Se0;), (M = Ni?*, Co?*). The isotypic compounds I

(NiO5(OH))°~ octahedra. With pH values greater than 7.0, only and IV crystallize in orthorhombic symmetry (space group
the very stable solid products Pb(SeO3)**™>° phase is observed. Pnma). They are built up from a 3D framework composed of
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Table 3. Calculated Partial Charges for I (a-PbNi(SeO5),), IT
(B-PbNi(Se0,),), III (PbNi,(Se0,0H),(Se03),), and IV (a-
PbCo(Se0s),)

a-PbNi(Se03), PbNi,(SeO,0H),(Se05),
atom charge + g atom charge +q
Pbl +0.74952 Pbl +0.81193
Sel +0.24784 Pb2 +0.82647
Se2 +0.24417 Sel +0.27735
Nil +0.93022 Se2 +0.27396
o1 —0.37204 Se3 +0.28956
02 —0.33946 Se4 +0.28127
03 —0.36119 Nil +0.99233
04 —0.36583 Ni2 +0.96340
o1 —0.36194
S-PbNi(Se0;), 02 —0.35874
atom charge + g 03 —0.35630
Pbl +0.77033 04 —0.35919
Sel +0.25253 05 —0.33540
Se2 +0.22790 06 —0.35710
Nil +0.90996 o7 —0.33391
o1 —0.35484 08 —0.35640
02 —0.35920 09 —0.38723
03 —0.35784 o10 —-0.35713
04 —0.36482 o11 —0.38634
o12 —0.35635
a-PbCo(Se0;), H1 +0.20398
atom charge + g H2 +0.20493
Pbl +0.73096
Sel +0.23494
Se2 +0.23527
Col +1.00606
o1 —0.37077
02 —0.37602
03 —0.35183
04 —0.36630

Figure 7. Transmission image of a crystal of f-PbNi(SeO;), (a);
emitting surface (4, = 420—440 nm, A,,, = 860 nm), blue color (b).

anionic (Se0;)*” and (MOg)'*” building units sharing common
corners (Figure 3). We find one symmetrically independent M**
position with rather regular (MOj4)'*™ octahedral coordination.
The average bonding (M—O) distances are 2.077 A for I and
2.113 A for IV. There are two independent Se atoms per formula
unit where Se** cations form typical (SeO;)*” triangular
pyramids with Se located at its apical corner and a stereoactive
lone pair acting as a complementary external ligand. The average
(Se—0O) distance is 1.704 A for both compounds, M = Ni** (I)
and Co?* (IV). The unique Pb** site is surrounded by O anions
shared by (SeO;)*” and (MOy)'*~ groups, forming asymmetric
polyhedra. In both compounds the Pb** cations demonstrate
eight short strong Pb—O bonds (2.552—2.802 and 2.539—-2.827
A'inTand IV, respectively) in one coordination hemisphere, and
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two longer weaker bonds (3.332 and 3418 A 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 M** and Se*,
respectively. It highlights the topological connectivity of the
SeO; and MOy polyhedra in complex 3D framework with
stretched rectangular channels extending along the [010]
direction occupied by the lead cations and the Se*" lone pairs
with a dimension of 3.1 X 11.4 A% 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
MO and six SeO; polyhedra (Figure 3a). The projection of the
channel walls is given in the figure resulting in a three M-
octahedra-wide pseudoribbons (Figure Sa). Within the pseudo-
ribbon, there are void spaces that are bounded by six-membered
rings with a dimension of 5.35 X 5.46 A%. The pseudoribbons are
further cross-linked into a 3D [M(SeQ;),]*” framework through
common SeOj trigonal pyramids (Figure Sb). 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.*
The framework topology found out for a-PbM(SeO3), (M =
Ni** and Co?") has been observed previously, e.g, in the
structures of (H;0)[Fe(HPO,),],** Na,[In(PO,),],** and
Pb[Fe(AsO,)(AsO;0H).>

P-PbNi(Se0s),. The crystal structure of II adopts an
orthorhombic symmetry (noncentrosymmetric space group,
Cmc2,). It contains one symmetrically independent Ni** cation
that forms a slightly distorted NiO4 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) A. Two independent Se*" 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 A for Sel and Se2 sites, respectively. In the crystal
structure of II a unique Pb** ion has seven short Pb—O bonds
(2.569—2.885 A) in the first coordination hemisphere, whereas
the second hemisphere is occupied by two longer bonds (3.035
A) (Figure 4c). Once again, the coordination polyhedra of the
lead cation is asymmetric and obviously indicates that the 65
lone pair is stereochemically active. In contrast, we have recently
described the crystal structure of PbBi,O4CL, in which the Pb**
lone pair activity is fully quenched.36

Similarly to what was found in the a-PbNi(SeO;), form (I),
the f-form is built up from isolated NiOy4 octahedra interlinked
by SeO; 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(SeO5),]*" sheets. They are shown in Figure 6b and lay
parallel to (001). The lone pairs of electrons of Se** 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 Pb*" 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 A, much greater
than the sum of van der Waals radii and involves a true 2D-
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Figure 8. General projection of the crystal structure of PbNi,(SeO,0H),(SeO5), 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.

character. The black-and-white graph corresponding to the
layered nickel selenite structural units is shown in Figure 6¢. This
kind of layer topology is one of the most common in inorganic
oxysa.ltsz’z’37 and has been recently observed, for instance, in the
crystal structure of steklite, K[AI(SO,),],*® where (AlO)
octahedra are linked by (SO,) tetrahedra. In selenites, it has
been reported for the crystal structures of K,[M(SeO5),] (M =
Mn and Co).3**" The NCS character of II is well evidenced on
Figure 6a where only “up” SeO; orientations are found in the
crystal structure. Dipole moments were calculated for II due to
its noncentrosymmetricity. In this calculation performed using
Pacha,” 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. Ni** and Co** 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
11, all SeO; 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)O; and Se(2)Os, respectively. Other local dipoles arise
from distorted NiOj4 octahedra and Pb** complex coordination
polyhedra that also lead to a net nonzero polarization due to the
Cmc2, symmetry. Finally each individual layer shown on Figure
6a brings its own total dipole, mainly parallel to ¢ but with
different (a, b) components. Our calculations performed on the
[Pb,Ni,(SeO;);] unit-cell content containing two layers lead to
M = 21.51 Debyes almost parallel to ¢ (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 [Bi;,O,5][Li,(SO,),].*' 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
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the possibility for local SHG quenching at the antiphase
boundary.

Polymorphism in PbNi(SeO;),. In our experiments, we
have observed two modifications of PbNi(SeOs,), that differ in
both crystallographic parameters and structural topology. The a-
phase has a notably smaller unit-cell volume (544.83 A®) than the
P-phase (575.81 A%) and, as a consequence, a remarkably higher
density (6.337 versus 5.996 g/cm’ respectively). In terms of
structural complexity exg)ressed as a Shannon information
amount per unit cell,** the f-phase is considerably more
simple (58.439 bits per unit cell) than the a-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),** which, together with the data on
density and unit-cell volumes, strongly suggest that the a- and -
modifications of PbNi(SeO;), 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 counterpart*’).

PbNi,(Se0,0H),(Se0s),. The crystal structure of III adopts
a monoclinic symmetry (space group, P2/c). There are two
symmetrically independent Ni** sites with rather regular
octahedral coordination with the average (Ni—O) bond lengths
equal to 2.064 and 2.077 A for Nil and Ni2 sites, respectively.
The four crystallographically inequivalent Se** 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)O,OH)” and (Se(4)-
0,0H)" trigonal pyramids with one long Se—O bond (1.810
and 1.785 A for Se(3) and Se(4), respectively) and two shorter
Se—O bonds (1.659—1.676 and 1.649—1.675 A for Se3 and Se4,
respectively). Similarly distorted coordination geometry is
typical of hydroxide ligands, as reported for instance in the
crystal structure of Ni(HSeO,)-4H,0.* The average (Se—O)
bond lengths are equal to 1.695, 1.693, 1.715, and 1.703 A for
Se(1)0;, Se(2)04, Se(3)0,0H, and Se(4)O,0H, respectively.
The two independent Pb** 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 A for Pbl and Pb2, respectively. They both
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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 ().

show a distorted square antiprismatic arrangement with lone
pairs of electrons oriented toward the longest oxygen neighbors,
similarly to lead coordination in PbMo,05(Se0;),."

In the crystal structure of IIL, the NiOg octahedra are sharing
their vertices with SeO; 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 Se*
cations. The channels containing Pb** are bordered by O~ ions
and have a cross-section of maximum of ~3.6 X 8.1 A” taking into
account the shortest O-+O separations. Those bordered by Se**
ions Se--Se are ~3.8 X 5.1 A” 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
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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 IIL Its structural architecture is
closely related to that observed in the crystal structure of
PbFe,(SeO;),*” and represents an interesting topological
variation of the primitive cubic (pcu) network.*

H MAGNETIC PROPERTIES

The powder samples selected for magnetic measurements have
been prepared from stoichiometries corresponding to the P, (I
and IV (replacing NiO by CoO)) and P, (III) points in Figure
1a. After Rietveld refinement though strong preferred orientation
effects, the refined phase weight fractions of impurity
(diamagpnetic Pb(SeO,)) are 0.17, 0.42, and 0.15 for the powder
samples of I, III, and IV, respectively. Magnetic data were
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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 y and ! versus temperature
are plotted in Figure 9a,c for a-PbNi(SeO;), (I) and a-
PbCo(SeO;), (IV). In the high-temperature range, y~'(T) could
be fitted using a Curie—Weiss law y = C/(T — Ocy). Both
compounds show very similar behavior dominated by anti-
ferromagnetic exchanges as given by the negative Curie—Weiss
temperatures, Oy = —20.2 and —42.7 K, respectively. The
deduced effective moments are 3.13 i and 5.50 py per formula
unit, respectively. It indicates significant spin—orbit couplings
(SOC) compared to calculated spin-only values, i.e., 2.83 ug/
Ni** and 3.87 pp/Co*. One should also note that the
exaggerated value measured in the cobalt compound compared
to the commonly observed p.4 ~ 4.5 pp 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
Co?", the M(H) magnetization plot indicates a largest remanent
moment for IV compared to I, i.e.,, 0.1 p/Co?* against 0.01 i/
Ni** as shown on the Figures 9b,d. In the mean-field
approximation, the Curie—Weiss temperature is given as Oy =
22JS(S+1)/3k;, where the z-number of neighbors interact with
the same ] force with a central M** ijon. Theoretically, this
approximation is available in the Heisenberg case but could lead
to an approximated value for Co?* and Ni** ions where spin—
orbit coupling should favor anisotropic spins (XY or Ising).

Dealing with similar crystal structures of I and IV, one can
derive Jin/Jav) = Ocwm(Sco) (Sco + 1)/0cwv) (Sni) (S~ +
1) = 0.89. This involves very similar ] 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 A
<M—M < 6.2 A and O—0 distance smaller than the sum of their
ionic radii), one can also estimate the mean ] value to J/k, ~ —1.9
and —2.1 K, respectively.

2(T) and y'(T) of compound III are shown on Figure 9e. It
shows a paramagnetic regime above the setting of an
antiferromagnetic transition at Ty = 10 K. The Curie—Weiss
law above Ty yields pi .= 4.87 pp/ (formula unit (fu.)). (3.44 pg/
Ni**) and Oy = —18.2 K in good agreement with predominant
antiferromagnetic exchanges between Ni*' ions with strong
SOC. Once more, in a mean-field approximation can we deduce a
mean Jy;_ni/k, of —1.71 K from the Oy value, taking into
account z equals eight Ni neighbors around each Ni** 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 SeO; corners in
both compounds.

Bl CONCLUSION

In this work, the PbO—NiO—SeO, ternary system in hydro-
thermal conditions at 473 K was investigated. Three novel lead
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nickel selenites and one novel lead cobalt selenite were
synthesized and characterized. The PbNi(SeO;), compound
crystallizes in two polymorphic orthorhombic modifications, a
(1) and $ (I1). The PbCo(SeOs), phase (IV) is isotypic with L
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.
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Chemical vapor transport (CVT) reactions were used to prepare three
modular mixed-valent Cu())—Cu(i) compounds, (Pb,Cu?*50,)(SeO3)4-
(Cu*CP)Cls (1), (PbCu?*50,)(SeO3),(Cu*ClL)Cls (2), and (Pb,Cu®* s O2)-
(Se03),(Cu*ClL)Ky »Cly x (x = 0.20) (3). In their crystal structures
chains of anion-centered (OCu?*,) and (OCu?*3Pb) tetrahedra form
honeycomb-like double layers with cavities occupied by linear
[Cu*CL,]~ groups.

Inorganic copper oxocompounds attract considerable attention
due to their interesting structural and physical properties’ as
well as mineralogical and geochemical importance.” Of special
interest are mixed-valent Cu(1)-Cu(u) 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(1)-Cu(u) lead oxoselenite chlorides
inspired by mineralogical discoveries in such unusual geological
conditions as volcanic fumaroles.”®® 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.* The specific feature of many Cu oxoselenites is
the presence in their crystal structures of oxocentered (p,~O)Cu,
tetrahedral units that polymerize to form extended structural
complexes.”®” Likely, during these reactions the selenites and metal
halides play the role of transport agents.” In order to reproduce
natural exhalative chemistry, in this work, we investigate the
formation of phases in the PbO-Cu®"Cl,-Cu’Cl-Cu**0-SeO,
system containing Pb*>* cations that possess stereochemically
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199034 St. Petersburg, Russia. E-mail: s.krivovichev@spbu.ru

bUccs, UMR 8181, Université Lille Nord de France, USTL, F-59655 Villeneuve
d’Ascq, France

t Electronic supplementary information (ESI) available: CIF files, experimental
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active 6s” lone electron pairs favouring formation segregation
of structural compartments occupied by these pairs.® In addi-
tion, the preference of Pb>" ions for similar OPb, 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

foel, ™
:Wn @*M.

e

T " Honeycomb

{e) [PbCu™0J% Cu"-Pboxide

selenite

layers

L]

Sald,_ Curll, CulL
Tu, PR, WO

AT=50K

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 Cu?*-Pb selenite layers (e—h). The types of oxo-centered
1-dimensional units (shown in red) formed by corner-sharing OCu4 and
OCusPb 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, ESL} In all the compounds, Cu® cations form two
relatively short Cu’~Cl bonds (2.058-2.118 A), which result in
the formation of tightly bonded [CuCl,]™ anionic groups that
can be considered as separate structural entities. The Cu?**
cations have mixed oxochloride coordinations that have pre-
viously been observed in Cu oxochloride compounds,>® with
typical trends of Jahn-Teller d° ions. The Cu(1) and Cu(2) sites
in 1, the Cu(4) site in 2, and Cu(3) site in 3 form [CuO,Cl,]
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 [CuO;Cl] squares complemented by two long
Cu-Cl bonds. The Cu(4) site in 1 forms a [CuO,Cl] trigonal
bipyramid, whereas the Cu(1) site in 2 and the Cu(4) site in 3
form [CuO;Cl,] trigonal bipyramids. The Pb atoms have asym-
metrical coordinations consisting of three strong Pb-O bonds
(2.356-2.420 A) located in one coordination hemisphere and
four long Pb-Cl in another. This coordination of Pb>* cations is
typical for lead oxohalide compounds” and is consistent with the
presence of stereoactive lone electron pairs. In all the compounds
under consideration, Se** cations form standard (SeO;)>~ selenite
triangular pyramidal oxo-anions (Se-O = 1.688-1.726 A). 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 sums® 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, Cu®"
sites - 1.96-2.14, Pb*" sites — 1.95-1.96, Se*" 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.’ In addition
to the O atoms associated with the SeO; groups, all three

Table 1 Crystallographic data for 1, 2, and 3

View Article Online
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compounds contain additional O, atoms (oxo-anions) not
bonded to Se*" 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 (OCu>";Pb)
and (OCu*",) tetrahedra, respectively. The oxo-centered tetra-
hedra share common corners to form [0,Pb,Cu®’s]'** double
chains depicted in Fig. 1e. 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 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 SeO; groups are attached to
the triangular bases of oxo-centered tetrahedra that results in the
formation of complex 1-dimensional {{O,Pb,Cu*"5](Se0;),}*" 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 [0,Cus] honeycomb-
layers are reported in several compounds based upon anion-centered
tetrahedra.” The layers are surrounded by Cl~ anions in the
interleaves and accommodate both linear [Cu*Cl,]~ anions and
Cl™ ions in the larger and smaller honeycomb-windows, respec-
tively. The interactions between the Cl~ ions of the [Cu’Cl,]~
groups and host cationic networks are restricted to rather
weak Cu*-Cl~ (>2.975 A), Pb**-Cl~ (>3.396 A) and K'-CI~
(>3.478 A) bonds with bond-valences not exceeding 0.08
valence units (Tables S1-S3, ESIt). 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 (OCu®>";Pb) and (OCu*",) tetrahedra
share corners to produce single chains extending along the com-
mon b-parameter that have [0,PbCus]*" and [O,Pb,Cu®’(s_»]*"

1 2 3

Empirical formula (Pb,Cu**50,4)(Se0s)s (PbCu**50,)(Se0s), (PbxCu(5_102)(Se03),(Cu’Cl,)
(Cu'Cly)Cls (Cu'CL)Cly K(1-xCla_), X = 0.20

Crystal system C2/m

Space group Monoclinic

a(A) 18.605(17) 18.4956(4) 15.116(1)

b (A) 6.204(6) 6.1454(1) 6.1850(4)

c(A) 12.673(11) 15.2985(4) 9.2672(9)

B (deg) 109.87(2) 119.311(1) 95.965(5)

v (&%) 1376(2) 1516.25(6) 861.72(12)

Peale (g cm ™) 4.514 4.607 3.840

p(mm™! 25.78 25.02 15.52

Reflection collected 7722 6910 4817

Independent reflections (Rinc) 1301 (0.069) 1924 (0.024) 974 (0.029)

Goodness-of-fit 0.791 1.231 1.121

Ry[I > 20(D)]" 0.0257 0.0260 0.0412

WR, 0.0349 0.0761 0.1172

R, (all data) 0.0475 0.0267 0.0496

WR, 0.0378 0.0761 0.1176

Largest diff. peak and hole [e A7 0.951, —0.988 3.783, —2.942 4.244, —1.592

Ry = LIF| — [Fl I |Fol; WRy = {32[W(ES" — F) Y IWES) T

9564 | Chem. Commun., 2015, 51, 9563-9566

140

This journal is © The Royal Society of Chemistry 2015



ChemComm

{a) 12,67 &

s

iy | L I R | -

{IPB,Cu” O NSe0,1)" ‘ {PB,Cu”™,0)Se0,L){[CuCLICLY

Host honeycomb layers

Fig. 2 General projections of the structure of 1 along the b and a axes —
(a) and (b). Honeycomb layers of {[Pb,Cu*504](Se03)4}®* composition
are hosts for the [Cu™Cl]™ guest species localized in the layer cavities.
The {[Pb,Cu?*504](Se03)4}°* layers are formed via interconnection of
the [Pb,Cu?*504] oxo-centered chains (red) and isolated SeOs groups
(dark-green). The O(2) and O(4) designated in (a) are central oxygen atoms
in OCuy4 and OCusPb tetrahedra, respectively.

compositions, respectively (Fig. 1f and g). Together with SeOs;
groups, these chains form 1-dimensional {{O,Mg](SeOs),}*" 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'Cl,]” 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 Pb** and Se*" cations are
oriented toward the interlayer space, thus conforming the ‘chemical
scissor’ principle of structural organization in compounds with lone-
electron-pair cations."

It is noteworthy that compounds 1 and 2 are closely chemi-
cally related, which can be described by the equation:

(PbyCu"50,)(Se05)4(Cu’CL,)Cl;5 (1) + Cu'Cu*'Cl;
—2(PbCu?*50,)(Se03),(Cu’CL,)Cl; (2)

From the structural viewpoint, transition from 1 to 2 is asso-
ciated with the reconstruction of the metal-oxide backbone, ie. in
depolymerization of anion-centered tetrahedra and splitting of the
double [0,Pb,Cu*s]"*" chains into single [0,PbCu,]** chains. This
kind of structural reconstruction accompanied by the inclusion of
imaginary ionic component Cu"Cu®*Cl; into the metal-oxide matrix
is in good agreement with the principle of dimensional reduction."!
It should also be noted that 2 is a synthetic analogue of

This journal is © The Royal Society of Chemistry 2015
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Fads

T

a
{Pb.Cu™, _0.]iSe0, L HICw'CLIK, CL_}

Fig. 3 General projections of the structure of 2 (a, b) and 3 (c, d). In 2, the
OCu,4 and OCusPb tetrahedra (red) form single [O,PbCus] chains, which
results in the enlargement of the c-parameter value from 12.67 A(in1) to
1530 A (in 2). In 3, K atoms are located in the interlayer under and above
the pseudohexagonal voids filled by the [Cu*Cl,] groups. The layers (b, d)
are characterized by only one type of pore with 8.3 A and 8.2 A diameter in
2 and 3, respectively.

allochalcoselite, the mineral first described to be obtained
from volcanic fumaroles of the Tolbachik volcano (Kamchatka
peninsula, Russia).>?

To summarize, three novel Cu**~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 Cu*'-Cu’ based oxyhalide compounds. These
compounds described herein are based upon oxocentered
mixed Pb-Cu*" 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 OCu, and OCusPb are
found in chains and double chains forming hollow voids. It
follows that in all the compounds, the role of the tightly bonded
[Cu*Cl,]™ anions is that of guest complexes incorporated inside
metal oxide chloride units. The present study also points out
that the Cu’Cl, groups may serve as transport agents of Cu’ in
Cl-rich gaseous environments such as that observed in natural
volcanic fumaroles.
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Russie and I’Agence Campus France (contracts no. 768231K,
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Single crystals of seven novel uranyl oxysalts of selenium with protonated methylamine molecules,
[GHsN][(UO2)(Se04)2(H20)] (I), [CHsNIL[(UO2)x(SeO4)5(H20)] (), [C4H15N3][H30]05[(U02)2(Se04)203(-
5€03)0.07(H20)I(NO3)os (I, [CoHgN]5[Hs502][(UO2)5(Se04)3(H20)2]2(H20)s  (IV), [C;HgNL[H30][(UO2)s
(Se04)4(HSe03)(H20)](H2Se03)o2  (V), [CaH12N]3[H30][(UO2)3(Se04)s(H20)] (VI), and [C:HgN]3(CH7N)
[(UO,)3(Se04)4(HSeO3)(H,0)] (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

Keywords: units investigated using black-and-white graphs from the viewpoints of topology of interpolyhedral
;Jrlanyl linkages and isomeric variations. The crystal structure of IV is based upon complex layers with unique

clenate topology, which has not been observed previously in uranyl selenates. Investigations of the statistics and
Crystal structure P . . .
Topology local distribution of the U-Op,—Se bond angles demonstrates that shorter angles associate with undulations,
Isomerism whereas larger angles correspond to planar areas of the uranyl selenite layers.

X-ray diffraction

© 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

* Corresponding author. Tel.: +7 9119749592.
E-mail addresses: vladgeo17@mail.ru (V.V. Gurzhiy),
vladgeo17@mail.ru (L.G. Tananaev).

http://dx.doi.org/10.1016/j.jssc.2015.04.040
0022-4596/© 2015 Elsevier Inc. All rights reserved.

oxysalts that contain protonated organic molecules as interlayer
species.

2. Experimental
2.1. Synthesis

N,N-dimethylformamide (99%, Sigma-Aldrich), dimethylamine
(40 wt% in H,0, Aldrich), diethylenetriamine (99%, Sigma-Aldrich),
diethylamine (99%, Sigma-Aldrich), selenic acid (40 wt% in H,O,
99.95%, Aldrich), and UO,(NOs3),-6H,0 (Vekton) were used as
received. [CoHgN]y[(UO2)(Se04)2(H20)] (1), [CoHgN]L[(UO2)x(-
Se04)3(H20)] (M),  [C4H15N3][H30]0.5[(U0O2)2(S€04)2.93(S€03)0.07
(H20)](NO3)os (I, [CoHgN]3[H502][(UO2)2(Se04)3(H20)2]2(H20)s
(IV), [CoHgN]>[H30][(UO2)3(Se04)a(HSeO03)(H20)](H2Se03)o2 (V)
[CaH12N]3[H30][(UO2)3(Se04)s(H20)] (VI), and [CoHgN]3(CoH7N)
[(UO,)3(Se04)4(HSeO3)(H,0)] (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 II were 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 0.100g
(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 MoKa radiation (A[MoKa]=
0.71073 A) by means of a Bruker SMART APEX II CCD (I-VI) and STOE
IPDS 11 (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

Table 1
Crystallographic data for I, II, II, IV, V, VI and VIL

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 Uj,(H) set to 1.5Ue,(C) and C-H
0.96 A for CH3 groups, with Us,(H) set to 1.2U,(C) and C-H 0.97 A for
CH, groups, Uje(H) set to 1.2Ue(N) and N-H 0.89 A for the NH;
groups, and Uj,(H) set to 12Uq(N) and N-H 0.86 A for the NH,
groups. Positions of H atoms of H,O molecules, 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, IIl, V, VI and VII), or four (IV) crystal-
lographically unique U! cations forming approximately linear uranyl
ions, [UO,]**, with the U=0 bond lengths varying from 1.711(10) A to
1.787(7) A. These basic uranyl entities are coordinated in their
equatorial planes by four oxygen atoms and one H,O molecule to
form UO; pentagonal bipyramids with the average (U-O.,) bond
lengths equal to 2.390 A. The U-H,0 bond lengths lie in range of
2.424(12)-2.554(7) A. In the structure of I there are two symmetrically
independent Se"' atoms. The structures of II, III, IV, and VI contain
three Se"' atoms each, whereas the structure of IV contains six

Compound I I 1 1\ A\ VI VI
Formula mass 666.15 1079.14 2256.03 2267.28 1685.05 1770.70 1685.07
Space group P2,2,24 P2,2,24 P24/c P2,4/c P2;/m P2;/m Pnma

a (A) 7.5363(7) 11.2154(5) 11.1679(4) 12.451(5) 8.3116(4) 8.941(2) 11.6591(11)
b (A) 12.2021(11) 11.2263(5) 10.9040(4) 31.126(5) 18.6363(8) 19.300(4) 14.9556(17)
c(A) 16.7601(16) 16.9138(8) 17.9913(6) 14.197(4) 11.5623(5) 11.377(3) 22.194(2)
(%) 90.00 90.00 98.019(1) 120.39(2) 97.582(1) 97.510(4) 90.00
V(A% 1541.2(2) 2129.57(17) 2169.57(17) 4746(2) 1775.31(14) 1946.5(7) 3870.0(7)
Size (mm?) 021x017x0.09  021x0.17x0.07 023x019x0.08 023x018x0.07 019x0.14x0.08  0.22x0.20x0.06  0.26 x 0.20 x 0.09
u (mm™) 15.306 20.394 20.036 18.323 19.286 17.217 17.310

z 4 4 2 4 2 2 4

20 range (°) 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
Dearc (g/cm?) 2.871 3.366 3.457 3173 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 IF,| > 4of 4117 5340 3855 5379 3940 2459 1221

Rint 0.0564 0.0651 0.0723 0.0963 0.0762 0.1196 0.1116

R, 0.0562 0.0684 0.0574 0.0993 0.0605 0.1609 0.0714

Ry (IFol > 4of) 0.0311 0.0283 0.0330 0.0482 0.0362 0.0396 0.0602

WR; (IF,| > 4oF) 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 1127

Penine Pmine € (A3)  —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: Ry=SlIFyl-IFI/SIFl; WRy={% [W(F2—F22]/S[W(F2?]}'%; w=1/[c*(F2)+(aP)*+bP], where P=(F2+2F2)/3; GOF={X[w(F2—F2)]/(n-p)}*/* where n is the number of

reflections and p is the number of refined parameters.
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independent SeV" atoms. In the structures of V and VII there are three
independent Se positions of which two sites [Se1 and Se2] correspond
to SeV!, whereas the Se3 site is occupied by Se'. The SeV! cations in
each structure are tetrahedrally coordinated by four O atoms, forming
[SeO4]?~ tetrahedra with the average (Se-O) bond length equals to
1.634 A. In the structure of V and VII, the Se3 site has a trigonal
pyramidal coordination with an apex occupied by the Se'V atom. This
coordination type is typical for Se' cations possessing stereoactive
lone electron pairs. In the structure of III, the Se3 site is occupied by
both Se"! (site-occupation factor (s.0.f.)=0.93) and Se" (s.0.f.=0.07)
atoms with the total s.o.f. equal to 1.0. The Se30s5 trigonal pyramids in
V and VII are strongly distorted: two short equivalent bonds [1.645(6)
A and 1.653(16) A in V and VII, respectively] and one longer bond [1.78
(2) A and 1.78(4) A 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 VIL The asymmetric [SeOs]*~ and [HSeOs]*~ selenite
groups were observed, in particular, in the structures of (NH,)
[UO,(HSe05)(Se05)] [30], M[(UO,)(HSeO5)(Se0s)] (M=K, Rb, Cs, TI)
[31], [CsH1aN][(UO,)(Se04)(SeO-0H)] [32], and [CsH1aN]4(UO2)s(-
Se04)4(HSeO3)(H20)(H2Se05)(HSeO4) [33].

In the crystal structure of I, the [UOg(H,0)]®~ pentagonal bipyr-
amids share corners with two adjacent [SeO,4]*~ tetrahedra to form
[(UO,)(Se04)2(H,0)]?~ chains running parallel to the b axis. The cha-
ins are arranged into the pseudo layers parallel to the (00 1) plane

s b AL
D VAT AT
BT VL ATV A
N7V ATV i A

Fig. 1. The crystal structure of I projected along the b axis (a), and the [(UO,)
(Se04)2(H,0)]?~ chains in the crystal structure of I (b). Legend: U polyhedra=yellow;
Se polyhedra=orange; 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. 1a). Two protonated dimethylamine cations [C,HgN]* 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 [(UO,)x(SeO4)3(H20),]*~. The topology of
the U and Se polyhedral linkage is different for the different values of
n. The layers are parallel to (00 1) in I and III, and to (010) in IV
(Figs. 2 and 3). The uranyl selenate layers present in II and HI are
slightly corrugated. The interpolyhedral U-Op,,—Se angles in II, Il and
IV have the average values of 135.6°, 136.1° and 135.6 x , respectively,
which are in general agreement with the average value of 136.8°
reported in [34]. The structure of II contains two protonated linear
dimethylamine molecules [C;HgN]* as interlayer species. Diproto-
nated diethylenetriamine cation [C4H;sNs[**, hydronium cation
[H30]" and disordered nitrate group [NOs]~ are arranged between
the layers in the structure of IIL. In the interlayer space of IV, there are
three crystallographically independent protonated [C;HgN]* cations,
one Zundel [Hs0,]™ cation, and five water molecules.

The crystal structures of V, VI, and VII are based upon the layers
with U:Se=3:5 formed as a result of condensation of the [UO,J>*,
[UO,5(H,0)12*, [SeV'04*~, [Se™0s]*~ and [HSe™Os]~ 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 A). The undulation amplitude is about 15 A. The undulations
in the adjacent sheets have an anti-phase character, which means that
large elliptical channels are created along the a axis. The structure

Fig. 2. The crystal structures of II and III projected along the b axis, (a) and (b),
respectively. Legend is as in Fig. 1; [H30]" groups=cyan circles, [NOs]~ =blue
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 [C,HgN]™
and one hydronium cation [H30] ™" 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 [C4H;N]* and one hydronium cation
[H30]* as interlayer species. The charge of the inorganic layer in
VII is compensated by three disordered protonated dimethylamine
molecules [C;HgN]* located in the interlayer space. It is of interest

Fig. 3. The crystal structure of IV. Legend is as in Fig. 1; [H30]" groups and water
molecules=cyan 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.)

——
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Fig. 4. The crystal structures of V and VI projected along the b axis, (a) and (b),
respectively. Legend is as in Fig. 1. [H30]" groups and oxygen atoms=cyan and red

circles; Se! atoms=Dbig orange circles. (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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Fig. 5. The crystal structure of VII projected along the b axis. Legend is as in Fig. 1;
oxygen atoms=circles; Se' atoms=big orange circles.

that there is also one electroneutral dimethylamine molecule
(CH,N)? 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 L The
[(UO,)(Se04),(H,0)]>~ 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]"~ tetrahedra (T=S, Se, P, As).
They have been observed first in the structure of Mn[(UO,)
(SO4)2(H20)](H20)s [39] and later in a number of amine-templated
uranyl sulfates [40-45] and other compounds, including [(UO,)
(H2PO4)(H20)|(H20)2  [46], [(UO2)(H2As04)2(H20)] [47], M[(UO2)
(Se04)(H20)[(H20)s (M=Mg, Zn) [48], [CsH1eN22[(UO2)(SeOs4)
(H20)](NOs3); [49], [CH3NH3]2[(UO2)(Se04)2(H20)](H20) [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. 6¢ and d. In the crystal structure of II and III, the
topology of the [(UO,),(Se04)s(H,0),]?~ layers with n=1 is based
upon 4- and 6-membered rings of alternating black and white
nodes. The graph has been observed in uranyl sulfates [N,C3H;5]
[(UO2)2(H20)(S04)3] [44], [N2C4H14][(UO2)2(H20)(S04)3](H20) [51],
and uranyl selenates [C4H12N]o[(UO3)2(Se04)3(H20)], [C4H14N3]
[(UO2)5(Se04)3(H20)](H20)z, [C3H1oN]2[(UO2)2(Se04)3(H20)](H20),
[CsHi6N2][(UO2)2(Se04)3(H20)J(H20) [52], K(H502)[(UO2)x(Se0a4)3
(H,0)] [53]. The topology of the [(U0O,)y(Se0,)s(H,0),]*~ layer
with n=2 in IV contains 4- and 8-membered rings. This topology
is rare and has previously been observed only in two uranyl
chromates (NHg4)2(UO3),(CrO4)3(H20)s [54] and Ko[(UO3)2(CrO4)3
(H20),](H20)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:Se=3:5 (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 [CsHq4N]4[(UO,)3(Se04)4(HSeOs)
(H20)](H2Se0s)(HSeO4)  [33],  (H30)[CsH14aN][(UO2)3(Se04)a(HSeO,)
(H20)], (H30)[CsH1aN]2[(UO2)3(Se04)4(HSeO4)(H20)](H20) [56], and
has also been observed in some uranyl selenates: Rb,[(UO,)s(-
Se04)s(H20)]  [57],  (H502)2(H30)2[(C10H2005 )2][(UO2)3(Se04)s(H20)]
and (Hs0,)(H30)3[C10H2005]5[(U02)3(Se0a4)s(H20)] [58].
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Fig. 6. The [(UO,),(Se04)3(H,0),]?~ layers in the crystal structures of II, ll—(a) (n=1), and in the crystal structure of IV—(b) (n=2) in polyhedral representations; their
graphs (c and d, respectively). Legend is as in Fig. 1; white vertices=Se, black vertices=U.

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 IL, 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 x 2 dimensions and can be written in
row as (duuudd)(udoduo), (dumudm)(udoduo) and (ududud)
(udodun), 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 (uodd)(uucd) (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 [(UO){(TO4),J~ 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.
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Fig. 7. The inorganic layers with U:Se=3:5 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.
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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.

around bridging oxygen atoms, to result in a symmetry reduction [60] in distortion of the layer planes and, in rare cases, formation of tubular
compared to the ideal symmetry of structural units. In some cases, structures [12-14]. The total effect of the 2-D unit bending includes
interactions between interlayer species and uranyl oxysalt units result rotation and displacements of individual U-Op,~T fragments (Fig. 10).

150



38 V.V. Gurzhiy et al. / Journal of Solid State Chemistry 229 (2015) 32-40

duuJduvul[]du
ddudd djudJd d u
Odivuu[Jdduwuu[Jdu
ddulJddulJddu
Odwvulddwu[]du

ddulJddduldddu

Fig. 9. Black-and-white graph of the inorganic layers in the structures of I, and Il
(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.
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Fig. 10. Ball-in-socket joint model (a) and its working principle in the structures of
uranyl containing compounds (b and c).

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

Table 2
The U-Oy,—Se bond angles (°) in the structures of I—VIL

1 U3-04-Se4 141.2 (6)
U1-03-Sel 138.0 (4) U3-017—Se4 1323 (6)
U1-05-Sel 137.4 (4) U3-08-Se5 132.8 (6)
U1-07-Se2 1416 (3) U3-029-Se6 1357 (6)
U1-09-Se2 137.1 (4) U4-012—Se4 133.8 (6)
(U—Op;—Se) 1385 U4-05-Se5 1322 (6)

U4-010-Se5 1432 (7)
|| U4-016-Se6 1344 (6)
U1-03-Sel 134.0 (4) (U—0p—Se) 135.6
U1-05-Sel 1433 (4)
U1-08-Se2 1371 (4) v
U1-09-Se2 133.8 (3) U1-01-Sel 1343 (3)
U1-016-Se3 1325 (3) U1-04-Se2 1413 (4)
U2-06-Sel 128.7 (4) U1-012—Sel 1314 (3)
U2-010-Se2 133.8 (3) U1-08-Se2 142.9 (4)
U2-014-Se3 143.6 (4) U1-09-Se3 136.8 (3)
U2-015-Se3 134.0 (4) U2-02-Sel 1429 (3)
(U—0p;—Se) 1356 U2-05-Se2 161.0 (5)

(U—0p—Se) 1415
m
U1-04-Sel 1409 (3) Vi
U1-05-Sel 143.6 (4) U1-04-Sel 150.3 (4)
U1-06-Se2 133.8 (3) U1-014-Se2 136.1 (4)
U1-03-Se3 1329 (3) U2-05-Sel 1337 (4)
U1-07-Se3 133.4 (4) U2-06-Sel 132.7 (4)
U2-013-Sel 1312 (3) U2-010-Se2 1345 (4)
U2-010-Se2 138.1 (3) U2-012-Se2 153.4 (4)
U2-011-Se2 1365 (3) U2-011-Se3 1353 (4)
U2-012-Se3 1346 (3) (U—0p—Se) 139.4
(U—0p,—Se) 1361

vII
v U1-09-Sel 132.8 (10)
U1-07-Sel 1323 (5) U1-014-Sel 1326 (13)
U1-011-Sel 133.4 (6) U1-01-Se2 157.2 (13)
U1-02-Se2 1409 (6) U1-05-Se2 139.4 (10)
U1-018—Se3 1355 (6) U1-011-Se3 1249 (11)
U2-06-Sel 140.2 (7) U2-015-Sel 137.0 (11)
U2-01-Se2 1335 (6) U2-06-Se2 1392 (1)
U2-03-Se2 1335 (6) (U—0p—Se) 137.6
U2-013-Se3 134.0 (6)

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) A] matches the “wave’s crest”, while the biggest angle
(157.2(13) A) 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) A] arranged in
the similar way. Thus, the local distribution of the U-O-Se links
supports the suggestion that the lower U-O,,~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-O,—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
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Distribution of U-0,-Se angles
i in the structures of I-VII

Freguency

1]
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Angle, ©

Fig. 11. Distribution of U-Op,,~Se angles in the structures of I-VIL

M

Fig.12. The smallest angle (124.9(11) A) in the structure of VII matches the “wave’s
crest” while the biggest angle (157.0(13)A) stretches along the “wave’s wall™;
fragment of the structure of VII (a) and its schematic view (D).

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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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 A4-
[Cus0,](Se05),Cl; (4" = K*, Na") compounds crystallize in
the orthorhombic space group Pnma: a = 18.1691(6) A,
b= 6.4483(2) A, ¢ = 10.5684(4) A, ¥ = 1238.19(7) A®,
Ry = 0.018 for 1957 unique reflections with F' > 40 for
K[Cus50,](Se03),Cl; (KI), and a = 17.7489(18) A,
b = 6.4412(6) A, ¢ = 10.4880(12) A, ¥ = 1199.0(2) A?,
Ry = 0.049 for 1300 unique reflections with F' > 40 for
Na[Cus0,](SeO5),Cl; (Nal). The crystal structures of KI
and Nal are based upon the [0,Cus]®" sheets consisting of
corner-sharing (OCuy4)®" tetrahedra. The Na-for-K substitution
results in the significant expansion of the interlayer space and
changes in local coordination of some of the Cu?" 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.

Editorial handling: A. Beran
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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
etal. 2013; Pinto et al. 2014; Pekov etal 2013a, b, ¢, d, 2014a,
b, ¢; 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 “additional” oxygen atoms that are coordinated
solely by Cu®" cations, resulting in the formation of
oxocentered (OCuy)®" tetrahedra: allochalcoselite,
Cu'[PbCu?*50,](Se03),Cls (Krivovichev et al. 2006),
burnsite, KCd[Cu;0,](Se03),Cly (Burns et al. 2002),
chloromenite [CugO,](Se0;)4Clg (Krivovichev et al. 1998),
francisite, [Cu3Bi0,](Se03),Cl (Pring et al. 1990),
georgbokiite, a—[Cus0,](Se03),Cl, (Krivovichev et al.
1999a), nicksobolevite, [Cu;0,](Se0;),Cly (Vergasova et al.
2014), parageorgbokiite 5—{Cus0,](Se03),Cl, (Krivovichev
et al. 2007), prewittite KPby sCu[PbCus0,]Zn(Se0;),Cl;o
(Shuvalov et al. 2013). It is the unique feature of Cu" 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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Fig. 1 General scheme of the I: EI} TT3K
CVT method (a), the source zone T

depasition zone {h:l l:C} / .

of the tube (b), the crystals of
K[Cus50,](Se0;),Cl; picked out
from the source zone (c), and a
common view of the sealed silica
tube after the CVT S0UNDE rone
synthesis (d)

F K[Cu,0,]{5e0.,),Cl, igreen)
A5

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).

g=? Fd

K[Ca 0] we

K T, wosms Be0)Sgamm,

Cu,0(5e0,) CufHSeD,),
.

Experimental

Single crystals of K[Cus0,](Se03),Cl; (KI) and
Na[Cus50,](Se05),Cl; (Nal) 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.

Table 1  Crystallographic data and refinement parameters for KI and Nal

K[Cus50,](Se0;),Cl; Na[Cus0,](Se03),Cl3

Crystal data:

Temperature 293 K 293 K

Radiation MoK, 0.71073 A MoKy, 0.71073 A

Crystal system orthorhombic orthorhombic

Space group Pnma Pnma

a(d) 18.1691(6) 17.7489(18)

b (4) 6.4483(2) 6.4412(6)

c (A) 10.5684(4) 10.4880(12)

Volume (A%) 1238.19(7) 1199.02)

z 4 4

Deare (g/em?) 4.018 4.060

p(mm™) 15.333 15.523

Crystal size (mm®)
Data collection:
0 range
h, k, I ranges
Total reflections collected
Unique reflections (R
Unique reflections F > 40
Structure refinement:
Refinement method

Weighting scheme

Extinction coefficient
R\[F > 40p], wRo[F > 40p]
Ry all,
WR, all
Goodness-of-fit

Largest diff. peak and hole, e A~

0.25 % 0.10 x 0.08

2.23-31.54°
26 — 26,-8 —9,-14 — 15
9584

0.21 x 0.11 x 0.08

2.27-31.02°
17 —>25,-9 - 6,-15 > 15
7946

2233 (0.0265) 2042 (0.0984)
1957 1300
Full-matrix least-squares on F°

w = 1/[0*(F,?) + (0.023P)*],

where P = (F,2 + 2F.2)/3

0.00079(8) none

0.018, 0.040 0.049, 0.065
0.023, 0.041 0.099, 0.077
1.035 0.991
0.735,-0.765 1.617,-1.668
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The general scheme of the CVT method is shown in Fig. 1a. A
mixture of CuO (0.318 g, 4 mmol), CuCl, (0.134 g, 1 mmol),
SeO, (0.222 g, 2 mmol) and KCI (0.075 g, 1 mmol) for KI
(NaCl (0.058 g, 1 mmol) for Nal) were grounded and loaded
into a silica tube (ca. 15 cm), which was further evacuated to
1072 mbar 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 Nal were observed in
the source zones of the tubes (Fig. 1b) in association with
black block-shaped crystals of synthetic georgbokiite,
a—[Cus0,](Se03),Cl, (Krivovichev et al. 1999a). Green platy

crystals of Cu,O(SeO;) (Effenberger and Pertlik 1986) were
found in the middle part, while transparent elongated crystals
of Cu(HSeO;), (Effenberger 1985) occurred in the deposition
zone of the tubes (Fig. 1d).

The crystals of KI and Nal selected for the X-ray diffrac-
tion data collection were mounted on a Bruker APEX I X-ray
diffractometer equipped with a microfocus MoK,
(A =0.71073 A) 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 Nal were performed
using the SHELXL program package (Sheldrick 2008). Both

Table2  Atomic coordinates and equivalent isotropic displacement parameters of atoms in the structures of 4[Cus0,](Se03),Cl; (4" =K, Na") and

ilinskite (Krivovichev et al. 2013c¢). Uq = (1/3)2,X,U;a,a;a;a;

Atom A=K A =Na ilinskite Atom A=K A=Na ilinskite
X 0.40349(4) 0.4076(3) 0.40541(13) CI2 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/A2 0.02347(15) 0.0502(15) 0.0370(7) Ueg/A 0.0431(3) 0.0375(8) 0.0361(4)
Cul X 0.59855(2) 0.59928(6) 0.59925(3) CI3 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)
ch/A2 0.01207(8) 0.0123(3) 0.0123(1) ch/Az 0.0347(2) 0.0330(7) 0.0339(3)
Cu2 X 0.64034(2) 0.63266(7) 0.63306(3) 01 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)
Um/A2 0.01364(8) 0.0135(3) 0.0134(1) Ueg/A 0.0099(4) 0.0088(13) 0.0095(5)
Cu3 X 0.71965(2) 0.71861(7) 0.71866(3) 02 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)
ch/Az 0.01261(8) 0.0131(3) 0.0132(1) ch/A2 0.0094(3) 0.0089(13) 0.0104(5)
Cu4 X 0.73299(2) 0.73701(5) 0.73671(2) 03 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/A2 0.01281(6) 0.01442(19) 0.01384(9) Ueq/A2 0.0136(3) 0.0124(10) 0.0147(4)
s X 0.43000(2) 0.43047(6) 0.43037(2) 04 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)
Um/A2 0.01051(6) 0.0106(2) 0.01026(9) Usq//&2 0.0158(4) 0.0149(15) 0.0161(7)
Se2 X 0.62105(2) 0.61514(5) 0.61556(2) 05 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)
ch/A2 0.01014(6) 0.0101(2) 0.01012(9) ch/A2 0.0166(4) 0.0168(15) 0.0169(7)
Ccl X 0.59034(4) 0.58643(15) 0.58668(7) 06 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/A2 0.01870(15) 0.0261(6) 0.0246(3) Ueq/A2 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 R; values 0f 0.018 for KI
and 0.049 for Nal. The crystal quality of Nal 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,
Nal 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 CI(3) are rather low (0.42 and 0.46 valence units
(v.u.) for KI and Nal, 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[Cus50,](Se03),Cl; (KI) and Na[Cus0,](Se03),Cl; (Nal)
are isotypic and crystallize in the Pnma space group. The
structural data for Nal 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 of KI and Nal 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 [(40)+Cl] square pyramids. The sim-
ilar coordination geometries have previously been reported in
the crystal structures of nabokoite, K,Cu;(TeO4)(SO4)sCl
(Pertlik and Zemann 1988), and bobkingite,
CusCl,(OH)g(H,0), (Hawthorne et al. 2002). The average
<Cu(1)-O> distances are 1.971 and 1.965 A for KI and
Nal, respectively, whereas the Cu(1)-CI(1) bond lengths are
2.587 and 2.621 A for KI in Nal, respectively. The Cu(3) site
has a distorted square coordination by three oxygen and one
chlorine atom. This type of coordination geometry, [30+Cl],
has been observed recently in the crystal structure of
Na,[Cu;0,](Se03)4Cly (Kovrugin et al. 2015). The Cu(3)-O
bond lengths are in the ranges of 1.900-1.957 A in KI and of
1.890—1.985 A in Nal. The Cu(3)-ClI bonds are 2.368 A and
2.360 A in KI and Nal, respectively.

The coordinations of the Cu(2) and Cu(4) sites in KI
and Nal are different due to the shift of the CI(3) site induced
by the greater size of the K cations compared to Na".
The Cu(2) site has a distorted square pyramidal [(30+CI)+Cl]
coordination in Nal, similar to the one observed in
Cu3(MoO4)(TeO3)Cly(H0), 5 (Takagi et al. 2006). In the crys-
tal structure of KI, the Cu—Cl distance to the sixth nearest
neighboring site CI(3) (3.042 A (0.06 v.u.)) is shorter than that
in Nal (3.209 A (0.04 v.u.)). Thus CI(3) anion can be
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considered as a sixth ligand of a Jahn-Teller-distorted [(30+
CD+2Cl] octahedral environment of the Cu2 atom in the struc-
ture of KI, but not in the structure of Nal. The same coordina-
tions were observed in the crystal structures of belloite,
Cu(OH)CI (Effenberger 1984), avdoninite,
K,CusClg(OH)4(H,0), (Kahlenberg 2004; Chukanov et al.
2007), SrCu,(Se03),Cl, (Berdonosov et al. 2009), and
nicksobolevite, Cu;(Se03),0,Clg (Vergasova et al. 2014).
The opposite apical CI(1) atom of the Cu(2) octahedron is
located at the distance of 2.780 A and 2.772 A in KI and
Nal, respectively. In the square plane of the polyhedron, the
average <Cu(2)-O> bond length is equal to 1.979 A in KT and

Table 3  Selected interatomic distances (A) in the structures of
A[Cus0,](Se05),Cl; (4" = 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[Cus0,](Se05),Cl;  Na[Cus0,](Se0s),Cl; ilinskite
A1-04  2.786(2) 2.545(8) 2.585(4)
A1-CI2 2.9009(11) 2.657(6) 2.688(3)
A1-CI3  2.9575(11) 2.713(6) 2.702(3)
A1-CIl 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
Cul-02  1.9163(19) 1.919(6) 1.9103)
Cul-04  19191(18) 1.922(6) 1.9213)
Cul-06  2.0238(15) 2x 2.010(4) 2x 2.009(2) 2x
Cul-Cll  2.5874(8) 2.6213) 2.628(2)
Cu2-01  1.9611(18) 1.961(6) 1.964(3)
Cu2-03  1.9876(15) 2x 1.977(4) 2x 1.975(2) 2x
Cu2-C2  2.1896(9) 22103) 2211(2)
Cu2-Cll  2.7989(8) 2772(3) 2779(2)
Cu2-CI3  3.0419(9) 3.209(3) 3208(2)
Cu3-O1  1.8996(19) 1.890(6) 1.897(3)
Cu3-02  1.9128(19) 1.902(6) 1.9143)
Cu3-05  1.957(2) 1.985(7) 1.972(3)
Cu3-Cll  23680(7) 2.360(3) 2360(2)
Cu3-CI3  3.3045(2) 2x 3.2550(5) 2x 3.260(3) 2x
Cud-O1  1.8823(9) 1.871(3) 1.876(2)
Cud-02  1.8863(10) 1.8793) 1.878(2)
Cu4-03  2.0333(13) 2.019(4) 2.022(2)
Cud-06  2.0307(14) 2.022(4) 2.023(2)
Cud-CI3  2.9242(9) 3.016(3) 3.012(2)
Cu4-CI3  33057(9) 3.159(3) 3.179(2)
Sel-04  1.688(2) 1.692(6) 1.695(3)
Sel-06  1.7083(14) 2x 1.701(4) 2x 1.705(2) 2x
<Sel-0> 1.702 1.698 1.702
Se2-05  1.662(2) 1.655(6) 1.665(4)
Se2-03  1.7238(14) 2x 1.729(4) 2x 1.734(2) 2x
<Se2-0> 1.703 1.704 1711
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1.972 A in Nal; the Cu(2)-CI(2) is 2.190 A and 2.210 A in KI
and Nal, respectively.

In the crystal structure of Nal, the Cu(4) atom possesses an
octahedral environment with four short equatorial Cu—O and
two longer axial Cu—Cl bonds. The [(40)+(2Cl)] type of an
octahedral environment of Cu®" cations is commonly

Table 4

observed in Pb-Cu oxyhalides, and has been described e.g.,
in the crystal structures of leningradite, PbCu;(VO,),Cl,
(Siidra et al. 2007), and chloroxiphite, Pb;CuO,(OH),Cl,
(Siidra et al. 2008). The shift of the CI(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

Bond-valence analysis (in valence units = v.u.) for the crystal structures of 4/Cus0O,](Se0s),Cl; (4" = K, Na") and ilinskite (Krivovichev
y Ty

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 01 02 03 04 05 06 Ccl C12 CI3 b))
KI Al 0.077 0.17 0.06™ 01327 023 020 112
Nal 0.0y 014 0.03%y 007271 031 026 0.85
ilinskite 0.0y 012 0.037)y 00777 028 027 0.81
KI Cul 0.53 0.52 0.39> 0.20 2.03
Nal 0.52 0.52 041> 0.19 2.05
ilinskite 0.54 0.52 0417 0.18 2.06
KI Cu2 047 043> 0.12 0.60  0.06 2.11
Nal 0.47 0.45% 0.12 057  (0.04) 2.06
ilinskite 0.46 045> 0.12 057  (0.04) 2.05
KI Cu3 055 0.53 0.47 037 0.03>7Y 1.92
Nal 0.57 0.55 0.44 0.38 0.03%7h 1.94
ilinskite 0.55 0.53 0.45 0.38 (0.03%7h 191
KI Cud 0580 057 038 0.39 0.08%, (0.03*Y  2.00
Nal 0.60° 058”040 0.40 0.067*4, 00474 2.08
ilinskite 059 058 039 0.40 0.06™, 0,04 2.06
KI Sel 1.39 1322 4.03
Nal 138 1352 4.08
ilinskite 137 133> 4.03
KI Se2 12757 1.50 4.04
Nal 125> 1.52 4.02
ilinskite 12357 1.48 3.94
KI b 2.18 220 2.15 209 197 216 0.95 083 042
Nal 224 223 2.10 204 196 216 0.83 0.88 046
ilinskite 2.19 223 2.07 201 193 214 0.82 0.85 047
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Fig. 2 Coordination of cations in the crystal structures of K[Cus0,](SeO3),Cl; (a) and Na[Cus0,](Se03),Cl; (b). Legend: K" = pink; Na" = violet,
Cu®" = cyan; Se*" = orange; O*~ = red; CI” = green. Displacement ellipsoids are drawn at the 50 % probability level

axial Cu(4)-Cl(3) bonds within the Cu(4) polyhedron: 2.924
A (0.08 v.u.) and 3.306 A (0.03 v.u.) in KI in contrast to 3.016
A (0.06 v.u.) and 3.159 A (0.04 v.u.) in Nal. Thus, the coor-
dination of the Cu(4) site in KI can be regarded as a five-fold
square [(40)+(Cl)] pyramid with one axial Cu(4)-Cl1(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 A and 1.948
A in KT and Nal, respectively.

There are two symmetrically independent selenium sites in
the crystal structures of KI and Nal. The Se*" 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 A
and 1.703 A for Sel and Se2 sites, respectively in KI, and
1.698 A and 1.704 A for Sel and Se2 sites, respectively in Nal.

According to the calculated BVSs (Table 4), the arrange-
ment of alkali cations in the crystal structures of KI and Nal is
different. The arrangement of coordinating ligands of Na* in
Nal consists of one oxygen and four chlorines, forming a
distorted [(O+2C1)+2Cl] trigonal bipyramid (Fig. 2b). K" cat-
ions in KI are surrounded by five oxygen and four chlorine
atoms each (Figs. 2a and 3).
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The crystal structures of KI and Nal contain “additional”
oxygen atoms, which are coordinated solely by Cu®" cations,

Fig. 3 Mode of linkage of the Cu coordination polyhedra in the crystal
structures of A[Cus0,](Se05),Cl; (4™ =K', Na"). Legend: Cu>" = cyan;
0% = red; CI” = green
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Fig. 4 The crystal structures of
A[Cus0,](Se03),Cls (4" =K,
Na") in two different projections
featuring side and top view of the
[0,Cus]°" layer of oxocentered
(OCuy)°* tetrahedra. Legend:

A" = black; Cu** = cyan;

Sett = orange; 0> = red,

CI” = green; the (OCu,)®"
tetrahedra are highlighted by red.
The A-O and 4—Cl bonds are
omitted for clarity

resulting in the formation of oxocentered (OCuy)®" tetrahedra.
The (OCuy)®" tetrahedra share common comers to form the
[CusO,] " sheets parallel to (100) (Fig. 4a). These two-
dimensional (2D) structural units resemble the [Si>Os] >~ 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,
[CusO,](VO4),"MCl (M = Cu’, Rb", Cs") (Starova et al. 1997),
and synthetic [Pb,Cu30,](SeO5),(NO;), (Effenberger 1986). An
important topological distinction between these 2D units is that
the non-bonded apices of the (OCuy)®" tetrahedra in 6-membered
rings have different “up” and “down” orientations relative to the
plane of the sheet. The sheet in the crystal structures of ilinskite-
type compounds, 4[Cus0,](Se05),Cls (4" =K', Na"), is based
upon UUDUUD rings (Fig. 4b), whereas the structure of
averievite and synthetic [Pb,Cu30,](SeO;),(NO;), consist of
the sheets with UDUDUD topology (the U and D symbols iden-
tify the “up” and “down” orientations of the O—Cuemina bond
relative to the plane of the sheet).

Fig. 5 Comparison of the
superimposed crystal structures of
Na[Cus50,](Se05),Cl; (on top in
color) and K[Cus0,](Se05),Cl;
(below in greyscale) (a: Na* and
K" are omitted for clarity) and the
coordination environments of the
Al atoms (b). Legend is the same
as in Fig. 4. Displacement
ellipsoids in (a) are drawn at the
50 % probability level

13) sk
Mal: §5.3°
]

KI: 6.03 A
Nal: 571 4

The [CusO,] ®* sheets in the crystal structures of KI and Nal
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)Cu,)®" tetrahedra according to the ‘face-to-face’ prin-
ciple (Krivovichev and Filatov 1999; Krivovichev et al. 1999b).
The (Se(1)Os) groups are oriented perpendicular to the copper-
oxide [CusO,] ®* 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 of KI and Nal
has a significant influence upon their organization. The
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substitution of smaller Na* cations (Rion = 1.02 A, Shannon
(1976)) by larger K" cations (R;,,, = 1.38 A) leads to the expan-
sion of alkali metal coordination polyhedra and, as a result, in
the enlarged unit-cell parameters of K[CusO,](SeO3),Cl; 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 A
from 17.749 A in Nal to 18.169 A in KI, whereas the b and ¢
unit-cell parameters do not undergo significant changes (A =+
0.071 A and A =+0.080 A for the b and ¢ 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 A in Nal to 6.034 A in KI
(A =+0.329 A). The longest Cu—Cu distance increases from
8.891 A in Nal t0 9.102 A in KI (A =+0.211 A) as shown in
Fig. 5a. Geometry of the linkage of the corner-sharing
(OCuy)®" 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 (OCuy)®" 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 Nal), 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 Nal).

The shift of the CI(3) site (Fig. 5b) relative to its coordination
environment is influenced by the cation size and deserves a spe-
cial remark. The 4(1)-CI(3) bond length increases from 2.713 A
inNal'to2.956 A in KI (A=+0.243 A). The Cu(3)-CI(3)-Cu(3)
angle between the chlorine anion and the plane of the [0,Cus] *"
sheet is smaller in KI: 154.68° versus 163.33° in Nal.

The [0,Cus],®"" sheets in the crystal structures of KI and
Nal are slightly bent due to the Na—K substitution. The
planes formed by the oxygen atoms of the parallel adjacent
(OCuy)®" tetrahedra are inclined one to each other at 16.17°
and 12.31° in KI and Nal, 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 (NaKCu;0(SO,);) — fedotovite
(K5Cu30(S04);) (Scordari and Stasi 1990; Vergasova et al.
1988; Starova et al. 1991), wulffite (K3NaCuy40,(SOy4),) —
parawulffite (KsNa3;CugO4(SOy)4) (Pekov et al. 2013c, d;
Karpov et al. 2013). It is therefore well-probable that the K
analogue of ilinskite, K[Cus0,](Se0O5),Cl;, may form in na-
ture in a K-rich fumarolic environment.
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Abstract: Single crystals of [NaCl][Cu(HSeO,),] have been
prepared by the chemical vapor transport reactions. Its
crystal structure (monoclinic, C2/c, a = 13.9874(7), b =
7.2594(4), ¢ = 9.0421(5) A, B = 127.046(2)°, V = 732.81(7) A%)
is based upon electroneutral [Cu(HSeO,),] sheets formed
by corner sharing between the [CuO,] squares and (HSeO,)
groups that are parallel to the (100) plane. Each (Se0,0H)-
group forms the O,1-02 hydrogen bond to an adjacent
hydroselenite group to constitute a [(Se0,0H),]*” dimer that
provides additional stabilization of the copper diselenite
sheet. The [Cu(HSeO,),] 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,),] 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,),] is
anew member of the group of compounds based upon the
M(HSeO,), layers (M* = Cu, Co, Cd). The prototype struc-
ture for this group is [Cu(HSeO,),] that does not have any
chemical species separating the copper hydroselenite lay-
ers. In other compounds, the interlayer space between the
[Cu(HSeO0,),]° layers is occupied by structural units of dif-
ferent complexity. [NaCl][Cu(HSeO,),] can be considered as
[Cu(HSe0,),] intercalated with the NaCl layers consisting of
one-dimensional-Na-Cl-Na-Cl-chains.
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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 Se** 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,),], 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(HSe03)2
layers (M*" = Cu, Co, Cd) [23-29].

Experimental
Synthesis

Single crystals of [NaCl][Cu(HSeO,),] have been prepared by the
CVT method. Mixture of CuO, CuCl, SeO,, 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 102 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 deposi-
tion zones of the tube was about 50 °C. After 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,[Cu,0,](Se0,),Cl, [30] and few
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pale blue translucent block-shaped crystals of [NaCl][Cu(HSeO,),]
(Figure 1).

X-ray experiment

Single crystals of [NaCl][Cu(HSeO,),] selected for data collection
were examined under an optical microscope and mounted on a
glass fiber with epoxy for single crystal X-rays diffraction analysis.
More than a hemisphere of the X-ray diffraction data were collected
with the frame width of 0.5° in w, and 45 s spent counting for each
frame using a Bruker APEX DUO diffractometer equipped with a
micro-focus X-ray tube operated with MoK 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 refined
to the crystallographic agreement factor R, = 0.021 by means of the
SHELX program package [31]. Relevant crystallographic information
is listed in Table 1. The final 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 difference 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 Cl  configurations
occurring in inorganic copper oxysalts [14]. The Cu site
forms four short Cu—O bonds (1.967-1.968 A) that define
a [CuO,] 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,CL)]

Fig.1: Crystals of [NaCl][Cu(HSe0,),] under optical microscope.
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Tab. 1: Crystallographic data and refinement parameters for [NaCl]
[Cu(HSeO,),].

Crystal data

Crystal system monoclinic
Space group C2/c

a® 13.9874(7)
b® 7.2594(4)
c® 9.0421(5)
) 127.046(2)
Unit-cell volume (A% 732.81(7)
z 2
Calculated density (g/cm?®) 3.425
Absorption coefficient (mm-?) 13.313

Crystal size (mm) 0.17 x 0.12 x 0.09

Data collection

Temperature 293K

Radiation, wavelength (&) MoK , 0.71073

F(000) 700

o range (°) 3.35-30.97

h, k, [ranges -20—-11,-9—->10,-12 > 13
Total reflections collected 3926

Unique reflections (R, ) 1170 (0.026)

Unique reflections F>4c, 989

Structure refinement
Refinement method
Weighting coefficients a, b *

Full-matrix least-squares on P
0.0232,1.3732

Data/restraints/parameters 1170/0/62
R[F> 40 ], wR[F> 45, 0.021, 0.051
R, all, wR, all 0.030, 0.053
Goodness-of-fit on /2 1.081

Largest diff. peak and hole 0.702, -0.645 eA

octahedra have been observed, e.g. in atacamite,
Cu,(OH),C1 [32], and leningradite, PbCu,(VO,),Cl, [33].
There is one Se site coordinated by three O atoms to form
a trigonal (Se0,) pyramid characteristic for selenites. One
of the three Se-0 bonds is elongated (Se-0,1 = 1.751 A)
compared to two other bonds (1.671 and 1.680 A), owing
to the protonation of the 0,1 site. The [CuO,] squares and
(HSeO,) groups share O atoms to form electroneutral
[Cu(HSeO,),] sheets parallel to the (100) plane (Figure 2a).
The (Se0,0H)- group form the 0,1-02 hydrogen bond to
an adjacent hydroselenite group to form a [(Se0,0H),]*
dimer that provides additional stabilization of the copper
diselenite sheet.

In the crystal structure, the [Cu(HSeO,),] 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 ¢ axis. The Na—Cl
distances are 2.917 and 2.881 A, which is comparable to the
distance 2.82 A 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 (A?) of atoms in the crystal structure [NaCl]

[Cu(HSe0,),].

Atom X y z v, U, U, u, U, u, u,
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
0,1 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)
02 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)
03 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 (&) and angles (deg) in the crystal
structure [NaCl][Cu(HSeO)),].

Se-03 1.671(2) Na-0,1 2.265(7)
Se-02 1.680(2) Na-0,1 2.290(7)
Se-0,1 1.751(2) Na-03 2.562(4)
<Se-0> 1.701 Na-Cl 2.881(8)
Na-Cl 2.918(8)
Cu-02 1.967(2) 2%
Cu-03 1.968(2) 2x 0,1-H 0.81(5)
Cu-Cl 2.7954(2) 2x H-02 1.85(5)

Fig. 2: Projections of the [Cu(HSeO0,),° layer (a) and the layer of the
...~Na-Cl-Na—-Cl-... chains (b) onto the (100) plane.

Fig. 3: Crystal structure of [NaCl][Cu(HSeO,),] featuring two-
dimensional [Cu(HSe0,),]° layers with intercalated ...-Na-Cl-...
chains.

The linkage between the alternating electroneutral
[Cu(HSeO,),] 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,), layers (M** = 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,),] [23] that does
not have any chemical species separating the copper
hydroselenite layers. In other compounds, the interlayer
space between the [Cu(HSeO,),]° layers is occupied by
structural units of different complexity. In all Cu com-
pounds, the [Cu(HSeO,),]° layers have approximately the
same linear parameters, except for [Cu(HSeO,),](H,0),,
where the layers are strongly corrugated.

In general, the compound [NaCl][Cu(HSeO,),] reported
herein can be considered as [Cu(HSeOB)Z] intercalated

171



4 —— V.M. Kovruginetal.: [NaClj[Cu(HSeO,),]: synthesis and crystal structure

Tab. 4: Crystallographic data for inorganic compounds containing electroneutral [M(HSe0,)] layers (M = Cu, Co).

Chemical formula Space group a,A b,A/B,° A Layer orientation: parameters References
[Cu(HSeOB)Z] P21/n 5.766 7.352/93.28 6.447 (101): 8.892 x 7.352 A: [23]
[Cu(HSe0,),1(H,0), P2,/c 6.279 6.258/90.97 9.091 (100): 9.091 x 6.258 A? [25]
[(NH,)(NO,)I,[Cu(HSeO,),] Pnma 8.881 24.010/90 7.220 (010): 8.881 x 7.220 A2 [25]
[Mn(HZO)ACIZ][Cu(HSeOB)Z] Pnma 9.125 18.179/90 7.188 (010): 9.125 x 7.188 A? [26]
[(NHA)CI][CU(HSeOB)Z] Pnma 8.975 12.118/90 7.265 (010): 8.975 x 7.265 A? [27]
[Cu(H,0),CL][Cu(HSe0,),] Pnma 9.149 17.835/90  7.229 (010):9.149 x 7.229 >  [28]
[CO(HZO)ACII][Co(HSeOa)z] Pnma 9.338 17.345/90 7.320 (010): 9.338 x 7.320 A2 [29]
[NaCll[Cu(HSeO,),] C2/c 13.987 7.259/127.05 9.042 (100): 9.042 x 7.259 A2 this work

with the NaCl layers consisting of one-dimensional
—Na-Cl-Na-Cl-chains.
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Kospyruu Bagum Muxaitnosuy

Kpnctannoxmmmsa HOBbIX KNCIOPOAHBIX COeANHEHUI
yeTblpex- U LWeCTUBaJIEHTHOro cesieHa
(Russian translation)

IuccepranuonHas pabora

Ha coucKanue ydeHoit crenenu Ph.D. CII6I'Y B o6rmactu Hayk o 3emie
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AHHOTAL A

Hacrosimas pabora IOCBslleHA W3YYEHUI0 KPUCTA/UIOXMMUYM HOBBIX KUCTIOPOIHBIX
COeNIVIHEHNI, Coflep KallliX CeJIeH B CTeNeHAX OKMCIeHus +4 u +6. TpuanaTb Tpu U3BECTHBIX K
HACTOSIEMY BPEMEHU OKCOCEJIEHUTHBIX MUHepala 00J1afaloT yAMBUTENbHBIM CTPYKTYPHBIM
MHOT006pasmeM, KOTOpOe OTKPBIBAET IMIMPOKWUIT MPOCTOP I/IS JATbHENMIINX MCCIETOBAHMUIL,
HOVICKa ¥ OOHAapYXKeHNUS MX BO3MOXXHBIX MHHOBAIMOHHBIX (M3MYECKMX CBOMCTB. [laHHOE
TVICCEPTAllIOHHOE JICCIIeIOBaHMe CTaBUT CBOEN L€NIbI0 CHHTE3MpPOBAaTh M M3YIUTb C TOYKMU
3peHMA KPUCTA/JIOXMMWUM HOBbBIE OKCUJHbBIE COENVHEHMs CeJleHa, INPUMEHAA PpasauYHble
nMabopaToOpHbIE METO/BI, MOJIETVPYIOLINeE TIPOIIECCH IPUPOJHOTO KPHUCTATIO00pa3oBaHMA.

JIg  KpUCTa//IOXMMWYECKOTO ONMCAHUA CTPYKTYp HOBBIX KpUCTaUIM4eckKux ¢as
IpYMEHAETCS KaK TPafUIVIOHHAs OIMCaTeNbHasA IpOLieAypa, B OCHOBE KOTOPOI JIEXUT
paccMOTpeHMe KPUCTa/UIMYECKO CTPYKTYPbl C TOSUIMM KOOPAMHALMM KaTMOHOB, TaK U
COBpEMEHHAasi TeOpusi AHMOHOLCHTPMPOBAHHBIX IONMAAPOB, paspaboranHas CaHKT-
ITetep6yprckoit kpucTammorpadmieckolt MIKOJO U B Ja/lbHelIIeM YCIeIHO IpYMeHsaeMast B
JlabopaTopym KaTanmsa ¥ XMMHUM TBepHOro Tela YyHuBepcurera JIwwia-1. Orta Teopus
He3aMEHMMa B Clydasdx, KOIZja TPaJuIMOHHAs CTPYKTypHas MHTepIIpeTanyusa He OTpaXkaeT
OCHOBHBIX IPMHIIUIIOB CTPYKTYPHOII aQpXUTEKTYPBbI.

B pabote mpeyicTaBieHbl pe3y/IbTaThl U3Y4eHMA HECKOIBKIX MeTa/lI-OKCUJHBIX CUCTEM C
Se*"/** y pasmmunbIMu xuMudecknmu anemertamu (Cu’?t, Ni**, Co*t, V¥, Mn**, Fe**, Pb*, Bi**,
U®). Inccepraums cOfep>XUT KPUCTAUIOXUMIIECKOe OIMCaHue 39 HOBBIX MeTa/lI-CeJIeHUTOB,
CEelIeHaTOB ¥ CElIEeHNUT-CEeNeHATOB. lakkKe IIPOBElEeHA AHAJOTVMA MEXJAY CEeTeHUTHBIMM M
¢docuTHBIMM OKCcOaHMOHaMM. [I0TydeHHbBIe PesyIbTaThl B paboTe COIPOBOXK/IAIOTCSA CCBUIKAMMU
Ha nx 6ojee JeTabHOE IPECTaBIeH)e B IyOMMKALMAX aBTOPa B MPUWIOXKEHUM K HACTOSIIeN

pabore.
KiroueBble CTOBa: CECHNUT, CelleHAT, YPaHWI, BaHafgat, Gochur, Menb, HMKeIb, KOOAIBT,

MaprasHen, CBUHEL, BICMYT, JXeneso, CUHTES, KpuUcTajmmm4eckKasa CTPYKTYpa,

peHTI‘eHOCprKTypHI)IIU/I aHa/IN3, OKCOUEHTPMPOBAHHDIE TETPA3TPhI
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1 BBEAEHWE

B mocnepHee BpeMsA HaOmofjaeTcAd CMeLIeHMe JICCIENOBAaTeNIbCKOIO MHTEpeca OT CO3IaHUA
HOBDIX, MHHOBAI[MOHHBIX CO€NMHEHMII C YHUKA/JIbHBIMU CTPYKTYPHBIMM apXUTEKTypaMu B
CTOPOHY JIeTaIbHOTO WU3y4eHMsd, MOAUGUUMPOBAHMA M KOPPEKTMPOBAHUA CBOJICTB YKe
U3BECTHBIX HEOPTaHNYECKMX MATEPUANIOB, VICIIONb3YIOLMXCA B Pa3IMYHBIX TEXHOIOTMYECKUX
orpacinax. JJaHHOe 06CTOATENbCTBO CITY>KUT MPUYMHOI CITOKVBIIENCS HETAaTUBHOM CUTYaI[M B
MaTepuaJIoBeeHN) — HeXBATKY HOBBIX COeVIHEHMII, 0OTafalolMX IPYHIVIINAIBHO HOBBIMU
CTPYKTYPHBIMM apXUTEKTYPaMU, 0OYCIOBINBAIOIINMY (U3NKO-XMMUIECKIE XapaKTePUCTUKN
MaTepuasnoB, HeOOXOIMMbIE [/IS VX IPYMeHeHNs B MHAYyCcTpyu. TakuM o6pa3oM, B HacTosIIee
BpeMs OILIYIIAeTCs Cepbe3Hasd MOTPeOHOCTb B MOTYYEHUM HOBBIX MAaTEPUATOB B PasTMYHBIX
XMMMUYECKUX CUCTEMAX.

ITpupona emle He [0 KOHLIA PacKpbl/Ia CBOYM CEKPEThI, Kacarolyecs MPOUCXOXIEHN U
¢buUsUYIECKNX YCIOBUIT KPUCTA/IMYECKOTO POCTa MHOTMX MUHEPATbHBIX BUOB Ha 3JeMile.
CTpyKTypHble apXUTEKTYpbl, OOHApY>KEHHbIe B M3BECTHBIX KPUCTAUIMYECKNUX COEIMHEHMSX,
CO3JJaHHBIX IIPUPOJIOIl, KpalilHe pasHOOOpasHbL: OT OCHOBAHHBIX Ha HYJIbMEPHBIX OCTPOBHBIX
KOMIIIEKCaxX JIO CJIO>KHBIX TPeXMePHBIX KapKacCHBIX ITOcTpoek. Takoe MHOroo6pasue popm maer
IIVPOKNUIT IPOCTOP /s Aa/IbHEMIINX MCCTeNOBAHNIL C TOYKM 3PEHNs TIOVCKa U OOHAPY>KEeHUsI
BO3MOXKHBIX JHHOBAIVIOHHBIX (u3nyeckux cBOVCTB. IIpu aToM cIOCOOBI NPUPOZHOrO
06pa3oBaHMsT MHOXKECTBA MMUHEPA/IbHBIX BIJIOB BCE e€llje OCTAIOTCS HEM3BECTHBIMU. B TO ke
BpeMsA HUCCIEfiOBaTeM B CBOMX paboTax CTapaloTCs IPUMEHATh HOBEIIIMe CHHTeTHYecKue
METOZDI, PETYNAPHO MOABIAIINECS B XOJe PasBUTHUA HayKM, C L€/IbI0 IIO3HATh JMICKYCHOE
MAacTepCTBO NIPMPOABI I BOCCO3[ATh ee TEXHUKY B ynabopaTopum. Tak, MeTof XMMMUIECKUX
ra3oTPAHCIOPTHBIX PeaKIMil laeT YHUKANbHYI0 BOSMOXKHOCTb CMOJIENTMPOBaTh puanuecKme u
XVMMIYecKye YCIIOBNUA, CyllecTBYolye Ha GyMaponbHbIX HOMIAX. OH MOXeT OBbITh UCIIONb30BaH
He TOJIbKO JI/Is1 MOZeTMPOBAHNSA 9KCTAIALMOHHBIX IIPOLIECCOB, HO TAKXXe U /I NpeJCcKa3aHus

BO3MOYXHBIX MIMHePaIbHbIX (a3, KOTOpble MOTYT 06pa3oBbIBaThCS Ha PpyMaporax. B yactHOCTH,
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1 BBEJJEHUE

CMHTE3MPOBAHHBII B PaMKaX HACTOSIIEN MCCIENOBATENbCKO PabGOThl KaaMEBBIN aHAIOT
WIBMHCKUTA — PEIKOTO0 MUHEPATBHOTO Cyb/muMaTa, OOHAPY>KeHHOro Ha ¢ymaposiax ByIKaHa
Ton6aunk Ha KamuyaTke, — HeM3BeCTeH B NPUPOZE, TOITa KaK BeCbMa BEPOATHO, YTO TaKas
KaaeBas (opMa MOXeT OOpasOBBIBATHCSA M3 BYIKAHMYECKMX Ta30B B OOraThlX KammeMm
JIOKQJIbHBIX TEOXMMIYECKUX 00CTaHOBKaX. DTO NMUIIb OFVH IPUMepP 13 MHOXKECTBa BO3SMOXKHBIX
APYTHUX.

WccnepoBarensckass paboTa, MONOXKEHHAs B OCHOBY HACTOSIIEN AMCCEPTALNN,
HAXOJUTCS Ha IepecedyeHnyl XMMIUM TBEPHOTO Tena, Kpuctamnorpadun u muHepanoruu. OHa
SIB/ISIETCSL OfHONM U3 IIEPBBIX PaboT, B KOTOPON CHMHTE3 PA3IMYHBIX CEPUI HOBBIX METAIII-
OKCUIHBIX COEIMHEHMIT OCYIeCTB/ISIETCA C MpPUMEHEHHEeM JHHOBAIMOHHOTO IIOAXO/a,
OCHOBAHHOTO Ha JCIIO/Ib30BaHNM MMHEPAIOrN4eckoil MHPOpMaLUM: O COCTaBe, CTPYKTYpe,
CBOJICTBAX U ciocobe GopMupoBaHmst 06’bEKTOB IPUPOIHOTO MUpa. B paMkax maHHOTO ITOfIX0/Ia
MOJIeTIMPOBAIUCD IPYPOHBIE IMTPOLIECChl KPUCTA/INMYECKOTO POCTa B Ta6OPATOPHBIX YCIOBIUAX
C Lenpl0 IOMyYeHMsS KOMIUIEKCHBIX —(YHKIMOHAIbHBIX ~MaTepMUaloB, OOTafarolux
HOTEHI[ATIOM C TOYKY 3PEHMs Aa/IbHEIIero N3ydeHIst PU3MIeCKUX CBOIICTB.

B Tedenme ABYX NOCHENHMX [ECATUIETUN XVUMUSA CEEHCOMEPXKAIMX COENVIHEHMI
VMHTEHCUBHO pasBUMBaIach. MHOIMe UCCIeROBaTeNy MHOMYyYMIM OOJbLIOE KOMNYECTBO
9KCIIEPMMEHTA/IBHBIX [AHHBIX II0 XVMHUM CeleHAa B pa3lINYHbIX (PYHAAMEHTAIBHBIX I
HOpUKIafHbIX obmactsix: B MeimiuHe [Rayman 2000], 6uoxummm [Tapiero et al. 2003],
opranmdeckoir xummn [Pyrzynska 1996], ¢pusnueckoir xummu [Qu and Peng 2002; Hsu et al.
2008], smepHbIx TexHomoruit [Puranen et al. 2010], Hayk o 3emie [Mandarino 1994; Séby et al.
2001] u crpykryproit xumuu [Choudhury et al. 2002; Krivovichev et al. 2005a].

CeneH sABIsAETCS  «HOMMMOPQHBIM» XMMUYECKNM 3JIEMEHTOM C TOYKM 3pPEHVS
KPVCTA/UVIOXMMUA. B 3aBMCHMOCTM OT YC/IOBUII POCTa CeleH MOXET OKas3bIBaTbCSl B PasHBIX
CTeIleHsIX OKMCIeHN:. B HacTos1elt paboTe M3ydeHbl HOBbIE KMCIOPOLHBIE COeNUHEHS CeleHa
B CTENEHAX OKVICTeHNA +4 (ce/leHUThI) 1 +6 (celieHarsl), 06/Iafaoliyie MUPOKUM CTPYKTYPHBIM
pasnoobpasuem. CeneHupnbl (Se*”), CylleCTBEHHO He pacTBOpPUMblE B BOJ€, OCTAIUCh 32
Ipefie/laMyi HaCTOALILETO MccnefoBanua. OZHAKO ClefyeT 3aMeTUTD, YTO ITOC/IefHIe 00TafjaloT
6o7ee MMPOKNUM PACIPOCTPaHEHMEM B IPUPOJLE II0 CPABHEHWUIO C KUCTOPOLCOREPKAIIMMU
MuHepamamm cemeHa. K Hacrosmemy BpeMeHM MeXAyHapomHash MMHepPaIOTMYecKas
accomyanysa (panee — MMA) oduiuanbHO IOATBEp>KAAET CylLIeCTBOBaHMEe 85 pasyMYHBIX
CeTeHMIHBIX MIHEPATbHBIX BUJOB.

B mpupORHBIX TEOXMMUYECKMX OOCTAHOBKAX CEJIEHUTBI U Ce/IEHaTbl OTHOCUTETBHO
penxn. K xonny XX croserus 610 M3BeCTHO TOIBKO 16 KMCIOPONHBIX MUHEPAIOB Ce/leHa. 3a
nocnegHue 20 JIeT  TpOM3OLIEN 3HAYMTEIBHBI IMPOTPeCcC B XUMUU  MIPUPOFHBIX
ce/leHCcofiepKaIluX (as, YTO IIPUBENIO K OTKPBITHUIO ellje 17 HOBBIX MIHepaioB. B pesynpTaTte, 0

maHHbIM MMA, cerops oduiimanpbHO M3BeCTHO 33 OKCHIHBIX MUHepasa ceneHa. B mpupope
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1 BBEJJEHVE

cesleHUTHbIE (POPMBI 3aMETHO IIPEBOCXOMSIT IO 0OI{eMY KOTMYECTBY CETIEHATHI, YTO MOXET ObITh
00BACHEHO BO3MOXXHBIM pPe3y/IbTaTOM JIeTKO IIPOTEKAIOLIMX B BOJHOI Cpefie IPOLeCCOB
BoccTaHOBIeHMs Se® o Se** 1 pake Ko snemeHTapHOrO ceneHa Se’.

V3ydueH1e CeNeHUTOB U CeJIEHATOB 3aHMMAET YYEHBIX y)Xe 6oJee MOTyTOpa CTOMETHIL
I[TepBoe ceneHOBOE COoefHEHNE, TaK Ha3bIBaeMblil KepcTeHuT (muckpenutripoBad MMA B 2006
TOZLy U OTHECeH K MOMUOEHNUTY WK 0/13axeputy), 611 KpaTko omucan K. Kepcmernom [Kersten
1839]. Tem He MeHee, HeCMOTpPsI Ha GONbIIOE KONMMIECTBO HAKOIMBLIENCA MHPOpPMAUmUM O
COE[IVIHEHNSIX CeJIeHa, IMIIb HECKOTIbKO 0030PHBIX PaboT ObUIO OMyO/IMKOBAHO K HACTOAIIEMY
Bpemenu. B 1994 romy [w. Mandapuno TOCBATUI CBOJI 00630p TeOXMMUYECKUM
XapaKTepPUCTUKaM IPUPOLHBIX M CMHTETUYeCKMX cemeHnToB [Mandarino 1994]. A msate ner
criycts B. Bepma mpefctaBu 6onbinyio paboTy, HocBAlleHHY0 cuHTesy, MK 1 pamaHOBCKOI
CTIEKTPOCKONINM, TEPMUYECKOMY M PEHTT€HOCTPYKTYPHOMY aHa/JM3aM CENEeHUTOB METAJIOB
[Verma 1999]. OTcyTcTBMe aKTyanbHBIX 0030pHBIX MaTepUaNoB, MOCBAIIECHHBIX Ce/IEHUTAM U
ceZleHaTaM, TaK)Ke MOCTY>XXUIO JONOTHUTENbHON MOTUBALMEN [/ BBINOJTHEHUA HAaCTOAIIEN
UICCTIEOBATEIbCKON paboThI, B KOTOPOJ OblTa NMpeAIpUHATA IOIbITKA palYiOHAIN3NPOBATDh
XapaKTepHBbIe /A ceJieHa CTPYKTYPHbIe 0COOEHHOCTH U MPUHIUIIBI KPUCTA/INIECKOTO POCTa C
1e/IbI0 OYAYIIEro OCYIIeCTB/ICHNA 1eJIeHAIIPaB/ICHHOTO CO3[JaHNsA KUCTOPOJHBIX MaTepUaIoB C
3aJaHHBIMM CBOVICTBaMI.

Atom cenena obnmamaer 37eKTpOHHON KoHurypaumeit [Ar] 3d'° 4s? 4p* u, takum
o6pasoM, IIeCTbI0O BAJIEHTHBIMIM 9/€KTPOHAMM Ha BHEIIHeHl 3JIEKTPOHHOM 060JI0UKe.
B KpuCTa/M4ecKoil CTPYKType CeleHaTOB KAaTMOHBI Se®* TeTpasfpuuecku KOOPAMHUPOBAHbI
4eThlpbMs aHMoHamy O, ¢opmupys B pesynbprare aHMOHHBIe rpynmbl (Se®*0,)*, 06bIYHO
OTIChIBaeMble KaK cofiep>karnne e ofguHouHble Se-O 1 aBe gBoTiHBIE Se=0 cBa3n. B cenennrax
xe Se*" KaTMOH HaXOAUTCA B ANMKAIBHBIX BepIIMHAX TPUTOHATbHO-NMPAMUJANTbHBIX IPYIII
(Se**0s)*", obpasys nBe opuuouHble Se-O 1 onHy fBoliHyI0 Se=0 cBs3b. Henopenennas napa
4s* OKa3bIBAETCS CTEPEOXMMUYECKM AKTVBHOI U BBICTYIIAeT B KadecTBe HOMOTHUTEIBHOTO
BHEIIIHero Iuranfa, popmupys (ESe**O;)*” terpasppsl (E — Helo/eeHHast 97IeKTPOHHAS [apa).
JloCTOVIHBI YIIOMMHAHUA MOOOIBITHBIE CTy4al, B KOTOPBIX HEIO/elleHHas 9/leKTPOHHAsA Iapa
aTOMOB MBIIIbAKA (PaKTIIeCKI HAIIPSAMYIO CBA3BIBAETCS C META/IAMM, YTO MOXXHO OOHAPY>KUTb,
HarpuMmep, B coenuHenny BaCoAs,Os [David et al. 2014]. Hannume B CTpyKType HellOAeIEHHBIX
Hap B KOMOMHAIIUM C 3/IEKTPOHHBIMYU CBOJICTBAaMM APYIVX METAIIOB (ITePEXOIHBIX, TSKE/BIX I
aKTVHUHBIX) IPUBOJUT K YB/IeKaTeIbHO HeOPIraHNYeCKOI XMMUM TaKuX coeffuHeHuniz. Kpome
TOTO, MHTepeC K OKCUJHBIM COeIMHEHNsM CelleHa B HacTosAlleil paboTe Takxe OBUI
HPOCTUMY/IMPOBAH IONBITKAMI HOHATh OCHOBHbIE (QYHIaMEHTaTbHbIe IIPMYMHBI UX OOTIBIIOTO
CTPYKTYPHOTO PasHOOOPAssI U JIEXKAIINX B €r0 OCHOBE KPUCTA/TIOXVMUYIECKUX MEXaHI3MOB.

Heopranmyeckne MefiHbIe CeJIEHUTBI IPUBIEKAIOT K ceOe 3aMETHBIIT MHTepeC He TOIbKO
BBy VX YAMBUTE/NIbHBIX CTPYKTYPHBIX M (PM3MYECKUX CBOVICTB, HO M 32 X MUHEPATOTMYECKYIO
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1 BBEJJEHUE

u TeOXVMMIYECKYIO PacIpoCTpaHEeHHOCTb. Ocobblit MHTepec MIPeNCTABAT
cmenraHHOBaeHTHBle Cu-Cu** cucTeMbl ¢ KpUCTaUIorpadyuieckyt He3aBUCHMBIMU MOHO- U
OBYXB&JIECHTHBIMYM  TO3UIVMAMHU  MeAy, OONajalolVMU  3aMETHO  OT/INYAIOUIVMMIUCT
KOOPAVHALMAMY B OJHOM KDPUCTa/UIMYECKOM CTPyKType. Baknoi 0COOEHHOCTPIO MHOTUX
MEJIHBIX OKCOCETIEHUTOB SB/IACTCA HAMYME B UX CTPYKTYPaX OKCOIeHTpUpoBaHHBIX (ps—O)Cuy
TETPAdPUIECKUX TPYII, KOTOpble IOIMMEPUSYIOTCS C OOpasoBaHMeM IPOTSKEHHBIX
cTpykTypHbIX KoMmiutekcoB [Krivovichev et al. 2013b]. [amee B rmaBe 2.2 mpencTaBIeHO
CTPYKTYpHOE OINCaHMe BOCbMM HOBBIX MENHBIX OKCOCE/IEHUTOB, CHHTE3MPOBAaHHBIX
7abOPaTOPHBIM CIIOCOOOM, MOLEVPYIOLINM TaKue HEOOBIYHbIE TeOJIOTUYECKUe YCIOBIS, KaK
BY/IKaHI4YecKye GyMaposbl.

o Hacrosmero BpeMeHM B JUTepaType He HAIIIOCh CBEJEHWIT 00 MCCIeOBaHMAX
TPOIHBIX OKCOCEIEHUTHBIX CUCTEM CO CBUHIIOM M C HUKeIeM/KOOaIbTOM B PO TIePEXOIHBIX
MeTa/loB. B rmaBe 2.3 mpefcraBneHO MOAPOOHOE MCCIefoBaHUE KPMCTATIMIECKOTO pOCTa
B PbO-NiO-SeO, cucreme B rMApOTEpMaNbHBIX YCIOBUsX. VIccenoBaHue, IpOBeIeHHOE B
paMKax JaHHOJ [JMCCePTALMOHHON PaboTBI, TO3BOJIMIO MOTYIUTb YEThIPe HOBBIX CBMHIJOBBIX
HMKEITb/KOOaIbTOBBIX CETIEHUTA.

Kpucrammoxummsi  celeHCOfepXKaInX BaHAZATOB BeCbMa pasHOOOpasHa BBUAY
crrenUIeCKMX CTPYKTYPHBIX ocobeHHOCTeit, mpucymx VO, VOs u VOg rpymmam. Boratctsy
BCEBO3MOJKHBIX KOOPAMHAIMII aTOMOB BaHaAVs CIIOCOOCTBYET B TOM YMCIIe BO3MOXKHOCTD €TI0
HAXOX/IeHMsI B Pa3/IMYHBIX B/ICHTHBIX COCTOSIHMAX B KPUCTA/UINIECKUX CTPYKTypax [Evans and
Hughes 1990; Schindler et al. 2000; Boudin et al. 2000]. Jo6aBrneHue HeCMMMeTPUYHBIX
CeJIEHUTHBIX TPYIII ¥ TSDKEJIBIX KaTMOHOB, TakuX Kak Pb** co crepeoxmmmyeckyt aKTMBHBIMU
HEMOJIeNICHHbIMU  3JIEKTPOHHBIMM ~ IIapaMy, B CTPYKTYpbl BaHafaTOB IPUBOJZMUT K
(bOpPMUPOBAaHMIO CTPYKTYPHBIX IIOJIOCTEHl M COOTBETCTBEHHO MaTepMaioB C OTKPBITHIMU
apXNTEeKTypaMII, UMEIIIVMI B)XHOE IPNKIafHOe 3HAYeHNe VI IPYMEeHIOMIVIMIICS, HallpuMep,
B KaTanuse. B riase 2.4 onmcaHbl BO3SMOYKHbBIE IIYTU CMHTE3a CBMHIIOBBIX BaHA/IaT CEIEHUTOB,
TaHO OIMCaHMe KPYMCTAIUTNYECKMX CTPYKTYP TPeX HOBBIX (a3, a TaK)Ke Ha IIPYMepe ITOTy4eHHBIX
COeIMHEHNII IIPOJIeMOHCTPUPOBAHO ABJICHNE IIOMMMOp(dU3Ma, MMPOKO HPOSABIAIINIeeC B
BaHaJaTax.

B rnmaBe 2.5 IpefCTaBIe€HO CTPYKTYPHOE OIJICAHVE CeMM HOBBIX COENUHEHMII: O[HOTO
MapraHI[eBOTO CelleHaTa, TPeX X/IOP-CeIEHNTOB BUCMYTA M TPeX MapraHIeBBIX CEJIEHUTOB C
BucMyToM. [Tocnennue Tpu asbl ABIAOTCA NEPBBIMU TPUMEPAMU KUCTOPOIHBIX COeVHEHNIT,
CofiepyKalluX KaK BUCMYTOBbIE, TaK 11 MapTaHIleBble KATMOHBL

B mecTHafguaTM HOBBIX YpaHWI-CEleHAaTaX M CMEIIAHHBIX Ce/IeHNUT-Ce/leHaTax,
OXapaKTepM30BaHHBIX B I71aBe 2.6, IPOABNUIOCH MCKIIOUYNTETbHOE CTPYKTYPHOE MHOTOOOpasue,
KOTOpOe [IOIOTHUTENTbHO M3yJanoch C TIIOMoOIpio Teopuu rpadoB. PasHoobpasue
HONMMSPUYECKUX KOMIUIEKCOB, OOHapy)XXmBaiollieecsi B YpaHWI-CelleHaTax MU CeNeHUT-
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1 BBEJJEHVE

cesleHaTax, C(OPMMPOBAHHBIX IIOJMMeEpPM3anyell KOOPAMHAIMOHHBIX mommappoB U n Se,
HOVICTVHE YHMKA/IbHO: HaYMHAasl OT M30/IMPOBAHHBIX OCTPOBHBIX U KIACTEPHBIX TPYINUPOBOK
mo HaHoTyOyneHoB [Krivovichev et al. 2005b; Krivovichev et al. 2005a; Alekseev et al. 2008].
Tomonorust U reOMeTpysi STUX IPYII KOHTPOIUPYIOTCS MHOXECTBOM PaslINYHbIX (PaKTOPOB,
VIpPaB/AIOIVX  B3a/MONENCTBUAMU  MEXJ[Y OpPTaHMYECKMMM M HEOPraHMYecKUMIU
HOACTPYKTypamu:  TuAPOQMIBHBIMU-THAPOPOOHBIMM  B3aMMOJEICTBUSAMY,  3apsIEOBOIL
IUIOTHOCTBIO, C/Ia6bIM BOJOPORHBIM CBsi3bIBaHMeM. KOppersius cocTas — CTPyKTypa B ypaHUII-
CelleHaTax IpOBefieHa C IpMMEHEHMEeM MHPUHIUIA PasMEPHOCTHOTO IOHVDKEHVs, BIIepPBbIe
npennoxxenHoro . Jloneom ¢ coaBropamu [Long et al. 1996; Tulsky and Long 2001; Alekseev
et al. 2007; Krivovichev 2009].

B rmaBe 2.7, mpoBefieHa aHAJIOTWsI MEXJY HEIIOfe/IEHHBIMY 3/IEKTPOHHBIMI ITapaMu
ceneHUTHBIX rpymn u H-P cBsA3samu B pochuTHBIX aHMOHAX Ha TpuMepe coefuHenuit Fe;(SeOs)s
u Fe;(HPO;);. leMOHCTpUpyeTCs, YTO B KPUCTAIMYECKUX COENUHEHMSX, COZepIKaIiux
(HPO3)*" aHnoHBI, aTOM BOJOPOAA OKA3bIBAETCS 3aPSKEHHBIM OTPULIATEIBHO, 10 aHATIOTHH C
HeTIOle/IEHHOT 37IeKTPOHHOI1 ITapoit B (ESeOs)*", 1 o61afaet 4acTMYHO IUAPYFHBIM XapaKTepOM

B ocdurax.

HaCTOHHIaH pa60Ta BBIIIOJTHEHA B PpaMKax Me)K,[[yHapOI[HOI‘O IIpOEKTa HalMCaHUA
AUCCEPTALMN C COBMECTHBIM POCCUITICKO-(ppaHIly3ckuM pykoBogcTBoM: CaHKT-ITeTepOyprekumit
rocymapctBeHHbl1 yHuUBepcuteT (Poccusa) m YHuBepcureT Hayk M TexHosnoruit JIwisa-1
(Opannusa). B paboTe mpencTaBieHBl pPe3y/IbTAThl CMHTE30B U KPUCTA/UIOXMMUYECKOTO
onucanyst 39 HOBBIX KUCTIOPOIHBIX COeMHEHNIT YeThIPeX- ¥ MIeCTVBAIEHTHOTO CeJleHa.
OmnucaHue pe3ynbTaToOB MPUBOAYUTCS B YacTy 2 HACTOALIEH AMCCEPTALMOHHON paboThI.
OHa cocTout u3 7 pasfienos:
1.  OO6DbeKTHI U METONBL
2. Kpucrammoxummdeckoe MCCIef0BaHe HOBBIX CEIEHUTOB MET.
3.  Kpucrammoxummdeckoe UCC/IeOBaHME HOBBIX CEJIEHUTOB HUKe/IS U KOOaIbTa.
4.  KpucrannoxuMmyeckoe UCCIeOBaHNe HOBBIX BaHAAT-CETIEHUTOB.
5. Kpucramroxummdeckoe McclefoBaHye HOBBIX COeVIHEHMII CeJieHa ¢ MapraHIleM 1
BI/ICMYTOM.

6. Kpucrammoxummdeckoe HCCIEHOBaHNE HOBBIX YpPaHM/I-CEMIEHATOB U CEIEHUT-
CeJICHATOB.

7.  AHajorus MeXxpy celTeHUTHBIMM U POCHUTHBIMIU OKCOAHNOHAMIL.

[eTanpHOE OMIICaHME TEOPETUYECKIUX U SKCIIEPUMEHTATIBHBIX Pe3y/IbTaTOB MOXKET OBITh

HaiifieHo B 8 nybimkauusax B paspene Included Articles.



2 KPATKOE ONMNCAHWE PE3YJIbTATOB

Hacrosimas pabora cOfmep>XUT pesyabTaThl CMHTE30B M KPUCTA/UIOXMMUYECKOTO OMMCAHII
HECKOJIBKMX CepUIl HOBBIX KMCTOPOJIHBIX KPUCTA//IMYECKUX COENMHEHMI, COTepIKaIlMX Ce/leH
B CTEIEHAX OKMCNIeHUA +4 M +6. OTU [iBa COCTOSAHVA XapaKTepU3yloTcs oOpasoBaHUEM
pasnuyHbIX oKcoaHMOoHOB: (Se0;)*” u (SeO,)*. B pamkax mccnemoBaTenbckoi paboTsl GBI
IpMMEHEH VHHOBALMOHHBIA IIOAXOf, TIPEeAIONaraolinii MOfieIMpOBaHNe IPUPOSHBIX
KPUCTA/UIOTEHeTMIECKUX MPOLeccoB. /1 KpUCTA/VIOXMMIYECKOTO M3yYeHNUA VCIONb30Ba/Iach
KaK TpajuIMOHHAs OIMcaTe/IbHas Ipoliefypa, B OCHOBE KOTOPON JIEXUT PacCMOTpeHNe
KPUCTa/UINIECKOI CTPYKTYPHI C MOSUIINM KOOPJMHALMM KaTMOHOB, TaK ¥ COBPEMEHHAA TEOPpUs
aHMOHOLIEHTPUPOBaHHbIX mo/mafpoB [Krivovichev et al. 2013b], paspaborannas CaHKT-
[Tetepbyprckoit KpucTamnorpapudecKoi KO0 U B JalbHENIIEM YCIEIIHO pUMeHsieMas B
JTaboparopyn Karanmsa ¥ XMMHUM TBEpPHOTO Telma yHuBepcurera JIwmnsa-1. OTta Teopus
He3aMeHNMMa B CIydasdx, KOIZla TPafMILMOHHAsA CTPYKTypHas MHTEpIpeTanus He OTpakaeT
OCHOBHBIX IIPMHIMIIOB CTPYKTYPHOJ apXMTEKTypbl. OKCIIEpMMEHTA/bHblE Ppe3y/IbTaThl

IIpMBENEHDI B COOTBETCTBYIOIIMX ITIaBaX JAHHOI'O pa3ferna nyccepTanunn.

21 O6BbeKTbl 1 MeToAbI

Kpucrannmuaeckne o6pasijpl, M3ydeHHble B HACTOsIeil paboTe, ObUIM CHHTE3VPOBAHBI U
usydeHsl Ha Kadermpe Kpucrawiorpadpum CaHkT-IleTepOyprckoro  rocymapcTBEHHOTO
yuusepcntera (Poccus) n B maboparopuy KaTanmsa M XVMUM TBEPHOTO Tela YHUBEPCUTETA
Junna-1 (Opauiys). B pabore MCIonb30Baoch HECKONBKO PasHbIX METOLOB [/IA CUHTe3a

KPUCTQ//INIECKNX O0Opasl[0oB, KOTOpble OBUIM BBIOPAaHBI IO AHAIOIMM C W3BECTHBIMU
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2.1 O6wexmut u memoovl

KPVICTQ/IOTEHETVIECKMMM TIPOLIECCaMM, IIPOTEKAIOIMM B INPUPOJHBIX TEOXMMIIECKIX
06CTaHOBKaX.

Memod xumuneckux easomparcnopmmoix peaxyuti (zanee — XI'T peaxuym) [Binnewies et
al. 2013] 6bUT IpMMEHEH AJIs CUHTE3a Cepuil MEIHBIX OKCOCEIEHNTOB, BUCMYTOBBIX CE/IEHNUT-
OKCOXJIOPU/IOB 1 OFHOTO BaHAfIaT-CeJIEHNTa. DTOT METOJ, MOXKET PACCMATPUBATHCS KaK MOJIENb
KPJVICTA//IOT€HeTUIECKUX IPUPOFHBIX YCIOBUIL, B KOTOPBIX, K IPUMePY, MefHble OKCOCEIEHUTHI
GOpMUPYIOTCST TOf, HeiCTBMEM KOHJIEHCALIMM BY/IKAHMYECKUX TIa30B, BBIJEMMBIINXCS U3
OXJTKJAOIIVXCS MATMATIIECKIX KaMep, PACIIOJIaTalolXCsl B TeIeHe [INTE/IbHOTO BpeMeHN
IOC/Ie 9PYNTUBHOI aKTMBHOCTY IIOJ 3€MHOI OBepPXHOCThI0. COIIaCHO Hfiee, IIepPBOHAYAIBHO
npennoxennoit C. K. Qunamosvim ¢ coaBropamm [Filatov et al. 1992], B xome Takmx
BynKaHndeckux XI'T peakimii ce/TeHUTHI U TaIOTEHUBI META/UIOB UTPAIOT POJIb TPAHCIIOPTHBIX
areHToB.

Kpucrannuaeckue 06pasijpl CBUHIIOBBIX HUKE/Ib/KOOAIBTOBBIX CE/IEHUTOB, CBIHI[OBBIX
BAaHAJIaT-CeIEHUTOB ¥ OJHOTO MAapraHI}eBOrO BUCMYT-CeJIeHUTa ObUIM HPUTOTOBJIEHBI C
[IOMOIIBIO  2UOPOMEPMANbHbIX — Memo0os. TuppoTepMabHBlE pPeaKLuy IIPOBOAWINCH
B 23 MWUIWIATPOBBIX CT@IbHBIX aBTOKIaBaX C Te()IOHOBBIMM BCTaBKaMy, KOTOpBIE
HArpeBAICh B II€4aX C MEXAHMYECKO) KOHBeKIVeil. ABTOK/IaBbl BBIAEPXVBAINCh P
[IOCTOSIHHOII TeMIIepaType B TeYeHUe HECKOIbKUX JHEIl, a 3aTeM MeIIEHHO OX/IAXAAINCh [0
KOMHATHOII TeMIteparypbl. OIMCaHHbIiT TabOPATOPHBII METOJ, PacCMAaTPUBAETCS KaK aHA/IOT
[IPOLIECCOB, NMPOXOMSIINX B 30HAX OKMC/IEHMSI MVHEPAIBHBIX MECTOPOXK[EHMIT Ha MaIbIX
DIyOMHAX WIM B IIPUIIOBEPXHOCTHBIX 30HAX, Ife ObUIO OOHApyXeHO OONBIIMHCTBO U3
M3BECTHBIX HbIHE IPYPOJHBIX CETIEHOBBIX OKCOCOIEIL.

I cunTe3a GOBLION CepyM ypaHWI-CEJIEHATOB M CENeHUT-Ce/IEHATOB MIPUMEHSICST
MemoO U30MepMU1ecKo20 Ucnapenuss U3 BOFHBIX PACTBOPOB IIPM KOMHATHBIX YCIOBMSAX.
AHQTIOTMYHBII TIPOLIECC OKMCIEHUSI OTXOHOB OTPABOTAHHOIO SAEPHOTO TOIUIMBA B 30HAX
PACIIONIO>KEHISI TeOTOTMYECKMX MOTVIBHUKOB, COIPOBOXKAAOLNMIICS PACaioM HeCTabVMIbHBIX
M30TOIIOB ypaHa, IPUBOAUT K 00PasoBaHMIO U IIOMAAHNUIO B OKPY)KAIOILYIO CPeAy PasImaHbIX
BOJOPACTBOPMMBIX KPUCTA/UINIECKUX COeAVHEHNIT ypaumia. XoTs °Se U30TOII COREP>KUTCS B
OTXOfIaX OTPabOTaHHOTO SIEpPHOTO TOIUIVMBA B MajbIx KommdectBax (<0.05% [Choppin 2001]),
€ro AIMTe/IbHbII IIepUO, MO/Iypaciafia, COCTaBAomit 3.27-10° years [Jorg et al. 2010], BKyme ¢
ero BDBICOKOJ XMMMYECKOH ITOABIDKHOCTBIO INPUBOAUT K OOJIBIIOMY T€OXMMUYECKOMY U
MIUHEpPaTOrn4ecKOMY PaclpoOCTPaHEeHNUIO CeTIEHCOAEPIKAINX YPAHIIbHbIX COeNMHEHNII B 30HaX
OKVCJIEHMsI YPAaHOBBIX MECTOPOX[EHMII U B OOJACTAX pPACIONOXKEHUs TeOTOTMIeCKIX
MOTVIBHUKOB Ji/Is1 OTPabOTaHHOTO SAePHOTO TOIUIVBA.

MOHOKpUCTaIbHble PEHTTeHOBCKMEe NU(PAKILVMOHHbBIE JCCIEHOBAHNA MPOBENEHbI C
MCIIO/Ib30BaHNeM CrIefyoiero obopynosanust: Stoe IPDS II Image-Plate X-ray gudpakromerp
(CII6I'Y, Poccmsa), Bruker DUO APEX II CCD 4eThIpeXKpYXKHbII Au(pPaKTOMETp,
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2.1 O6vexmoi u memoovi

o6opynoBanHblil MUKpogoKycHOIt Mo-IuS tpybkoit (CII6I'Y, Poccust; Yuusepenrer JInms-1,
®pannus) n Bruker X8 APEX II CCD pudpakromerp (YHusepcuter JImmna-1, Opanmus).
Bonee momycdepst 3D pmaHHBIX ObUIO COOpaHO I KaXJOTO M3Yy4eHHOTO KPUCTAUIA C
UCIIONIb30BaHMEM MOHOXPOMATMYECKOTO MCTOYHMKA pEeHTreHOBCcKoro MoK, wusmydenns,
A =0.71073 A.

Kpucrannmmaeckue CTPyKTypbl OBUIM pelleHbI NPSIMBIMY METOflAMM U YTOYHEHBI B
nporpaMMmHoM Komiviekce SHELX [Sheldrick 2008]. CuMMmeTpus CTPYKTYPHBIX MOfeseit 6pina
nposepeHa B mporpamme PLATON [Spek 2009]. B Hekoropbx ciay4asx pmng ypobcrsa
MCITONIb30BA/IUCh KpucTaorpadudeckas cucrema JANA 2006 [Petticek et al. 2014] u meron
IepeBOpoTa 3apsna, BcrpoeHHbI! B mporpammy SUPERFLIP [Palatinus and Chapuis 2007].
OkoHuaTe/IbHbIe YTOYHEHHbIE CTPYKTYPHbIE MOJIe/IM BCEX M3YYEHHBIX COENVHEHMI BK/IIOYAIOT
aTOMHBIe II03UIMIOHHbIE ITapaMeTphl U ITapaMeTphl aHM30TPOIIHOTO CMEIeHM .

ITopourkoBble AydpaKLMOHHBIE aHAIM3BI BLIIOJTHEHBI IIPY KOMHATHOI TeMIleparype ¢
ucronb3oBanmeM D8 Advance Bruker AXS mmdpaxromerpa ¢ CuK, PpeHTTeHOBCKUM
usydenvem, A = 1.5418 A (Yuusepcuter Jlumns-1, ®panmus).

VIK abcopOuoHHble CIIeKTPbl M3MepeHsl B guamazone 4000 — 400 cv ™! Ha criekTpoMerpe
Perkin—Elmer Spectrum Two, obopypmoBanHOM yHMBepcanbHoil npucraBkoit HIIBO ¢
a/IMasHbIM KPMCTA/UIOM ¥ KOHTPOJIeM cTeneHy npyokuma (Yansepcuret JIumsa-1, @panius).

CkaHMpymoIas 371eKTPOHHASA MMKPOCKOIINSA ¥ 9HEpPTOAMUCIIePCHOHHbIE PEHTTEeHOBCKIE
aHanu3bl 6bUIK BbIOMHEeHB! Ha MuKpockorie HITACHI S4700 microscope mpu 20 kB u 15 yA Ha
pasmuHbIX yBemdeHuAx (YHusepcuret JIwnna-1, @pannus). AToMapHble COOTHOLIEHVS ObUIN
oIIpefieIeHbl C MCIONMb30BAHNEM METO/IA ITOTYKOINYECTBEHHO IEKOHBOTIOIIVIN.

MarHuTHBIe CBOJICTBa 06Pa3IOB aHAIM3UPOBAIIN COBMECTHO ¢ JoKTopoM Cunbuy Komn
u3 Crpacbyprckoro vHCTUTyTa GU3NK 1 XxumMun MaTepuanos (PpaHuus) ¢ UCIONIB30BaHNEM
maranToMerpa MPMS SQUID-VSM (Quantum Design) npu temmneparype 1.8—-300 K u mone
0-7 T. 3aBUCMMOCTb MarHUTHON BOCIHPUMMYMBOCTY OT TeMIIEPaTyphl Oblla M3MepeHa B IOJe
0.02 T mocrne Toro, xak obpasel] ObUI IIpefBapUTENIbHO OXTaX[eH. B HeKOTOPBIX clydasx
HOpPOLIKOBbIe O00pasibl ObUIM IIpelBapUTENbHO MAarHUTHO «BBIPOBHeHb» mpu 7 T B
IIOIMMEPHOM TeJIe, 3aMOpa’KMBaollieM OpMEeHTAIMIO YaCcTUI] IIpY TeMIlepaType Hivke ~303 K.

MuKpOCKOIINsI TeHepaLyy BTOPOII FTapMOHMKM ObIIa BBHIIIOJTHEHA COBMECTHO C [JOKTOPOM
Kpuctnn Teppun n3 Peitmckoro yumBepcutera (Ppanuus). s n3MepeHMil IPUMEHSICH
Ma3epHbIl cKaHMpyrommit Mukpockon LSM 710 NLO Zeiss. [Ina reHepanyuy TapMOHMKM Ha
MOHOKPUCTa/UIAX MCIIONIb30Balach (eMTo-CeKyHAHasA asepHass ycranoBka CHAMELEON
Titanium-Sapphire laser ua 860 M. [[11 ZeTeKTUPOBaHWsI CUTHANA IIPUMEHSIICS TOIOCOBOI

dunbTp (420 K0 440 HM).



2.2 Kpuctannoxmmumuyeckoe nccnegoBaHme HOBbIX

CeNleHUTOB Meaun

OcHoBHEIE KpI/ICTaIUIOI‘pa(bI/I‘IeCKI/Ie CBEAEHNA W IIapaMeTpbl YTOYHEHMA KPUCTA/UVIMIECKUX

CTPYKTYpP BOCbMU HOBBIX COeJMHEHNIT, IPMBEeJeHHbIX HIDKE, IIpefiCTaB/IeHbl B Ta0. 2.1.

c2.1 - K[Cu50:](Se03).Cls

¢2.2 - Na[Cu50:](Se03).Cl3

2.3 - K[Cus30](Se0s).Cl

¢2.4 - Naz[Cus0:](Se03)4Cls

c2.5 - [NaCl][Cu(SeO,0H).]
€2.6 - [Cu*Cly][Pb2Cu?*904](SeO3)4Cls
¢2.7 — [Cu*Cl2][PbCu?*50:](Se03).Cl3
€2.8 — K1-»[Cu*Cly] [PbxCu?*(6-002] (SeO3)2Cl(4-x), x = 0.20

TABJIMIA 2.1 Kpucrannorpaguueckue cBeieHnsA U IapaMeTpbl yTOYHEHU CTPYKTYpP COeNVHEHMIT
c2.1,c2.2, c2.3, c2.4, c2.5, c2.6, c2.7 n c2.8
c2.1 €2.2 c2.3 c2.4 c2.5 c2.6 c2.7 c2.8
M, (r monp™) 749.07 732.96 535.09 1172.40 755.83 1869.77 2103.20 1992.64
Tp. Tp. Pnma Pnma P-1 P-1 C2/c C2/m C2/m C2/m
a(h) 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 (A) 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(A) 10.5684(4)  10.488(1)  8.7836(6)  9.134(1) 9.0421(5) 12.673(11)  15.2985(4)  9.2672(9)
a(°) 90 90 113.19(1) 110.28(1) 90 90 90 90
B () 90 90 108.73(1) 106.21(1) 127.04(1) 109.87(2) 119.31(1) 95.965(5)
y(©) 90 90 98.245(4) 105.16(1) 90 90 90 90
V(A% 1238.19(7)  1199.0(2)  453.32(5)  467.94(8)  732.81(7) 1376(2) 1516.3(1) 861.7(1)
V4 4 4 2 1 2 2 2 1
p (r/em®) 4.018 4.060 3.920 4.160 3.425 4.514 4.607 3.840
u (M) 15.333 15.523 15.757 16.263 13.313 25.78 25.02 15.52
A (MoK.) (&) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Bcero pedrr. 9584 7946 5607 11190 3926 12055 8423 5430
He3aBIC. pediL. 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
Ri [I>20(I)] 0.018 0.049 0.048 0.027 0.021 0.035 0.028 0.045
wR; [I>20(I)] 0.040 0.065 0.117 0.060 0.051 0.040 0.077 0.116
R, [all data] 0.023 0.099 0.080 0.032 0.030 0.095 0.029 0.061
WR; [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
Apraxs Apmin, 0.74, 1.62, 1.62, 0.85, 0.70, 1.75, 4.19, 4.25,
(e A) -0.77 -1.67 -1.62 -0.95 —-0.65 -1.86 -3.39 -1.99

2.2.1 3kcnepmMeHTanbHbIe NpoLeaypbl

MOHOKpI/ICTaIUIbI BCE€X HOBBIX ME€OTHBIX CCJICHUTOB 6bIIM CUHTE3MPOBAaHbI METOLOM XMMMNYIECKNX

ra3oTpaHCIIOPTHBIX peaKuMﬁ[. B xone XIT pe€akOumym HAYaJIbHOE BEIIECTBO YaCTUYIHO

TIEPEHOCUTCA Ta30BbIM TPAHCIIOPTHBIM ar€HTOM 13 3OHBI-VMICTOYHMKA B 30HY OCAXKICHNA IIO[

HeliCTBUEM TeMIepaTypHoro rpagmenta. Obmmas cxema Meroa XI'T peakiuu nsobpakeHa Ha

puc. 2.1a.
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2.2.1 IxcnepumenmanvHvie npouedypul

PMCYHOK 2.1 Oburas cxema Meropa XI'T peakiym — (a), 30Ha-MCTOYHMK B ammyiie — (6), KpUCTalIbI
K[Cus02](Se03):Cls (2.1), oTo6paHHble U3 30HBI-UCTOYHUKA — (B), OOLINIT BUJ| 3aMIasHHOM CTEK/IAHHOI
ammysbl moce XI'T peakunu — (r)

CMecu HaYa/IbHBIX PEAreHTOB B Pa3/IMYHBIX MO/IIPHBIX COOTHOMIEHVSIX (Tab7L. 2.2) 61N
TIIATeNbHO MlepeMeIlaHbl X 3aTPY>KeHbI B CTEK/ITHHbIE aMITY/IbI ITMHOI OKOMIO 15 cM, IaBieHue
B KOTOPBIX ObUIO IOHIDKeHO [0 1072 MOap, Imocie 4ero OHM ObUIM 3alasiHbl. AMITYIIbI

Y 0,
pacronaraiuch TOpU30HTAIBHO B TPyOdYaToll Ieun, HarpeBamuch go 500-550 °C B TedyeHue
3-4 pHeit, a 3aTeM MeMJIeHHO OXJIaKJaMUCh JO KOMHATHOI TeMIlepaTyphl. TeMIepaTypHbIi
TPaIIeHT MEXy 30HON-MCTOYHNKOM (TOpsT4eri) M 30HOM OCaK/IeHU (XOIOHOIT) aMITyJl B IIeUN
6p171 0k0710 50 °C. Kpucramnsl HOBbIX (a3 6bUIM OOHAPY>KEHBI B PA3NTUYHBIX YACTsAX aMIyl B

ACCOLMALINM C y)Ke M3BeCTHBIMM coefuHeHusiMu (pric. 2.17).

TABJINIIA 2.2 OKCIepyMeHTaNbHbIE YCOBMA CHHTE30B HOBBIX CE/IeHMTOB MeAV MeTOfIOM
XMMMWYECKIX Ta30TPAaHCIOPTHDBIX peaKInii

Monsapubie

c2.1 c2.2 c2.3 c2.4 c2.5 c2.6 c2.7 c2.8
COOTHOIIEHMA:
SeO, 2 2 2 2 2 1 1
CuO 4 4 4 4 4 0 2 2
CuCl, 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
YcnoBus cuHTesa: c2.1 c2.2 c2.3 c2.4 c2.5 c2.6 2.7 c2.8
Temmeparypa (°C) 500 500 500 500 500 500 550 550
Bpemst ciHTe3a (1) 72 72 72 72 72 96 72 72
oxaxzenne (4) 24 24 24 24 24 12 6 6
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2.2 Kpucmamzoxumuuecrcoe uccnedosanue HOBbIX CeneHUMo8 medu

2.2.2 CTpyKTypHOe onucaHue BOCbMU HOBbIX ¢a3

A[Cus0,](Se03):Clz (A = K*, Na*)

K[Cus0,](Se0;).Cls  (¢2.1) m Na[Cus0,](Se03),Cl; (¢2.2) mnpuHagiexaT K OZHOMY
CTPYKTyPHOMY THIy U SIB/IIIOTCS CHHTETMYECKMMM aHA/JIOTaMu MuHepana Na-MIbMHCKUTA
[Vergasova et al. 1997; Krivovichev et al. 2013a]. Kpucrammaeckne crpykrypsr ¢2.1 (K) u
c2.2 (Na) cofep>kaT IO 4eTblpe CUMMETPUYHO He3aBUCUMble MeHbIe MOSULIMU C Pa3TMIHBIM
CMeIIaHHO-IUTaHAHBIM OKpY>KeHneM. AToMsl B to3uruy Cu(1l) KOOpAMHMPOBaHbI 5 aHNOHAMIL,
Koropsle ¢popMupyroT KBagparusle mupamuasl {Cu[(40)+Cl]}. MenHble KaTMOHBL B IOSULINN
Cu(3) obnapmaroT McKa)xeHHOI KBanpatHoit koopayuHanyeit [30+Cl]. OxpyxeHns KaTUOHOB B
nosunnax Cu(2) u Cu(4) B crpykrypax 2.1 (K) u ¢2.2 (Na) okasbIBatoTcsl pasHbIMU 110 IIPUYNHE
cmenenys nosuuy Cl(3) mop BamsHueM 607biero paguyca katnoHos K* o cpaBHenuto ¢ Na*.
B pesynbrare katnons! B mosunuy Cu(2) 06/1afaoT MCKaXKeHHBIM KBaJJPaTHO IMMPaMUAAIbHBIM
okpyxerreMm [(30+Cl)+Cl] B ¢2.2 (Na) M MCKaKeHHBIM OKTa3[pUYECKMM OKpPYyXXeHVeM
[30+Cl)+2Cl] B xpucrammyeckoit crpykrype c¢2.1 (K). Artombr Cu(4) ob6nagator
okTtasgpudeckoit koopanHarueit [(40)+2Cl] B ¢2.2 (Na), Torga kak cmerenne Cl(3) aHMOHOB,
BbI3BaHHOe OonmpmuM pasmepoM K* katmonoB B ¢2.1 (K), mpuBomgmr K w3MeHEHMIO
KoopamHauyonHoro monmagpa Cu(4) mo xBagparnoit mmpamupst {Cul[(40+Cl)]} ¢ omgHoit
akcmanpHoit Cu(4)-Cl(3) cBsaspo aHamormyHo oxpyxenuwo Cu(l) B obeux CTPyKTypax.
B xpucrammmueckux crpykrypax ¢2.1 (K) n ¢2.2 (Na) HaxopmsATcs [Be CUMMETPUYHO
He3aBUCKUMBble Se* [o3MIMu, KOTOpble UMEKT KIUCIOPOAHYI0 KOOPAMHALMIO TPUTOHATBHOI
NMpaMUJbl CO CTEPEOXMMMNYECKN aKTMBHON HEIOMENIEHHOM 3/IEKTPOHHOM ITapoil B KadecTBe
momonHuTenbHOro nuraiaa. Karmonst Nat B ¢2.2 (Na) oOKpy>keHbI OZHUM aTOMOM KIC/IOPOZiA U
YeTBIPbMS  AaTOMAMU  X/IOPa, (OPMMPYsS MCKOKEHHYI0 TPUTOHATBHYI OUIMpaMuLy
{Na[(O+2CD)+2Cl]}. B c2.1 (K) xarmonsr K' 067amaioT MCKa>KeHHOV KOOpAMHALMeEN U
oKpyeHs! ITbI0 O - nt geTpipbms Cl™ aHMOHaMIL

VHTepecHOIT 0co6eHHOCTBIO KpycTamaeckux cTpykryp ¢2.1 (K) un ¢2.2 (Na) asnserca
Ha/lu4ne «OIOMTHUTENbHBIX» KJCIOPORHBIX ATOMOB, KOTOpPBIE OKPYXX€HBI YeTHIPbMsI
karuoHamu Cu?', Tak 4TO B pe3yibrare 00pasyloT OKColeHTpupoBaHHble TeTpasupbl (OCuy)®*
(puc. 2.2). Terpaspgpuyeckue KOMIUIEKCH OODBEOMHAIOTCS 4depe3 oOIiye MeIHbIe BEpLINHEL
¢dopmupys cnon [CusO,]* mapamrensHo mwrockoctu (100). B Kpucrammyeckux CTpyKTypax
c2.1 (K) n c2.2 (Na) ciou [CusO,]%* oxpy>keHBI TPUTOHATBHBIMY Ce/IEHUTHBIMY IVIPAMIIAMI 1
aHMOHaMI X/I0pa C 0Opa3oBaHMEM MUKPOIIOPUCTOrO Kapkaca. IIyCTOTHI 3aIOIHSIOTCS
KaTMOHAMM LIETOYHBIX META/UIOB M HENOJeIeHHBIMU SIEKTPOHHBIMU IapaMy CeIeHUTHBIX
rpyni. [letampHoe ommcaHye KPUCTamInIeckux CTpykryp coepuuennit ¢2.1 (K) u ¢2.2 (Na)

npuseneHo B ctatbe A-VII (cum. Included Articles).
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2.2.2 CmpykmypHoe onucaHue 60CoMu HOBbLX Pa3

PUICYHOK 2.2  Kpucrammdeckue ctpykrypst A[CusO2](SeOs):Cls (A* = K* (¢2.1), Na* (¢2.2)) B gByX
IpOeKLIsSIX, feMoHCTpupyomux coit [O2Cus]®, 06pasoBaHHBI OKCOLIEHTPUPOBAHHBIMYL TETPAdPAMI
(OCus)®* (BbIETIEH KPACHBIM 1IBETOM)

K[CUgO](SGOg)zCI u N02[Cu702](Se03)4CI4

Crpykrypa K[Cus0](Se0s),Cl (€2.3) comepXUT Tpu CUMMETPUYHO He3aBUCUMbIE MO3ULUN
Cu?". IMosuums Cu(l) oxpyxxeHa gersippms aromamu O u oganM atomoM Cl ¢ obpasoBanuem
HeOOBIYHOI MCKaXeHHO! TpuroHanpHoi 6Gummpamupsr {Cu[(20+Cl)+20]}. Atomer Cu(2)
MMET TUOWYHOe Mg KatnmoHoB Cu** kBagpatHoe okpyxenue [(40)]. KoopayHarmoHHBI
no/mapp Cu(3) Moxer 6bITh OomycaH Kak McKaxeHHbI oktasap {Cu[(40)+(0+Cl)]}. Bee atn
pasHoOOpasHble KOOPAMHALMOHHbIE TTONMALPhI MeOy OOBEAMHAIOTCS B CIIOM, Iapayie/ibHble
wrockoctu (001). Crpykrypa ¢2.3 cCOfepXWUT ABa CUMMETPUYHO He3aBMCHMMBIX KaTHOHa Se,
KOTOpble 00pasyioT TpuroHanpHble mupamupabl (SeO;)?”, xapakrepHble [JIsI COCTOSIHUS
okucnenns +4. Karnonst K* 06/1a5ai0T ncka)kXeHHOI KOOP/MHALIMEI 1 OKPYXKeHbI ceMbio O% - 1
aeyms Cl- annonamm.

B xpucrammmueckoit cTpykrype Na[Cu;0,](SeO;)sCly (c2.4) HaxomATcs dYeTblpe
CUMMETPUYHO He3aBUCUMBIX MeGHbIX KaTmoHa. Artomsl B mosunuu Cu(l) obpasyror
kBafjpaTHble KoMivlekchl {Cu[(40)]} mo amamorum c¢ mosmnmeit Cu(2) B cTpykType €2.3.
IMosuunn Cu(2) u Cu(4) oxpyxenst Tpems O n oguum Cl ¢ obpasoBaHNeM KCKaKEHHBIX
kBagpaTHbIx rpynmpoBok {Cu[(30+Cl)]}. Touno Takas >xe koopamHauus [(30+Cl)] 6sima
o6HapYy>KeHa B KPUCTAUIMYECKUX CTPYKTypax 2.1 u ¢2.2. [Tosunus Cu(3) B KpUCTaIInIecKo
CTpyKTYype c2.4 061ajjaeT TPUTOHATIBHO OumypaMuanbHoii kooppunanyei [(20+Cl)+20]. Ia
CYMMETPUYHO HEIKBUBAJICHTHBIX aroMa cCeleHa (QOpPMUPYIOT TUINYHbIE TPUTOHAIbHbIE
mupamuznbsl (SeO;)*. Karmonst Na* okpyxenst mecteio O*- u opumm Cl° aHMOHOM ¢

06paSOBaHI/I€M VICK&)KE€HHOI'O TPUTOHAIbHO-TIPU3MATNYIECKOI'O KMCIOPOTHOTO OKPYKEHMA.
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2.2 Kpucmamzoxumuuecrcoe uccnedosanue HOBbIX CeneHUMo8 medu

B kpucrammmyeckoit crpykrype ¢2.3 nBa terpasppa (OCu,)® obbequHsAOTCA 4epes
obmee pebpo Cu--Cu ¢ obpazosanmem ammepa [O,Cugl®*. B crpykType €2.4 Takxe MOXXHO
BBIJIE/INTh [UMepPHble KOMIUIEKCHI, HO papyroro cocraBa - [O,Cuy]'%, cdopmmpoBanHbie
obbenyHeHreM AByX TerpasppoB (OCus)®* depes obwmit atom Cu. Ce/leHUTHBIE IPYIIIBI U
aroms! Cl OKpy>XaloT aTu fuMepsl, 006pasys cTpykrypHbie KomiteKcs! {[O,Cug](Se0;)sCL]} un
{[0,Cu7](Se03),CL]}*” B €2.3 u €2.4 COOTBETCTBEHHO, KOTOPBIE 3aT€M CBSI3BIBAIOTCS MEXHAY
coboit B crmou (puc. 2.3). MexxcioeBoe MPOCTPAHCTBO B CTPYKTYPaX 3aHATO IIeJIOYHBIMU
karnoHamu. CpaBHeHme croco6oB cBssbiBaHust rpynn (SeOs)*” ¢ OKCOLEHTPUPOBAHHBIMU

IOVIMEpaMM B M3BECTHBIX MEIHBIX OKCOCOJIAX NIPUBENEHO B I1aBe 2.2.3.

PMCYHOK 2.3  Kpucrammueckue crpykrypsl K[Cus0](SeO3):Cl (¢2.3) - (a) u Naz[CuzO:](SeO3)4Cls
(c2.4) - (6). Terpasnps (OCu4)®* IOKa3aHBI CepbIM

[NaClj[Cu(Se0,0H).]

Kpucrammmueckass crpykrypa [NaCl][Cu(SeO,OH),] (€2.5) comep>XUT ORMH CUMMETPUYIHO
HesaBucumbii atoM Cu, OKTadApUYECKM KOOPAMHMPOBaHHBIN deTsipbMsa O- u gByms Cl
aroMamy. KaTmoHBl Memu 00pasyloT IpaBuibHble KBamparHble rpymmbl (CuOj), KOTOpbIe
TOIONMHAOTCA ABYMA LMHHBIMYK cBA3AMM Cu-Cl, 9TO NIpMBOUT B pe3y/nbTaTe K KOOPAMHALINA
[(40)+(2Cl)] ananornunoit okTasgpudeckoit nosuuuu Cu(4) B ctpykrype c2.2. B crpykrype
COelMHEHNs €2.5 eUHCTBEHHAsA KpUCTa/UIorpadpuyecky HesaBUCUMasa MOULMA Se OKpy>KeHa
TpeMsi aTOMaMy KVC/IOPOJa, 00pasysi XapaKTePHYIO [/l CEIEHNTOB TPUTOHATBHYIO IVIPAMIIAY
(SeOs). Onna m3 tpex cBsseit Se-O okaspiBaeTcsi 3ameTHO AnmHHee (1.751 A) ABYX OPYyTUX
(1.671 A u 1.680 A), 4TO MOXKET OBITh OOBACHEHO IPOTOHMPOBAHMEM KUCIOPOSHON O3UIIUK
Ox(1). Kapparusie (CuOy) 1 Tpuronanpao mupamupanbaele (SeO,OH) rpynmnsl o6begnHAOTCA

qgepes O6IJ.U/I€ KNC/IOpOAHbIE BEPUIMHbBI C 06pa303aﬂmeM SHeKTpOHeﬁ[TpaHbeIX CI10€B
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[Cu(SeO,0H),]°, mapamrensubix 1wrockoct  (100)  (pmc.  2.4). Mexay aByMs
IPOTOHMPOBaHHBIMI cenmeHnTHbIMK Tpynmamu (SeO,OH)™ BogopomHas cBsisb Op(1)--O(2)
obpasyer nmumep [(SeO,OH),]*, KOTOpBIII HOMONHUTENIBHO CTAOMIM3KUPYET MeIHBII

TICENIEHUTHBIN CIIO.

PUCYHOK 2.4  Ilpoexums xpucrammdeckoir crpykrypsl [NaCl][Cu(HSeOs)2] (c2.5) - (a) u ee
anekrpoHeitrpanbpHoro cnost [Cu(HSeOs):] - (6)

B kpucrammueckoit crpykrype ¢2.5 cmou [Cu(HSeO;),]° uepenyrorcs co cmosimu,
comepskaiumy 3urzaroobpasusie menouky —Na—Cl-Na-Cl-, o6pasoBaHHbIe aTOMaMM XJIOpa U
PasyHOpsALOYEHHBIMY HO3ULMAMM HATpus. L[emouKy mapajuteNibHbl KPUCTA/UIOrPaduIecKoit
ocut c. CBsI3bIBaHIE MEX/Y YepeRyIOMUMUcs sneKTpoHertTpanpabiMu cnosimu [Cu(HSeO;),]° n
[NaCl]® gocruraercs 3a cuer B3ammoperictBuii Cu-Cl n Na-O. Karuons!r Hatpusi o6magaror
MICKQ)KEHHOI! KoopAuHanueit u okpyxxers! tpems O- u gByms Cl aromamu.

CoefuHeHME €2.5 MOXKET CUNTATHCS WIEHOM CEPUU COETVHEHMIT, OCHOBAHHbBIX Ha C/IOSX
M(SeO,OH), (M = Cu?, Co*, Cd**). CTpyKTypHBIM IPOTOTUIIOM M/ AAHHOI TPYIIIBI
coeguuenuit apiserca [Cu(SeO,OH),] [Effenberger 1985], xoTopoe He COmEpXXMUT HMUKAKUX
JOIIOTHUTE/IbHBIX IOHOB, Pas3ie/LIIOIIX MeHble TUAPOCe/IeHUTHbIE CIoN. B crpykTypax npyrux
COeNMHEHMII M3 9TOI TIpymmbl mpocrpaHcTBo Mexay cnosmu  [Cu(SeO,OH),]° samsaTo
XMMUYECKUMM KOMIIOHEHTaMM PasNIHON PasMepHOCTM. Bo BcexX COENMHEHMAX CIIOU
[Cu(SeO,0H),]° obnamatoTr UPMUONM3UTENBHO ORMHAKOBBIMU IUIOCKOCTHBIMM pasMepaMin
(n3MepeHHbBIE KaK PACCTOSHMS MEXKIY IIapaMi aTOMOB, CBA3aHHBIX OIlEPALMAMM CUMMETPUN).
Vcxmouennem aBngerca pasa [Cu(SeO,OH),](H,0), [Lafront and Trombe 1995], B crpykrype
KOTOPOIf CJI0M CUIBPHO W3OTHYTBL [leTanbHOe OMMCAHME KPUCTA/UIMYECKON CTPYKTYPBI

coenmuenus c2.5 npueneno B cratbe A-VIII (cm. Included Articles).
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[Cu*Cl>][Pb2Cu?*904](5€03)4Cls, [Cu*Cl2][PbCu? 502](Se03):Clz u
K(1.x)[CU+Clz][PbeU(s.x)02](5603)2(1(4.;{), x=0.20

Becbma HeOOBIYHON CTPYKTYpPHOII OCOOEHHOCTBIO OSTUX TpeX COEAMHEHUIl sIBISAETCS
IIpUCYTCTBUE NVHENHbIX rpynnupoBok (Cu*Cly)” B IycTOTax sIMEeMCTHIX ICeBOreKCarOHa/IbHBIX
CTIOMCTBIX KOMIUIEKCOB, 0OPasoOBaHHbBIX OKCOLleHTpupoBaHHbIMI TeTpasapamu (O(Cu/Pb)4)® u
rpynmamu (SeOs)*", 06bennHeHHBIMY Yepe3 001I1ie BEPLIVHBIL.

B crpykrypax [CuCL][Pb,Cus0,](Se0;).Cls (¢2.6), [Cu*CL][PbCus0,](SeOs).Cl; (¢2.7)
U K_y[Cu*CL][Pb,Cu?*(5.10,](Se0s),Clu, x = 0.20 (c2.8), ogHo3apsagHble KaTmoHbl Cu*
06pasyoT fBe OTHOCKUTENbHO KopoTkue cBsisu Cu’-Cl, 4yTo mpmBoguT K (HOpMUPOBAHMIO
IPOYHO CBs3aHHBIX aHMOHHBIX rpynmupoBok (Cu'Cly)”. Karmonst xe Cu** obmagaior
CMEIIAaHHBIM OKCOXIOPUAHBIM OKPY)XEHIEM, MMEIOIMMM CKIOHHOCTb K AepOpMAaIIOHHOMY
addexry Ana - Temnepa. [IByxBaneHTHBIe aTOMBI Meay B o3unyax Cu(1l) n Cu(2) B ¢2.6, Cu(4)
B ¢2.7 u Cu(3) B ¢2.8 o6pasyiT Takue >xe McKaXeHHble okTasapsl {Cu[(40)+(2Cl)]}, xak u B
nosnnuax Cu(4) n Cu(l) B cTpykrypax 2.2 n ¢2.5 coorBercTBeHHO. [Tosnmum Cu(3) B ¢2.6,
Cu(2), Cu(3) B €2.7 u Cu(1) B 2.8 obmafator oktasgpudeckoit koopaunarueit [(30+Cl)+2Cl].
Ta xe xoopayHauusa 6b1a o6HapyxeHa u B nosunyu Cu(2) B cTpykType coenyHeHus c2.1.
Karmoner B mosmnum Cu(4) B ¢2.6 (OpMUDPYIOT TpPUTOHAIbHblE OUIMPAMUbI
{Cu[(30)+(0+Cl)]}, Torma xax Cu(1) B €2.7 u Cu(4) B 2.8 0651aal0T MOX0KeN KOOPAMHALIEN
[(20+CD)+(O+Cl)]. Atomer Pb umeroT HecMMMeTPMYHOE OKPY>KEHHe, COCTOsLIEe M3 TPex
cunbHBIX cBsiselt Pb-O, pacmonoxeHHBIX B OFHOI KOOPAMHALIMOHHON cdepe, 1 4YeThIpex
kopotkux cBszeit Pb—Cl — B gpyroit. ITogo6Has xoopayHays KaTnoHoB Pb** cormacyercst ¢
IPUCYTCTBUEM CTEPEOAKTVBHBIX HEMOJe/IeHHBIX 97IeKTPOHHBIX map. Karuonsr Se** obpasyior
TUNNYHbIE TPUTOHAIBHO-IMPaMy/ianbHble okcoaHnoHsl (SeO;)*. Kpucrammyaeckast crpykTypa
€2.8 COmepXUT OfHY CHMMMETPMYHO HesaBucumywo mnosmnyio K ¢ daxTopoMm 3acemeHHOCTH
nosuiui (s.o.f.), paBHpiM 0.8. KanueBblil KOOPAMHAIVOHHBII IOMUIP MOXKET OBITh OIMCaH KaK
MCKa)KeHHasl TeKCATOHAIbHAS OMIpaMuyia.

B xpucrammmdeckoit CTpykType €2.6 TakXe HPUCYTCTBYIOT IBa «JOIIOTHUTETbHBIX»
aroma O, kotopble obpasyior Terpasppsl (OCu®'sPb) u (OCu®'y). DT OKCOLEHTPUPOBAHHbIE
TeTpaspuuecKue TPYIIbl 00beANHIIOTCA Yepes 001ie BEpIINHBI ¢ 00pa30oBaHeM [BOIHBIX
nenodek [O4Pb,Cu*s]'**. B cTpyKType 3TOr0 COenVMHEHMsI L{eITOYK) OKa3bIBAIOTCS BBITSHYTHI
BOIb Kpucramnorpapudeckoit ocu b. IIpubnusutenpHo ofuHaKoBoe 3HadeHue mapamerpa b
anemeHTapHbIX sueek (b ~ 6.2 A) BO BceX Tpex CTPYKTypax JOTIONHUTETHHO TONYEpPKUBAET
CXO>Kee pacHoNoXKeHNe OKCOLIeHTPUPOBAHHBIX KOMIIIEKCOB.

JIBoiiHasi aHMOHOLIGHTPUPOBAHHAs ILeMIOYKa, OOHApyXeHHass B CTPYKType ¢2.6,
B HEOPTaHMYECKMX COeNVHEHMAX BCTpedeHa BrepBble. CeneHutHbsle rpymmsl  SeOs

TIPUKPEIVIAIOTCA K TPEYTrOJIbHBIM OCHOBAaHMAM OKCOLEHTPMPOBAHHBIX TETPA3apPOB, YUTO
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IPUBOAUT B pe3ynbTaTe K obpasoBanuio 1D xommrekcoB {[O4Pb,Cu®*o](SeO;)}*", cBsisanubIx

MexJy coboit uepes cBasyu Pb-O B 2D MeTan-okcyupHble gBOJHbIe criou (puc. 2.5a).

PMCYHOK 2.5 IMpoexumn  crpykryp [Cu*CL][Pb.CusO4](SeO:)«Cls (c2.6) - (a) u (6),
[Cu*CL][PbCus0:](Se03).Cls (¢2.7) - (B) 1 K1-9[ Cu* CL] [PbxCu?* 6-02](Se03)2Cl-», x = 0.20 (c2.8) - (1)

B npoexunn Ha m1ockoctb (b, ¢) 3TH C/IOM BBHIITIAAAT KaK IeKCaroHaJlbHbIE SYeUCThIe
KOMIUIEKCBI, COCTaB/IeHHbIE M3 TeTPasfpoB (puc. 2.56). B Mexc10eBOM IPOCTPaHCTBE AYCUCTHIX
KoMIIZIeKcoB aHMOHbl Cl™ pacmonaralorcsi TakmMm oOpasoM, YTO JMHENHble TIPYNIMPOBKU
[Cu*CL]" u omgunounbie moHbl Cl~ OKa3bIBAIOTCS B IIEHTPAIbHBIX YacCTAX COOTBETCTBEHHO
OO/BIINX M MAJIbIX TeKCATOHANBHBIX sideeK. [IpMHMMAs BO BHUMAaHIE OTHOCUTEIBHYIO CUITY
ceasy Cu*—Cl u cnabble B3aMMOJENCTBYA MeXY STUMU TPYIIIMPOBKAMIU M IPYTUMMU YaCTAMU
CTPYKTYpPbI, OHM MOTYT pacCMaTpMBaTbCs B KauecTBe «TOCTEBBIX» AHJMOHOB, BOIICALINX B
KOMIIJIEKC OKCOX/IOPMIHOI MaTpPULIbl, OCHOBAaHHOII Ha OKCOLIEHTPMPOBAHHBIX TeTPAdpax.

IToxo>xnmit IPUHIINII «TOCTb — XO35IMH» pabOTaeT TAK)Xe I B CTPYKTYPax CoefuHeHmi1 ¢2.7
u ¢2.8. 3pecy terpasapsr (OCu*3Pb) m (OCu*;) 06bequHSIOTCA Yepe3 OOMIMe BEPIINMHBI C
o6pasoBaHMeM MPOCTHIX LenodeK coctaBoB [O,PbCus]® u [O,Pb,Cu**(s.x]®", BBITAHYTHIX BAOIb
Kpuictatorpaduaeckux oceit b B ob6enx crpykrypax. O6Hapy)XeHHOe B IpOILjecce YTOYHEHNsI
KPUCTAJUINIeCKOI! CTPYKTYpbI €2.8 YacTi4HOe 3aMeleHe KarioHoB Pb? na Cu*" okasbiBaeTcs
HONMYCTUMBIM 1 He BJIMSET CYLIECTBEHHBIM 00OpasoM Ha TOIIOJIOTMIO OKCOLIEHTPUPOBAHHOTO
KoMIUIeKca. Bmecte ¢ rpynmamu SeO; atu menoukn o6pasyior 1D MeTamni-OKCULHBIE OCTOBBI
{[O2Ms](SeOs).}** (M = Cu?*, Pb**), KOTOpBIe PacIOIaraloTCs B CTPYKTypaxX B BUJE SIYEMCTHIX
nceBfiocnoes (puc. 2.5 I, 1). B IeHTpaibHBIX 4YacTAX s4YeeK CI0EB PACIIONAaraloTCs TOJIBKO

«rocreBble» aHMOHBI (Cu*Cl,)". CtpykTypa 2.8 Taioke cofiep>xut KartuoHsl K*, Haxopamuecs B
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2.2 Kpucmamzoxumuuecrcoe uccnedosanue HOBbIX CeneHUMo8 medu

IIPOCTPAHCTBE MEXAY OKCOXJIOPUIHBIMM MENHOCETEHUTHBIMI  CIOAMU. Bo Bcex Tpex
CTPYKTypax HeIOJe/eHHble 37IeKTPOHHble Iapbl KaTMoHOB Pb** m Se'* opumeHTHMpOBaHbBI B
MeXXCTI0€BO€e IIPOCTPAHCTBO, MOJYMHAACH IPUHLIMITY «XUMUYIECKUX HOXKHUI [T CTPYKTYP C
KaTOHaMIU, O6II&,11&IOH.U/IX XMMUNYIECKN CTEPEOAKTUBHDBIMM HEIIOAE/IEHHBIMU 3NIE€KTPOHHBIMU
napamu. JleTalbHOE OMMCaHME KPUCTA/UIMIECKUX CTPYKTYp cOoelMHeHmit 2.6, c2.7 u c2.8

npuBefeHo B cratbe A-V (cM. Included Articles).

2.2.3 CBsA3blBaHME CeNIEHNTHbIX rpynn ¢ Aumepamm [OCu,]®*

Coennuenns c2.3 u c2.4 ABNATCA IPECTABUTENAMM CTPYKTYPHOI TIPYIIbI MUHEPAIOB U
CUHTETUYECKUX coefuHennit (Tabm. 2.3), OTMIUTENBHON 0COOEHHOCTHI0 KOTOPBIX SIB/ISETCS
Hannune gumepoB [O(Cu/Pb)s]®* mnu [0,Cu;]'"*, 06pazoBaHHbIX 00beINHEHIEM TETPASLPOB
(O(Cu/Pb)4)** mo obmemy pebpy mmu terpasgpoB (OCuy)® depes oOifyro BepumHy
cooTBeTcTBeHHO. Ha puc. 2.6 mokasaHbl CIlocoObI CBA3BIBAHNS CETIEHUTHBIX IPYIIL C TAKUMU
IVIMepaMyl B KPUCTA/UIMYECKUX CTPYKTYPaX M3BECTHBIX MeHBIX MIHEPA/IOB ¥ HEOPTaHNIECKIX
coepuaennit. CyliecTBOBaHMeE 1 YaCTOE MTOSIBIEHNE TAKMX OKCOLIEHTPUPOBAHHBIX IPYIINIPOBOK
B Pas/IMYHbBIX CTPYKTYPAX CIYXKUT KOCBEHHBIM CBUIETEIHCTBOM POJIN HOFOOHBIX KOMIIEKCOB B
KauecTBe 3apOZbILIEBbIX CTPOUTEIBHBIX OIOKOB, CYLIECTBYIOLIMX B Ta30BBIX CPefiaX, TAKMX KaK
By/IKaHM4YecKre (yMaposbl WIN BaKyyMUPOBAHHbIE CTEK/ISTHHbIE AMITY/IbI, UCIIOIb3yeMble B

Metoge XI'T peaxijuit.

PVICYHOK 2.6  KoopamHanMOHHOE OKpY>X€HMe [MMEPOB OKCOIIEHTPMPOBAHHBIX TETPadpOB B
KPUCTAJUINIECKVIX CTPYKTYPaX MIHEPA/IOB M CMHTETUYECKUX COeMHEHNI, IPVMBeIeHHbIX B Ta07L. 2.3.
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2.2.3 Censvieanue cenenumnoix epynn ¢ oumepamu [OCuyJs*

TABJIVIIA 2.3

COEIVIHEHMAX, CTPYKTYPbI KOTOPbIX OCHOBaHbI Ha AUME€PAX OKCOLEHTPMPOBAHHDBIX TETPASIJPOB

Kpucrannorpaguuecke cBefileHMA O MUHEpaJax U CUHTETMYECKUX MEIHBIX

ITpocrp.

a(d)

b (A);

c(A)

Cw:O  Puc. Xummnueckas popmyna Munepan V(A%  Ccpuika
dopmy; P rpymma a (%) B y(®)
7.682; 8.118; 8.784;
6:2 2.6a  K[Cu;0](Se0s).Cl P-1 82 B . 453 2.3
13.518;
62  26a Cu[CusO](SeOs)s-I P2i/a 15990 7 17.745 3836 [1]
7.992; 8.141; 8.391;
D) 2 11 P-1 484 1
6. 66  Cu[Cus;0](SeOs)s 773 6.6 814 8 [1]
KPbysCu[PbCus0,]
6:2 2.6 Pi 9.132 19.415 13.213 2343 2
B 7(5¢05):Clo [IPEBUTTUT nnm [2]
9.43;
6:2 2.6r  NaK[Cu;O](SO4)s 9BXJIOPUH C2/c 18.41 87 14.21 2259 [3]
9.479;
6:2 2.6r  Ky[Cu;0](SO.)s ¢demorosur  C2/c 19.037 1110 14.231 2397 [4]
(NMe,H,)4[Cus0:] 10.514;
6:2 2.6, P2,/ 13.105 18.753 2516 5
% (S0)(DME), o 103.2 3]
(NMe;Hy)4[Cuq0s] 8.588; 10.684;  12.817;
6:2 2.6 P-1 1012 5
¢ (SO4)s(DMEF), 106.5 104.6 105.9 5]
7:2 2.63  KCd[Cu;0,](Se0s).Cls 6epHCHUT P6s/mmc 8.781 8.781 15.521 1036 [6]
7.436; 8.336; 9.134;
7:2 2.6: Na[Cu;0,](Se0s),Cl P-1 468 R
K 2,[Cuy0,](Se05):CLy 1103 1062 1052 2.4

Ccpunxn: 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].



2.3 Kpuctannoxmmumuyeckoe nccnegoBaHme HOBbIX
CeNleHNTOB HMKeNsa n KobanbTa

B aToM paspene mpomo/DKaeTCsl pacCMOTPEHNME CEJIEHUTOB C ABYXBATEHTHBIMI [€PEXOSHBIMI
MeTa/UIaMu, IJIs1 KOTOPBIX XapakTepeH medopmaronHsiit a¢dext Suna — Temnepa. OgHoit us
IIOCTAaB/IEHHBIX 3ajiad OBUIO M3y4YeHMEe CTPYKTYPHBIX TOIIOIIOTMII CEJIEHUTHBIX COENVHEHNIT, B
KOTOPBIX KATVMOHBI IEPEXOJHBIX META/UIOB OO/MafaloT OKTadAPUUYECKVM OKPYXXEHNEM.
OcHoBHble KpuCTa/UIOrpaguiecKue CBeIeHUs U MapaMeTPbl YTOYHEHWs KPUCTA/UINIECKUX
CTPYKTYp 4YeThbIpeX HOBBIX COELMHEHMII, ONMCAHHBIX B 9TOI I/IaBe, IPECTaBIeHsl B Tab. 3.1.
JletanpHOe OmMCaHMe TMONTyYeHHBIX (a3 B M3YYEHHOI CUCTEME M aHamM3 OOHApyXXEHHBIX

MarHUTHBIX CBOVCTB IpuBefenbl B cratbe A-IV (cm. Included Articles).

TABJIMIA 3.1 Kpucrannorpadnueckie cBefieHs 1 IapaMeTPbl yTOYHEHNsI CTPYKTYP COeANHeHMI o—
PbNi(SeOs): (¢3.1), B-PbNi(SeOs): (¢3.2), PbNiz(SeO0H)2(SeO3)2 (¢3.3) n a-PbCo(SeOs): (¢3.4)
c3.1 c3.2 c3.3 c3.4
M; (r monp™) 519.82 519.82 834.47 520.04
MIPOCTp. TpyIIa Pnma Cmc2, P2/c Pnma
a(h) 12.7476(4) 5.4715(4) 13.6824(10) 12.8208(4)
b (A) 5.4562(2) 9.1963(6) 5.2692(5) 5.4902(2)
c(R) 7.8332(2) 11.4436(9) 19.3476(13) 7.9085(2)
B©) 90 90 129.524(4) 90
V(A 544.83(3) 575.81(7) 1075.94(16) 556.67(3)
zZ 4 4 4 4
p (t/em®) 6.337 5.996 5.151 6.205
u(mm) 47.637 45.074 32.668 46.221
2 (MoKa) (A) 0.71073 0.71073 0.71073 0.71073
Bcero pedr. 10212 2345 5454 3226
He3aBuC. per. 823 686 2083 742
Rint 0.0336 0.0260 0.0459 0.0260
R [I>20(D)] 0.0139 0.0141 0.0496 0.0186
WwRs [I>20(I)] 0.0360 0.0346 0.0992 0.0429
R [all data] 0.0165 0.0142 0.0783 0.0203
WwR, [all data] 0.0387 0.0346 0.1104 0.0439
GOF 1.090 1.109 1.187 1.142
ApmasApmin (€ A7) 1.573,-1.110 1.310, -1.073 2.916,-2.912 0.971, -1.887
ICSD 428905 428906 428907 428904

2.3.1 Poct kpuctannos B cucteme PbO-NiO-Se0,-H.0

B maHHOII I71aBe NpefCTaB/lIeHbl Pe3y/IbTaThl CUCTEMATNYeCKOTO M3yIeHNA KPUCTA/UIM3alN B
cucreme PbO-NiO-SeO,-H,O rupporepManbHbIM METOLOM, OTHOCAIIMMCA K TpYyIIIe
CONIbBOTEPMANIbHBIX ~ KPMCTA//IOTEHETUYECKNX  TEXHUK, IpUM KOTOpoM obpasoBaHMe

OO/IBIINHCTBA KPUCTA/UINIECKHUX (a3 IPOUCXOFUT HE3aKOHOMEPHO.
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2.3.1 Pocm xpucmannos 6 cucmeme PbO-NiO-SeO,—H,0

3KkcnepumenmansHele npoyedypsi

Ina wccnepoBaHys KpuCTaumdeckoro pocra B cucreMe PbO-NiO-SeO,-H,O Bosumkia
HeOOXOAMMOCTb B U3YYeHUM 36 BO3MOXXHBIX KOMOMHAUMII MOJISIPHBIX COOTHOLICHMUI

Hava/IbHBIX PeareHTOB, HAHECEHHBIX Ha TpeyronbHuk I'mbbca (puc. 3.1).

PYICYHOK 3.1  OkchepuMeHTalbHas KPUCTAUIN3aLMOHHasA (asoBas fuarpamma cucreMsl PbO-NiO-
Se02-H0O mpnu 200 °C - (a). Obmactu ¢ pasnuuHbIMK 3HaueHVMAMM pH IokasaHbl B OHE OTTEHKaMu
ceporo. Cepusi 9KCIepUMeHTOB ¢ MOMApHbIM cooTHoueHneM PbO : NiO : SeO,, paBubiM 5 : 3 : 10,

COOTBETCTBYIOLINM TOUKe P1, HO ¢ pasHbIMu 3HaueHusaMu pH - (6)

Bo Bcex cuHTe3ax MossapHble cymMmMbl mPbO + nNiO + (k/5)SeO, (m, n, k=1, 2,... 8) 6b1m
paBHBI 10 MMOJIb, @ CMECH PEAreHTOB PACTBOPAINCH B 6 M/ JUCTU/UIMPOBAHHONM BOAbL. B xoze
OpOOGHBIX SKCIEPMMEHTOB ObIIO YCTAHOBJEHO, YTO CYILIECTBEHHO KKCIas — Cpefa
O/1arONpUATCTBYET IIOSB/ICHNIO KPYUCTA/UINIECKOTO0 MHOTO0Opasys U pOCTY MOHOKPMCTA/IbHBIX
¢as. [ToaToMy B 9KCIIEPUMEHTAX BCEIAA MCIOMb30BAIC U3OBITOK SeO,, I 4€T0 KOMMIECTBO
IOVIOKCUTA CelleHa B MOJIAPHBIX pacueTax YMHOXKa/JoCh Ha IATb. VsmepeHHble 3HadeHusa pH
yBeIUMYUBATCA OT ~1 o ~5.5-6.0, 006paTHO IpPONOPLVOHATBHO cofiepxaHuio SeO, B
u3y4aeMoil cucTeMe. Bce CuMHTe3sMpOBaHHbIE IONMKPUCTA/UIMYECKue asbl  ObUIH
CHCTeMaTUYeCK) IPOaHaTNU3MPOBAHBl METOZOM IIOPOLIKOBOJ PEHTTEHOBCKON AMQpPaKIuy, a
IIpefiCTaBUTe/IbHbIe MOHOKPUCTA/UIBI KOXKIOM 13 OOHapy)XeHHBIX (pa3 OblIM M3y4eHbl METOIOM

MOHOKPUCTA/IPHOTO ,[[I/I(bpaKLU/IOHHOI‘O a"amusa. Ilo TIOTYy9Y€HHbIM  pe€3y/IbTaTaM 6bI1a
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2.3 Kpucmamzoxumuuecrcoe uccnedosanue HOBbLX CeNleHUMO8 HUKess U Ko6anoma

coCcTaBleHa KpUCTa/UIM3aloHHasA ¢as3oBasg jauarpamma (puc. 3.la), Ha KOTOpOI
KPJCTa/IIM3ALIOHHbIe 00/1aCTH, COOTBETCTBYIOLINE Pas3lTNYHbIM (azaM, 0603HaUEHbI Pa3HBIM
IIBETOM.

I'mpporepManbHble peakuuyu INPOTEKanu B TedyeHue 36 9acoB B 23 M/ CTalbHBIX
aBTOK/IaBaX C Te(pJIOHOBBIMYU BCTaBKaMM, HarpeThiMu B neun Ao 200 °C. B koHIIe skcriepuMeHTa
ABTOK/IAaBBl ME[JIECHHO OXJIaXJanuch B TedeHme 48 wacoB. IIpofykTsl cuHTE30B
OTGWILTPOBBIBAINCh depe3 (GUIbTPOBAIbHYID Oymary. MOHOKPUCTaUIBI TpeX HOBBIX
CBMHIIOBBIX HUKeNeBbIX ceneHnToB - o-PbNi(SeO;), (c3.1), B-PbNi(SeOs), (¢3.2) u
PbNi»(SeO,0H)»(SeOs), (€3.3) - Obpumm OOHapyXeHBI B CMeCH C YK€ W3BECTHBIMU
coemmHenuamm: Ni(SeO;)(H,O) [Engelen et al. 1996], Nis(SeOs);(H,O) [Wildner 1991;
Mcmanus et al. 1991], Ni;,(OH)s(SeO;)s(OH), [Amords et al. 1996] u Pb(SeOs) [Popovkin et al.
1963; Fischer 1972; Koskenlinna and Valkonen 1977]. MoHOKpuCTa/IBl KOOAIbTOBOIO
cemernta a-PbCo(Se0;), (c3.4) 6pUIM HOMYYeHDBI B pe3yIbTaTe PeakLuy, aHaTOTUIHOI TOIL,
KOTOpas MCIIO/Ib30BAIACH /L1 cuHTe3a coepyHennst ¢3.1. ITonbrtku crHTesupoBars Co-aHaIorn
coemyHeHN €3.2 M 3.3, UCTIONB3yA AHATIOTMYHYI0 TEXHMKY, OKAa3amMCh Oe3yCIeNTHBIMIL
Kpucranipl HOBBIX CBUHI[OBBIX CeJIEHMTOB IPENCTaB/sIM coboit kenTele mronkm (c3.1),
JKe/IThle MpU3MaTHdeckue Kpucrawisl (€3.2), camaroBele mracTvHKy (c3.3) u ¢roneroBbie

uronku (c3.4) pasmepoM 10 300 pm.

Kpamkuii aHanu3 cuHme3upoeaHHsix ¢pasz e cucmeme

AHanus Bcex HOMYYEHHBIX KPUCTAUIMYECKUX (a3 B CUCTEMe AaeT BO3MOXKHOCTb IPOBECTH
rpyOyi0 panMOHaIM3ALNI0, OCHOBAHHYI Ha HAYa/IbHON CTEXMOMeTpuM 1 3HadeHmsx pH.
Coennuennie Pb(SeOs;) okasanmoch Hambonee dYacTO BCTpPEYaeMbIM B CHCTeMe ¥ ObIIO
OOGHApPY)KEHO C PA3IMYHON CTENEeHBI0 KPUCTAUIMYHOCTY B KAX/AOM TUAPOTEPMATBHOM
9KCIIepUMeHTe. DTO MOXET CBUAETE/IbCTBOBATh B IIO/Ib3Y NPENIOYNTAEMON KOMIIIEKCALINU
karnoHoB Pb?* anmonamu (SeO;)*” BHe 3aBucumocty ot pH cpenpl. Taxke crenyer o6patuth
BHUMaHme Ha (QopmupoBaHye OOraTbix CBUHI[OM COENUHEHMII B IIPaBOM YLy
KPUCTA/UIM3ALMOHHO JUarpaMMbl U CBOOOSHBIX OT CBUHIA HUKEJIEBBIX CEJIEHUTOB Ha JIEBOI
CTOpOHe Ha TpeyrojbHuke [1m66ca. ITOT pe3ynbrar, HECMOTPSI HAa CBOK OXNEAEMOCTb,
HAeMOHCTpUpyeT paboTy MeXaHU3MOB  KPMCTA/UIMYECKOTO  POCTa, KOHTPOIMPYEMBIX
KOHIIEHTpAaLMell B PaCTBOPe KAXKAOTO M3 yYacTBYIOLIMX B PeaKLuy KOMIIOHeHTOB. Hakowel,
OIIyCKasl CUCTeMaTHdecKoe HosiBienne coeqyaenus Pb(SeOs), MOXXHO 3aK/II0UNTD, YTO HU3KIE
3HadeHuss pH O6IarompuATCTBYIOT PEAKI[OHHON CIIOCOOHOCTYM IPOTOHMPOBAHHBIX TPYIII
(SeO,0H)" (Hampumep, B ¢3.3), Torfa Kak ceneHuTHbIe rpynnsl (SeOs)?” ZJOMUHMPYIOT B BOFHOI

Cpene Ipy BBICOKMX 3HadeHusax pH (Hanpumep, B monumopdax ¢3.1 u ¢3.2).
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2.3.2 CmpykmypHoe onucaHue 4embvipex HOB8bLX COeOUHeH Ul

Pone pH

Ins nomydenus 6ornbluelt MHGOPMALMY O peaKLMOHHBIX Ipoleccax B cucreMe PbO-NiO-
Se0,-H,O 6bu10 mpoBeneHo 6oiee rIybOKOe UCCIEROBaHIE OTHEIBHON CTEXMOMETPUIECKOI
cMecH, COOTBeTCTBYIoILeit Touke P; Ha auarpamme (PbO : NiO : SeO, = 5: 3 : 10), npu pasHbIx
3HayeHMAX pH BmioTh fo 7.5 (mpm Gonee BBHICOKMX 3HAUEHUAX B PAacTBOpE IPOVCXOANT
BocctaHoBneHne SeO, po Merammmueckoro y - Se [Pourbaix 1974; Takeno 2005]).
[TepememnanHbIe peareHTHI pacTBOPAMNCH B 1.75 M BogHOM pactBope NaOH s joctiokeHns
HeoOxoAMMbIX 3HaueHuit pH. 3aTeM ImpuMeHsIach KIaccuueckasi TUAPOTEPMaTIbHAs TEXHUKA.
Cepyisi TONTyYeHHBIX IPOAYKTOB CUHTE3a B 3aBUCUMOCTH OT 3HaueHnit pH nokasana Ha puc. 3.16.
ST pe3ynbTaThl HAILATHO NEMOHCTPUPYIOT CylleCTBeHHOe BimaHMe pH cpefpl Ha cTeleHb
KOHJIEHCAllMY VIOHOB B TUApOTepManbHOM pacTBope. Coenunenne Pb(SeOs) BHOBb 0Kasanoch
CaMBbIM CTaOMIBbHBIM IIPY MIOOBIX 3HaYeHNAX pH. B oTHOIIEHNN BCeX APYIMX CHHTE3VPOBaHHBIX
¢$a3s MOXHO cfenaTb CIeAyOIUII BBIBOA: MOJIEKY/IBI BOABL M 3aTeM IVAPOKCUJ-aHMOHBI
IIPOTPECCUBHO BXOMAT B CTPYKTYPbI coeiuHeHnii ¢ pocroMm pH. B wactHoctn, mpu pH 1.5-2.5
06pasyloTcsi TONBKO KOHJIEHCHPOBaHHBIE COefuHeHus, Takue Kak a-PbNi(SeOs), (¢3.1) u
Pb(SeO;). Peakums, mporekatomass npyu pH 3.5, mpuBoauT K 006pasoBaHMIO COEIVHEHIs
Ni3(SeOs)s(H,O), B koTopoM ofHa TpeTh KaTHOHOB Ni** KOOPAMHMPYETCsI MOJIEKY/IaMU BOJBL.
Poct pH 10 5.0-6.0 3aMeTHO yBeMuMBaeT BXOXKeHMEe BOTHBIX MOJIEKYI /WY TUPOKCUIbHBIX
TPYNII B CTPYKTYpBI COefMHeHuit u fenaer Bo3MOXHbIM cuHTe3 Nijp(OH)e(SeO;)s(OH), u
Ni(SeOs)(H;O). Kpucrammyeckas CTpyKTypa IIOCTIe[HEr0 COefVHEeHMsA coOpaHa TOJBbKO U3
nomappos NiOs(H,O), Torga kax B Ty6y/sipHOIt crpykrype Nio(OH),(SeO;)s(OH)s monmoBuHa
Ho3MIMII HuKels obpasyer mporoHumpoBaHHble okTasnpsl NiOs(OH). ITpm snavenun pH

6ornpbie 7.0 06pasyercs TONbKO 04eHb cTabuibHast B cucreMe dasa Pb(SeOs).

2.3.2 CTpyKTypHOe onucaHue YeTbipex HOBbIX COeANHEHU

a-PbM(Se0:); (M = Ni?*, Co*")

Msocrpykrypnble coemmHenusa c3.1 um ¢3.4 ocHoBaHbl Ha 3D KapKacax, IIOCTPOEHHBIX U3
aHMOHHBIX KOMIUIEKCOB (SeOs)* n (MQOg)' (M = Ni**, Co*"), o6bennHeHHBIX Yepe3 obiye
KICTIOPOJHble BepiunHsbl (puc. 3.2). B cTpyKkType HaxOAMUTCS OfHA CUMMETPUYHO He3aBICHMAst
mosunus M?**, ¢opmupyromas mpaBuiabHbI okTaspp (MOg)!". Takxe B CTpyKType Ha
GOpPMYNIbHYI0 eAMHUIy IPUXOJUTCS [iBa aToMa Se, KOTOpble OOpasyloT THUIINYHbIE
TpuroHanbHble nupamupbl (SeOs)*. Kpucramtorpadudueckn enmHcTBeHHas mosuums Pb*
okpyxeHa aromamu O, mpusamrexammmy rpynmam (SeOs3)* u (MOe)'*. Karmonst Pb**
0671a/1al0T HeCMMETPUYHON KOOPAMHALIMEN CO CTepeOXMMMYECK! aKTMBHON HeIOofeleHHO

97IEKTPOHHOJ I1apoJi, HAaIpaBJIeHHON BHYTPb IIONIOCTeit B CcTpykType. Ha puc. 3.26
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2.3 Kpucmamzoxumuuecrcoe uccnedosanue HOBbLX CeNleHUMO8 HUKess U Ko6anoma

3D MeTaqmm4ecKuil KaTMOHHBIN KapKac KPUCTa/UIMYECKUX CTPYKTYp coepmuHenuit ¢3.1 un ¢3.4
HpeicTaBleH B BMAe 4YepHO-Oenoro rpada, B KOTOPOM 4YepHble U Oeble BepUIMHBI
CUMBOU3UPYIOT KOODAVHAILOHHbIE IIONMAAPHI KaTMOHOB M** m Se** cOOTBeTCTBEHHO.
Ha mnpusenmenHom rpade xopouio BupHO, Kak mommafpsl SeO; m MOs TOIONTOTMYECKN
CBA3BIBAIOTCA B CTIOXKHBIN 3D Kapkac, B KOTOPOM 0OHAapy>XMBAIOTCA MPsAMOYTONIbHBIE KaHAIBI,
BBITAHYTBIe BHONAb HampableHuA [010] v 3aHATbIe KaTMOHAMM CBMHIA VM HEIOJeJIeHHBIMU
37IEKTPOHHBIMY ITapaMy YeTbIpeXBaIeHTHBIX KATMOHOB celeHa. B mpoexuny Ha mrockocts (010)
KaHa/Ibl PacIIOIaraloTCs B3ayMHO IEePIEeHIMKY/IPHO, OPUEHTUPYACh IOOYepeHO BROMb [201]
u [20-1] B COOTBETCTBMM C IPOCTPAHCTBEHHON TIpymmoit cumMmeTpuu Pnma. Kananbl
orpaHudens! mectbio MOg 1 mectpio SeO; nomuapgpamu (puc. 3.2a). [IByXBaleHTHbIC KaTUOHBDI
CBUMHIJA PACIO/IAralOTCA B CTPYKTYPHBIX MOJIOCTAX ¥ YPABHOBEIINBAIOT OTPULIATENbHBIN 3apAL,
KapkacoB coefyHeHmit ¢3.1 um c3.4. [leranibHOe ONMCAaHME KPUCTANINYECKON CTPYKTYpPbI

coenmuenmit ¢3.1 u ¢3.4 npuseneno B cratbe A-IV (cm. Included Articles).

PMCYHOK 3.2 Ob6miasg mpoekuuss KPUCTA/UIMYECKMX CTPYKTYp coemuHeHmii  a-PbM(SeOs):
(M = Ni** (c3.1), Co** (c3.4)) Boonp kpucramiorpadudeckoit ocu b — (a) 1 COOTBETCTBYIOIINIT YePHO-
6enbii rpad — (6); kKaTnoHsr M?* 1 Se** n306paskeHBI YePHBIMI U OEIBIMI KPY)KKaMIl COOTBETCTBEHHO

ﬂ—PbNi( 5903)2

Kpucrannmyeckas cTpyKTypa coefiuHeHUA €3.2 COep>KUT OAVH CUMMETPUYHO He3aBUCHMBIN
katmoH Ni*, KoTopsil ¢opmupyer cmerka MCKaXeHHbIT okrtasap NiOg  [IBe
KpYUCTa/IOrpadpuiecKy He9KBUBATEHTHbIE TO3MIUK Se*" MMEI0T TPUTOHAIBHO MUPAMU/ATbHYIO
KoopAMHaLM0. B cTpykType €3.2 KOOpAMHALMOHHBI MOMUSLP €fUHCTBEHHOTO MoHa Pb**
ABNAETCA HECMMMETPUYHBIM M ABHO YKasbIBaeT Ha IIONOXKEHME CTEPEOXMMUYECKM aKTUBHO

HeTIO/[e/IeHHOII 9/IeKTPOHHOII mapsI 65°. ITo aHanmoruu co crpykTypoit a—dopmsi (¢3.1), f-bopma
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2.3.2 CmpykmypHoe onucaHue 4embvipex HOB8bLX COeOUHeH UL

IIOCTPOEHA M3 M30/MMPOBaHHBIX OKTasapoB NiOg, cBA3aHHBIX MeXAy coboil rpymmamu SeOs
yepes oOIiMe KMUCTIOpORHble BepiinHbL. OIHAKO CIIOCOO CBASBIBAaHMA IIONMAAPOB B 0benx
CTpyKTypax ormmdaerca. Kpucrammdeckas cTpykrypa coenuHenus ¢3.2 (puc. 3.3) oka3bIBaeTCA
CYILIECTBEHHO C/IOMCTON, OCHOBaHHOI Ha cnoax [Ni(SeO;),]*, mexaumx mapanienpHo
mwiockocty  (001). HermogpeneHHble 37€KTPOHHbIE Iapbl KaTMOHOB Se'' HallpaBleHbl B
MEeXC/I0eBOe MPOCTPAHCTBO BRONMb HampasneHus [001]. IIycTOTI B CTPYKType 3aIlONHAIOTCA
KaToHaMyu Pb*, KOTOpble YpaBHOBEIIMBAIOT 3apsi ¥ CBS3BIBAIOT CIOM MeEXAY COOOIL.
Kparuaitmee Mexcrnoesoe paccrosume O--O cocrapnser okomo 3.36 A, uro samerso
IIPEBOCXOJUT CyMMy BaH-fiep-BaanbcoBbIX pafilycoB U yKasblBaeT Ha ABHbIN 2D Xapakrep
CTPYKTYPBL

YepHo-6embiit rpad), COOTBETCTBYIOLINIT CTIOUCTOMY HMKe/Ib-CEIEHUTHOMY KOMILIEKCY,
NoKasaH Ha puc. 3.38. Takas TOIOMOIMA CIOSA ABAETCA OJHOI U3 CAMBIX PaCIPOCTPaHEHHBIX B
u3BeCTHbIX 2D Heopranmdeckmx okcocomsix [Krivovichev 2004; Krivovichev 2009].
HenenTpocnMMeTpUYHBI XapaKTep CTPYKTYpPhI COeiIMHERNA €3.2 XOPOIIO BU/IeH Ha puc. 3.3a,
I7ie Bce BepIunHbl nupamuj SeO; B CTPYKType OpMEHTUPOBAHbBI «BBepX». [leTalbHOE ONMCaHue
KPUCTAINIECKOII CTPYKTYphl coefmHeHus c3.2 mpusemeHo B cratbe A-IV (cm. Included
Articles).

PUCYHOK 3.3  Kpucrammudeckas crpykrypa P-PbNi(SeOs): (¢3.2) B AByX pasHBIX IPOEKIMAX —
(a) u (6); yepHo-6enslit rpad, coorBercTByOWMII Ni-Se ¢1010 B CTpyKType — (B)
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2.3 Kpucmamzoxumuuecrcoe uccnedosanue HOBbLX CeNleHUMO8 HUKess U Ko6anoma

PbNiz(SGOzOH)z(SeO3)2

B kpucranmmgeckoi cTpykType €3.3 IpUCYTCTBYIOT IB€ CMMMETPUYHO HE3aBUCUMbIE TIO3ULIN,
3aHsATBle KaTvoHamu Ni**, KOTOopble OOTafjaloT HOCTATOYHO MPABUIBHBIM OKTadIpUYECKUM
OKpyXXeHreM. Yerblpe KpucTauiorpagudecky HeIKBUBATEHTHBIX KaTMoOHa Se'* OKpyKeHbl
TpeMsi aTOMaMM KHUC/IOPOAa, obpasys TpUIOHa/IbHble ImupaMmupbl. IIpym sToM ABe M3 HMX
OKa3bIBAIOTCsI IIPOTOHMPOBAHHBIMY, (opMupys uckaxenusle rpynmel (Se(3)0,0OH)™ u
(Se(4)O,0OH)" ¢ opHOI yAIVMHEHHON ¥ ABYMs KopoTkumu cBassamu Se-O. JIBa cUMMeTpUYHO
He3aBMCUMBIX KaTumoHa Pb?' KOOpAMHMpPOBaHBI BOCEMBIO aTOMaMy, 00pasysl MCKaKeHHbIE
KBaJIpaTHble aHTUIIPYU3MBbI C HENIOZe/IEHHBIMIL 3JIEKTPOHHBIMY IIapaMyl, OPYEHTVPOBAHHBIMI B
CTOPOHY Y/IMHEHHBIX KUCTIOPOJHBIX KOHTAKTOB.

B crpykrype €3.3 okTasgpsl NiOg 00beAMHAIOTCA Yepes 0011yIe KMCIOPOHbIE BEPIIHDI
¢ rpynnamu SeOs, popmupys 3D xapkac ¢ KaHamamu BRojib Hampasienus [010] (puc. 3.4a).
Yerbipe KpucTa/urorpaduyeckyt He3aBUCUMBIX KaHajla 3aHATHI I00YEPeHO ABYXBaJEHTHBIMU
KaTMOHAMJ CBMHIIA I HeIIOJe/ICHHBIMY 3JIeKTPOHHBIMU ITapaMJ YeThIpeXBa/ICHTHBIX KaTVIOHOB

CeJICHaA.

PUICYHOK 3.4  O6uye mpoeKuuy KpUCTaINIeCKOI CTPYKTypbl coefuHerns PbNix(SeO20H),(SeOs):
(c3.3) Bponp kpucramiorpaduyeckux oceit b u ¢ — (a) u (6); yepHo-6enbiit rpad — (B); yBeNMUIEHHBIN
(dparMeHT cTpyKTypHI — (T)

ITpn B3I/IAZe Ha MPOEKLMIO CTPYKTYPhl Ha IUIOCKOCTb (d, ¢) MOXXET CIIOXXUTHCS
BIleYyaT/IeHue, 4To nmo3uuuu Pb(1) u Pb(2) sxBuBaneHTHBI, a 9/1leMeHTapHas A4elika CTPYKTYpPbl
IO/DKHA MMeTh B JIBa pasa MeHbLINiT 06beM. [JoKa3aTenbCTBOM IPaBUIBHOCTI BBIOOpA SUEIKU

n KpI/ICTaIIHOI‘pa(l)I/I‘{eCKOI‘O pasmmansa MEXIy KaTMOHaMI CBMHIA MOJKET CITY>KUTD ITPOEKINA
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2.3.2 CmpykmypHoe onucaHue 4embvipex HOB8bLX COeOUHEH U]

CTPYKTypbl ~Ha IUIOCKOCTb (4, b), TOKasblBamoIjas KaHAIbl, MAYIIME  BJOJb
KpUCTAUIOTpaddecKoil OCH ¢, ¥ PacllONO>KeHHbIe B HMX He9KBMBaJIeHTHbIe mo3uuy Pb(1) u
Pb(2) (puc. 3.46).

Pucynok 3.4B comepxuT depHO-6enplit rpad, cooTBeTcTByROMMIT 3D MeTa/IMIecKoMy
KaTMOHHOMY Kapkacy coegmHeHus c¢3.3. Ero Tomosnorust 61mM3Ko CBsi3aHa CO CTPYKTYPOI
coemunenust PbFe;(SeO;)s [Johnston and Harrison 2004] u mpepcrasiisier co60ii MHTEPECHYIO
BapHUaII0 IPUMUTUBHON Kybudeckoit cetku (pcu) [Krivovichev 2014]. etanbHoe ommcaHme
KPVICTa/UINIECKO CTPYKTYpHl coenmuHeHmsa ¢3.3 mpusemeHo B cratbe A-IV (cm. Included

Articles).



24 Kpuctannoxmmumuyeckoe nccnegosaHme saHapaT-
ceneHnToB

OcHOBHbIEe KpuCTa/UIOTpadyieckne CBEfeHUs] M MApaMeTpPbl YTOUYHEHMs KPUCTAIMIECKUX
CTPYKTYp Tpex HOBBIX coepyHeHmit: P—(V,05)(Se0;), (c4.1), Pbr(VO)(SeOs); (c4.2) u

B-Pb4(V305)2(Se0s)3(H,0) (c4.3), onmcaHHbIX B 9TOJ [71aBe, IPeCTaBIeHsbI B Ta0 . 4.1.

TABJIVIIA 4.1 Kpucrannorpaguueckie cBeieHNsA U IapaMeTpbl yTOYHEHWs CTPYKTYpP COeNVHEHMI
B-(V2053)(SeOs)2 (c4.1), Pb2(VO)(SeOs)s (c4.2) n P-Pba(V30s)2(Se0s5)3(H20) (c4.3)

c4.1 c4.2 c4.3
M, (r momp™) 403.80 862.20 1789.30
MPOCTPaHCTBEHHAs TPyIIa P2,/c P2i/n P-1
a(A) 7.1812(3) 5.1938(3) 7.1425(2)
b(A) 7.0753(2) 16.1141(9) 7.1933(2)
c(h) 14.0486(5) 11.2533(6) 21.5261(7)
a(®) 90 90 90.0190(10)
B©) 101.5462(15) 90.527(2) 98.1800(10)
y(©) 90 90 94.5980(10)
V(&) 699.35(4) 941.79(9) 1091.12(6)
V4 4 4 2
p (t/em®) 3.835 6.081 5.446
u(mm) 13.105 48.272 38.305
% (MoKy) (A) 0.71073 0.71073 0.71073
Bcero pedr. 7488 9381 21653
He3aBMuC. pedIL. 2126 3062 6579
Rint 0.0252 0.0305 0.0272
R [I>20(D)] 0.0232 0.0236 0.0260
WR, [1>20(1)] 0.0503 0.0411 0.0535
R [all data] 0.0298 0.0322 0.0302
WwR, [all data] 0.0527 0.0429 0.0549
GOF 1.065 1.059 1.042
ApmaxsApmin (€ A7) 1.03, -0.49 1.40, -1.34 5.06, -2.96

2.4.1 Cnoco6bl CUHTEe3a CBUHLOBbIX BaHAAAT-Ce/IeHUTOB

Tpoituyio cucremy PbO-VO,—SeO, uccnenopaTtenyu Hadamy n3y4aTb COBCEeM HelaBHO, 1
K HACTOsAIIEeMYy BpeMeHU B Heil ObUIO OOHAPYXKEHO TOJBKO ILIECTh CMEIIaHHOMETATbHBIX
Kpuctamnunaecknx ¢as: Pb(V*,05)(SeOs), [Li et al. 2010], Pb,(V*0);3(SeOs)s [Li et al. 2010],
Pb4(V>70,)2(Se03)4(Se;05) [Yeon et al. 2012], a—Pb,4(V>*305),(SeOs);(H,O) [Cao et al. 2014],
Pb,(V**0,)(Se03),Cl [Cao et al. 2014] u Pb(V>*O,)(SeOs)F [Cao et al. 2014]. danbHeitmee
pasBUTHE 3TOTO HANPABJEHNUA IMOCTYXWIO MOTMBAIMEll J/ BBINOTHEHMA NAHHON YacTu
HACTOAIIETO AMCCEPTAlMOHHOTO JICC/IENOBAaHNA. DONMbIIMHCTBO M3 YIIOMAHYTBIX COENVMHEHMI
OBbIIV CMHTE3VPOBaHbI IMAPOTEPMATbHBIM METOROM IpH TeMiepaTypax 200-230°C, 4to BrionHe

0XXI/faeMO BBU/Y BBICOKOJ PaCTBOPMMOCTH M MOABIDKHOCTY aHMOHOB (Se*"O;)*” B pacTBope,
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2.4.1 Cnocobbvl cunmesa c6UHU0BbLX BaHAOAM-CEIEHUMO08

a Takke Toro (akra, 9To okcocomm Pb* mpempacmonoxeHs! K $pazoo0pasoBaHMI0 UMEHHO B
BOIHBIX YCIOBUAX, YTO OBUIO IPOJZEMOHCTPMPOBAHO IPEHbIAYLIMMHU pesyabTaTamMu. [IBa
coequHenuA — Pby(V>*0,),(Se03)4(Se;0s) [Yeon et al. 2012] u Pb,(V>*0,)(SeOs),Cl [Cao et al.
2014] - 6bu cunTesupoBansl MerofoM XI'T peakiuit. CTOUT OTMETUTb, YTO IIOC/IELHEE
coefMHeHNe OBUTO TaKXKe IMOYYEeHO U TUApoTepManbHbIM MeTofoM [Cao et al. 2014].
CuHTE3MpOBaHHBIE B paMKaxX HACTOsALIE pabOThl MOHOKPICTA/UIBI HOBOTO COEIVHEHIS
B-(V>*,0;5)(Se0s), (c4.1) 65Ut BeipaieHst MetogoM XI'T peakipyit, onmmcaHHbIM B paspere 2.1,
a HoBble cBuHenconepxkamue dasel — Pby(VH0)(Se0s)s (c4.2) u B-Pba(V>*30s),(Se0s);(H,0)
(c4.3) - ObUM HONyYeHBl IIyTeM MCIONb30BaHUA TUAPOTEPMATBHOIO METOAa B IIpoliecce
usydeHna (asoBBIX AMarpaMM TPOUHBIX cucTeM. VI3-3a orpaHM4YeHNs BpeMeHI,
«IMApPOTEpMaIbHble» KPUCTAIM3ALMOHHbIe Ayarpammbl cucteM ¢ PbO u ¢ PbCl, He 6bumn
M3Y4YeHBI TaK HOFPOOHO U CHCTEMATUYECK, KaK 9TO ObIIO CHEIaHO /sl HUKETEBOM CHCTEMBI,
omnucanHoll B rmase 2.3.1. Hacroamee wnccnegoBanme, Kak U IIpeXpe, COCTOSIO B
9KCIIEpMMEHTAIPHOM M3y4eHMM KOMOMHAIVII MONAPHBIX COOTHOIIEHUII HadyalbHBIX

KOMIIOHEHTOB CMCTEMBI, HAHECEHHBIX Ha TpeyronbHuk I'nbbca (puc. 4.1).

PVICYHOK 4.1  OkcnepuMeHTanbHbIE KPUCTa//I3aLIOHHbIE AyarpaMMbl cucrem
PbCL-V205-Se0-H:0 (a) u PbO-V:05-Se0.-H.O (6) mpu 200 °C. Obmactu ¢ pasnuaHbIMM
3HavyeHuAMYU pH nokasaHbl B pOHe OTTEHKaMM CEpPOro

Kpucranmnmnaeckie MOPOAYKTHI CUHTE30B ObUIM IPOAHAIM3MPOBAHBI IPU IIOMOILU
MOHOKPUCTAIbHOI (17151 06erx cucteM) u mopoiukosoit (ans cuctremsl PbO-V,05—Se0,—H,0)
PEHTTeHOBCKON M pakTOMeTpuu. BbIIo yCTaHOBIIEHO, YTO, KaK U B ciy4dae ¢ cucreMoit ¢ Ni,
IPOL[ECCH CAMOOKMC/IEHNS IPOXOAMIN 3a cueT peakuuu SeO, ¢ BOZOI COIIACHO CIEAYIOLIVIM

XVMMWYECKNM p€aKUAM:
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2.4 Kpucmamzoxumuuectcoe uccnedosarue 8aHadam-ceneHumos

SeO, + H,O <> H,Se0; (1)
H,Se0; > H* + (HSeOs)" (pK, = 2.62) @)
(HSeOs;)” <> H* + (Se05)* (pK,=8.32) 3)

B cucreme PbCL-V,05-SeO,-H,O pommuupylommmu  ¢dasamMmu  OKas3alIuch
Pb,(VO,)(Se0;),Cl [Cao et al. 2014] n Pb(VO;)Cl [Jo et al. 2009], Torma kak mpocTbie
coepguuenusa PbCl, wmm Pb(V,0;) kpucrammmsoBanuch cOOTBeTCTBEHHO B 6oraTbix PbCl, mmm
V,0s obnactsax pmarpammbel. Vicnonb3oBanme PbO B kadecTBe Ha4anbHOTO KOMIIOHEHTA
CHCTeMbl BMECTO XJIOpMAA CBMHIJA IPUBENO K 6ormee pasHooOpasHOMY (a3000pasoBaHMUIO B
cucTeMe. B pesy/braTe B KaXHOI U3 CUCTeM OBIIO MONTY4eHO IO OFHOMY HOBOMY COEIVMHEHMUIO:
Pb,(V*0)(Se0s); (c4.2) 1 B-Pby(V°*305)2(Se03)s(H,0) (c4.3), onmcaHHBIX B C/IEAYIOLIEN IT1aBe

AaHHOI'O pa3jera.

2.4.2 CTpyKTypHOe onucaHue Tpex HOBbIX ¢a3

B-(V203)(Se03):

Kpucramnmuueckas crpykrypa HoBoit monumopduoit B-mopuduxamyu (V,0;)(SeOs), (c4.1)
COMep>KMT JIBa HE3aBUCUMBIX KaTuoHa V°* um pgBa Katmona Se**. Artomsl B mosuumm V(1)
KOOP[MHIPOBAHbI LIECTHI0 aTOMaMM KICIIOpO#a ¢ 06pasoBaHMeEM HEIPABIIBHOTO OKTadpa
[1+4+1,], xapaktepHoro mms V°* ¢ opuoit xoporkoit (V(1)-O(4) = 1.586 A) u onmoit
yamuaenHoit (V(1)-O(3) = 2.385 A) ceaspio. Katnonst mosunmu V(2) 00pasyioT KBafjpaTHbIE
nupamupsl [1+44] ¢ ogHOI KOpoTKoit cBsasbio V(2)-O(9) = 1.570 A. Tlogo6uas KOOPIVMHAIVS
ObTa O6HApY>KeHa, K mpuMepy, B cTpyKTypax coepunennit A,Cd(VO)(V,0,).Cl (A = Rb, TI)
[Mertens and Miiller-Buschbaum 1997]. Karuonst Se** 06pasyior xapakrepHble TPUTOHAIbHbIE
nupamuabl  (SeOs)*” €O CTEPEOaKTMBHBIMU  HEMONENEHHBIMI  3NIEKTPOHHBIMU  TIAPaMIL,
BBICTYMAIOI[MMI B PO/ JOIIOTTHUTEIbHBIX IUTAH/OB.

B cTpyxrype c4.1 mapa BaHafaTHBIX OKTAa3APOB, COYWIEHEHHBIX IO Pebpy, 00befuHIETCs
4epe3 OOILIMEe KUC/IOPOJHbIE BEPIIMHBI C HBYMS COCENHMMM KBa[JPaTHBIMU IMPAMULAMIU,
o6pasys terpamep (V4015)'*” (puc. 4.2a).

CeeHnTHBIE AHMOHBI UTPAIOT PasHble CTPYKTYPHbIE pomy. TpPUTrOHANbHbIE MUPAMI/BI
Se(2)O3 mpUCOERUHSIOTCS K TeTpaMepy TaKuM OOpasoM, YTO CeJIeHUTHbIE TPEYro/IbHbIE
ocuoBauyss O-O-O OKasbIBAIOTCs Mapa/UleNbHBIMU IUIOCKOCTY TeTpamepa, o6pasoBaHHOIM
4eTbIpbMsi aromMamyu BaHapus. Ipymmer Se(1)O3 pacmonaraloTcst MeXAy BaHAJaTHBIMIU
TeTpaMepaMyl U CBSI3BIBAIOT MX MEXAY COOOI B METa/UI-OKCUJHbIE CJIOU IIyTeM O6pasOBaHMs
MOCTUMKOBBIX cBsseil. ClIouCTble BaHa[aT-CeJIEeHUTHblE KOMIUIEKCHI C  MEXKCIOEBbIM

paccTosHueM OKO/MO 3.3 A OpMEeHTMPOBaHbBI HapaienbHO IIockoctyu (-201). CTpykTypHOI
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2.4.2 CmpyxkmypHoe onucanue mpex Ho6bix as

0COOEHHOCTDIO 3TOTO THUIIA CJIO€B, B NOIIO/THEHME K €TI0 SHeKTpOHeﬂTpaHbHOCTM ABIACTCA TAKXKE

Ha/In4ye BBITSHYTHIX KAHAJIOB BO/Ib HanpasieHus [100] pasmepamu okomno 3 x 10 A2

PYCYHOK 4.2  IIpoexumy KpUCTa/UIMYECKUX CTPYKTYP U poTorpaduyt KpUCTamIoB coefyiHeHmit c4.1,
c4.2, 4.3 n a-Pbs(V30s)2(Se03)3(H20). Oxrasgper VOs, kBagparsie mypamupsl VOs, TpUrOHAIbHBIE

mpamupsl SeOs 11 KaTHoHBI Pb?* IIoKasaHbI COOTBETCTBEHHO CHHIM, 3€/IEHBIM, OPAHXKEBBIM U CePbIM

Monumopgusm (V>03)(Se0:)

Kpucranmmaeckue cTpykTypsl gByx nonmumopdusix Mogudukarmit — a—(V,05)(SeO;), [Lee and
Kwon 1996] u B-(V,03)(SeO;), (c4.1) — copmepskaT BaHafaTHbIE TeTpaMepHbIe CTPYKTYpPHbIE
KOMIIZIEKCBI pasHolt reoMerpuy. CTPyKTypa o-MOAM(MKALNMM OCHOBaHA Ha IIETOYKaX,
BBITSIHYTBIX BJO/Ib KpUCTaIorpadmueckort ocu a u cocrosux u3 nupamup (SeOs)* u
KBafipaTHbIX TeTpamepoB (V,01;5)'", n306pakeHHbIX Ha puc. 4.3a. DT TeTpaMepsl MOCTPOEHbI
U3 [BYX Iap peOGepHOCOYIEHEHHBIX OKTadApOB V>, CBA3aHHBIX Yepe3 OOIIe KUCTOPOSHbIE
BepIIVHBL. V°' IIEHTPbI MMEIOT HOCTATOYHO IIPABIJIBHYIO IIOCKYIO KBafPaTHYI0 TeOMETPUIO C
B3aMIMHO MepIeHIUKYIApHbIMU paccrosgumsamu V(1)--V(2), pasubivu 3.41 A u 3.53 A, a Taxoke
yrmamu V-V-V B auanasoHe Mexny 88.7° n 91.3°. B crpykrype xe p-dopmsr (c4.1) TeTpamep
uMeeT KpectoobpasHyo ¢opmy (puc. 4.36). [IBa B3ayMHO NepHIEHAMKYIAPHBIX PaCCTOSHUA
V(1)-V(1) n V(2)--V(2)' cocraBmsior 3.20 A 1 6.28 A cooTBeTcTBEHHO.
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2.4 Kpucmamzoxumuuectcoe uccnedosarue 8aHadam-ceneHumos

PMICYHOK 4.3  BaHapaTHble TeTpaMepHble KOMIUIEKCHI B CTPYKTypax coemunenuit a— (V203)(SeOs): n
B-(V205)(SeOs):2 (c4.1) - (a) u (6) cOOTBETCTBEHHO

Cremyer OTMeTUTb, UYTO KPUCTAUIMYECKUME CTPYKTYPBl 00enX IOIMMOPQHBIX
MopudUKanmii HaXOAATCS B TECHONM CBA3K C TPYIIION COENVHEHWII, CXORHBIX C HUMU IIO
XVMIYECKOMY COCTaBy, HO oTanyamouumxcsa 1mno crpykrype: (V,0;)(TeO;), [Darriet and Galy
1973; Millet et al. 1999] u (V,0;)(X0,), (X =S, Se) [Tudo et al. 1969; Richter and Mattes 1992;
Tyutyunnik et al. 2010]. Takoe MmHOroo6pasme CTPyKTypHBIX (OpM, HabIIOfaoIieecss Y
XUMMIECKM HOXOKMX (a3, MOKeT ObITb OOYC/IOBIEHO NPUCYTCTBUEM pasHbIX II0 CBOEIl
HPO‘IHOCTI/I KOPOTKI/IX, 3KBaTOpI/IaHbHI)IX U JIMHHbBIX CBHSC]\/‘I B HOTH/I3,Han VO,,, 4YTO B pesyanaTe
Y IPUBOJANT K IIPOSIB/IEHNIO ITonnMop¢u3Ma. HecuMMeTpudHbIe CeJIeHUTHBIE VTN TeJUTyPUTHbIE
OKCOAQHMOHBI CO CTepeOXI/IMI/I‘IeCKI/I AKTVBHBIMIM HENOOCTICHHBIMI BHeKTpOHHI)IMI/I HapaMI/I

TAaK)Ke BHOCST CBOJI BK/IAZ B PasHOOOpa3ue CTPYKTYPHBIX apXUTEKTYP IMOFOOHBIX COeVHEHNIL.

Pb2(V#0)(Se03)3

Ta dasa cylecTBEHHBIM 006pa3oM OTINYAETCS OT APYIUX IOTyIeHHBIX BAHATAT CEIEHUTOB TEM,
9TO COMEP)XUT TaK HasbiBaeMmble 8aHadun-uonel (V=0)>'. B KpuCTa//IM4eckoil CTPYKType
coemmuenust  Pb,(V*O)(SeOs);  (c4.2)  Haxommrcs  OfHa  KPUCTAUIOTpaduUdIecKu
HeIKBMBAIEHTHas MO3uULus V*, KOOpAMHMPOBAHHAs IIECTBIO AaTOMaMM KUCTIOPO#a U
o6pasyromast n3ompoBaHHbli 0KTasfp (VOs)*. OH copep>XUT OfHY KOPOTKYIO BaHaAVIbHYIO
caspb (V(1)-O(7) = 1.615 A), getbipe cBasu co cpemueit mmHoi 2.035 A B axBaTOpUaTbHOI
TIIOCKOCTM OKTa3f[pa 1 OIHY YKOpoueHHyIo mparc-ceasb (V(1)-O(5) = 2.096 A). Iloasnenne
TaKOJl YKOPOYEHHON INECTOM CBA3M HETUIIMYHO [I COENMHEHMII C OKTad[ApUYeCKUMU
HO3MIMAMM 4deThIpexBasieHTHOro BaHamus [Schindler et al. 2000], mis KOTOpPBIX XapakTepHa
JUTMHA mparc-cBasu okono 2.2 A. Tem He MeHee Takas 0COGEHHOCTD ye 6biTa BCTpedeHa B
CTPYKTYpaX HeKOTOPBIX coemyHeHmi, Hampumep, A>(VO);(P,O5), (A = Rb, K) [Leclaire et al.
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2.4.2 CmpyxkmypHoe onucanue mpex Ho6bix as

1988; Lii et al. 1990]. B oboux crydasix mecras «JanbHss» KICIOPOFHAs BepIINHA OKTadfpa
cBs3biBaeTcsa ¢ okcoanmoHamu SeOs; wim P,O;, Torma Kak BaHaOWIBHBIN aTOM KMCIIOPOAA
OCTaeTCsi TepMMHAIbHBIM, 00pasys eIMHCTBEHHYI0 KOPOTKyI0 ABOJHYI0 cBsispb V=0. Tpu
He3aBMCUMBIX aTOMa CeJieHa B CTPYKType HAXOAATCA B CTEIEHM OKUCIeHMs +4 m 0Opasyior
TUNNYHbIe TpUroHaabHble mupamuasl (SeOs)*. CTpykTypa coenmHenns c4.2 TaKXKe COEPKUT
IBe CUMMETPUYHO HesaBucuMble nosuuuu Pb**. Oba CBUHIIOBBIX KaTHOHA OKPY>KEHBI A€CATHIO
aToMaMM KVCTOpPOZa, SIBMAIIMMUCS OOLIVMM IJIs1 BaHAaJATHBIX U CeMeHUTHBIX rpymm. Oba
KaTroHa Pb** 006/majaloT KOPOTKMMM TIPOYHBIMU CBA3siMM Pb—O B OHOI KOOPAMHAI[MOHHON
cepe v AIMHHBIMY — B [PYTOIL.

Crpykrypa coefuHeHNs c4.2 MOXeT pacCMaTpUBAaTbCA KaK OCHOBAaHHasA Ha BaHAfIaT-
CEJICHUTHBIX LIETIOYKaX, MEeX/y KOTOPBIMI PACIIONIAraloTCs KaTMOHBI IByXBaJIeHTHOTO CBMHIIA,
cBaspiBarotiye 1D kommekcel B 3D kapkac (puc. 4.26). VisonupoBaHHble BaHaaTHbIE OKTa3PbI
06beIVMHAIOTCA MATHIO KUCTOPOSHBIMYU BEPUIMHAMY C COCETHUMMU CENEHUTHBIMU TPYIIIAMIA,
bopmupys nenoukn [(VO,)(SeOs)s]*, mporsHyTsie Bons Kpucramiorpadudaeckoit ocu a. [ise
OupeHTaTHble TpUroHanbHble upamunst Se(2)O; 1 Se(3)O; cBs3bIBAIOT MEX/Y cO00I cocenHIe
oktasupsl V(1)Og. CenenmrHas rpymma Se(1)O; ABsgeTca MOHOJEHTATHON M CBA3BIBACTCA
TOJIBKO Yepe3 OfIHY KUC/IOPOJHYIO BEPUIMHY C OKTas#poM BaHafuA. CTPYKTYPy COeIMHEHNA
MOXXHO TaK>ke pacCMaTpMBaTh KaK CIOXKeHHYI0 U3 2D KOMIIIEKCOB, COOpaHHBIX VX BaHaJaT-
CeTIEHUTHBIX 1IeNoYeK, JieXalux napamiensHo mwiockoctu (010). C Takoil TOYKM 3peHMs 3a

CBSI3b MEX/Iy CJIOSIMY OTBEYAIOT KaTMOHBI ABYXBAJIECHTHOTO cBMHIA (puc. 4.20).

B-Pb4(V305):(Se03)s(H20)

Hosast nomumopduas B-moanduxanms coegunennst Pby(V30s)2(Se0;)s(H,0) (c4.3) comepxnt
wectp V>, Tpu Se** u yerbipe Pb’* KaTMOHa B OIHOI 3/eMeHTapHON sdeiike. KaruoHsi
IATMBAJICHTHOTO BaHafys 00JIafaloT LIECTEPHON M IATEPHON KOOPAMHALMAMM. ATOMBL B
nosuiysax V(1), V(2) u V(4) oktasgpudecky KOOpAMHUPOBaHsI [1+4+1,] mectpio aromamu O ¢
OJJHOM KOPOTKOJ MeTalI-KMCIopoaHoit c¢Bsspio. Ilosunuu V(3), V(5) u V(6) umeror
OKpY)KeHIe, ONMMChIBaeMOe JCKaKEHHOI KBagparHou mnwmpamupoit [lq+(1+43)] ¢ pgByms
KOPOTKUMM CBsA3sMu (cpenHee paccTosaume <V-Os> coctapnser 1.643 A, 1.651 A n 1.652 A nna
V(3),V(5) 1 V(6) cOOTBETCTBEHHO) 1 TpeMsI 9KBaTOPMaIbHBIMU CBA3SIMU CPEIHEN ANMNHBI OKOJIO
19A. B CTPYKType coefMHeHuA ¢4.3 TakXXe MPUCYTCTBYIOT TPU CMMMETPUYHO HE3aBMCUMBIX
KaTuoHa Se**, UMEUIMX TUINYHYIO KUCTOPOLHYI0 KOOPAMHALMIO TPUTOHATBHON HMPAMULIBL
KoopanHaioHHble IONMM3APDI YeThIpeX HESKBUBATIEHTHBIX KaTMOHOB Pb?* CMIBHO MCKaXKeHbI
BBU/Iy CTEPEOXVMMYECKON AKTMBHOCTU UX HEIOJe/IEHHBIX 3/IEKTPOHHBIX Iap 6s. ATOMBI B
no3unuAx Pb(1) u Pb(2) oxpykeHbl BoceMbro O aTOMaMy COOTBETCTBEHHO C IIECTHIO M CEMbIO

OTHOCUTETIBHO KOPOTKMMM NpOYHbIMU CBs3siMu Pb—O. Atom kmcmopopa B nosunym O(26),
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2.4 Kpucmamzoxumuuectcoe uccnedosarue 8aHadam-ceneHumos

PAacIONIO>KEHHBIN Ha paccTOSAHUM 2.616 A or mosnumn Pb(1), mpmHagmexuT MoseKyne BOABL.
OH CBs3bIBaeTCA BOJOPOIHBIMU CBS3AMU C TEPMMHAIbHON KUCTIOPOSHON BepIINHOIM
cenerutHolt rpynmel Se(3)O (0O(26)--0(20) = 2.644 A) n 00pasyeT VIIVHEHHBI KOHTaKT
(0(26)--0(17) = 3.269 A) ¢ MOCTHKOBBIM KUCTIOPOJHBIM aTOMOM Mexfy rpymmnamu Se(3)O u
V(3)Os. ITosuunn Pb(3) u Pb(4) oxpyxeHs! meBsaThi0 aroMamu Kuciaopopa. llects u3 Hux
HAXOJSATCA Ha OTHOCUTEIBHO KOPOTKUX PACCTOSHUSIX OT aTOMOB CBUHIIA.

Kpucrammueckas crpykrypa coenytenus B-Pby(V30s)2(Se0s)s;(H,0) (c4.3) mocTpoena
u3 1D BaHafIaT-CeJIEHNTHBIX CTPYKTYPHBIX KOMIUIEKCOB (p1ic. 4.4), CBSI3aHHBIX ABYXBa/IEHTHBIMU
kaToHamy B 3D xapkac (puc. 4.5). B cmenylomem mnaparpade OymeT OIMCAaHO TOHKOE

KpUCTajIIorpaduieckoe pasindne Mexxay d- 1 f-IonuMopHbIMY MOAUDUKALIMAMIL.

PVICYHOK 44  CrpykTypHble  KOMIUIEKCHI B  KPMCTQUINYECKOM  CTPYKType  COeAMHEeHMs
B-Pba(V>*308)2(Se03)3(H20) (c4.3)

VIHTepecHOi 0COOEHHOCTBIO KPUCTA/UINYECKOI CTPYKTYPBI coefyHeHns ¢4.3 ABsgerca
COCYIIIeCTBOBAHIE [IBYX XMPAIbHBIX BaHAJAT-CEMEHUTHBIX apPKOOOPA3HBIX JIEHT, CBSI3AHHBIX
MeXJy cobo0il 1eHTpoM MHBepcuu (puc. 4.2B). PacmonoxxeHHble PSIOM JIEHTHI CBA3BIBAIOTCS
Mexay coboit depe3 IPOYHBIE META/UI-OKCUAHBIE CBssW, (opmupys 2D CTpyKTypHbIE
KOMIUTEKCBI, mapatefibHble Itockoctu (010) (puc. 4.56). Karmomst Pb(1) u Pb(2)
006ecIIeqnBaIOT JanbHelilIee CBsI3bIBaHIE CIOMCTHIX KOMIUIEKCOB B 3D KapKac. Monexynbl BOfibI

3aIIO/THAIOT OCTaBHIICECA CBO60}1HO€ IIPOCTPAHCTBO B CTPYKTYpPE, IPN 3TOM BOJOPOJHDIE CBA3N

210



2.4.2 CmpyxkmypHoe onucanue mpex Ho6bix as

IIPpAKTNYECKM HE IPMHMMAIT Y4YaCcTUA B CBA3BIBAHMM C/IOJKHBIX BaHalaT-CEJICHUTHDBIX

CTPYKTYPHBIX KOMIIZIEKCOB.

PVICYHOK 4.5 Cmoco6 yKmagkum BaHaJaT-CECHUTHBIX JIEHT B KPMCTAIMYECKUX CTPYKTypax
coenuuernit a-Pba(Vi0s)2(Se03)s(H20) - (a) u f-Pba(V30s)2(SeOs)3(H20) (c4.3) - (6)

Monumopdusm Pb4(V30s),(Se03)s(H-0)

B pamKax HacTOAIero [AUCCEPTALMOHHOTO MCCIefoBaHMsl ObUIM CUHTE3VMPOBaHbl 0b6e a- 1
B-momnduxanym coepunenns Pby(V;0s),(SeOs)s(H,0). Onucanne a-nomimopda 6b110 coBceM
HefJaBHO oIy6/mMKoBaHo B padore [Cao et al. 2014]. Ita dasa KpucTamIM3yeTcss B MOHOK/IMHHOI
HeI[eHTPOCUMMETPUYHOI IPOCTPAHCTBEHHOI rpymme P2;, B To Bpemsa Kak B-dopma (c4.3)
uMeeT TPUKIVHHYI0 CUMMeTpuio (ImpocTpaHcTBeHHas rpymma P-1). Kpucrammmdeckme
CTPYKTypbl 000uMX NOMMMOP(OB, COfEpKALIMX ORMHAKOBble ID BaHamaT-ceJIeHUTHbIE
KOMIUIEKCBI, OYeHb IOXOXM U 00/1afaloT O6MM3KMMM IapaMeTpaMyl 9/leMeHTapHBIX S4eeK C
MIPaKTUYECKU OGMHAKOBBIM 06 beMoM (puic. 4.28, T).

[maBHOe pasmuuyMe MeXAy HMMM COCTOMT B TOM, YTO CTPYKTypa COeJVMHEHVs
a-Pba(V305)2(Se03);(H,O) comep>xuT nBe BaHafgaT-ceJieHUTHBbIE €HTBI (0003HaueHHblE A U
A%), oBepHyTbIe B pe3y/bTaTe OLEpALiMM BPAIleHUs] BOKPYT BMHTOBOI OCH 2;, TOTHA Kak
cTpykrypa P-momudukanum (c4.3) comepXMUT [Be XMpanbHble MHBEPTMPOBAaHHbIE BaHAJAT-
celleHMTHbIe JTeHTH! (06o3HaueHHble A U A™'), CBsI3aHHBIE MEXZAY €000l I[EHTPOM MHBEPCUN

(puc. 4.5). Cmoco6 yKmIagKM TakKuMX BaHAJaT-CeJIEHUTHBIX  KOMIUIEKCOB  BJOJIb
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2.4 Kpucmamzoxumuuectcoe uccnedosarue 8aHadam-ceneHumos

KPUCTA/IOTpadpuIecKux oceit COOTBETCTBEHHO b 1 ¢ Ajst ABYX (HOPM OCTAeTCsI OfMHAKOBBIM B
obenx momMMopdHIX MOAM(UKALMAK, YTO FOCTUIAETCS 32 CYeT MAEHTUIHOTO PACIIONOKEHNs
rpynn SeOs U KaTHOHOB CBMHIIA B 00enx CTpyKTypax. Iloc/ienHee AB/IAETCs OY€Hb PEKUM U
crerQUIHBIM CTPYKTYPHBIM sIBICHMEM B HEOPTaHMYEeCKUX KMCTOPOJSHBIX COeAMHEHMIX.
B crpykType a-monmmmopda eHTbl A U CBsI3aHHBIE C Heil COCeJHNUEe IIOBEPHYThbIe IEHTH A%
06pasyroT CoM ¢ YepefoBaHMEM JIEHT B IIOCTIE[OBATeNbHOCTH ...A — A¥ — A - A?' - A...
(puc. 4.5a). B crpykrype B-daspr (c4.3) BaHafjaT Ce/leHUTHBIE JIEHTDI Y/IOXKEHBI B COOTBETCTBUN
C [IOCTIENOBATENBHOCTHIO ... A — A1 — A - A - A... (puc. 4.560). B o6enx cTpyKTypax Bblile- I

HVDKENMeXalne cocefHme CJION pacojIaraloTcAa CTporo Apyr o Ipyrom.



2.5 Kpuctannoxmmumuyeckoe nccnegoBaHme HOBbIX
COeAUHEHUI cesleHa C MapraHuemMm n BUCMYTOM

Kak wusBectHO, MOHBI Bi** MMeOT CWIBHYIO IIpefpacIOOXEeHHOCTh K 00pasoBaHMIO
OKCOLICHTPMPOBAHHBIX TOIOJIOTUII B CTPYKTYpaX OKCHAHBIX Marepuanos [Huvé et al. 2006;
Colmont et al. 2008; Aliev et al. 2012; Kozin et al. 2013; Colmont et al. 2013; Aliev et al. 2013; Lii
et al. 2014], n moaToMy uX KOMOMHMPOBaHME C HeCMMMeTpUIHbIMY rpynnamu SeO; obemraer
HPUBECTY K 06pasOBaHNUIO OYeHDb HEOOBIYHBIX (a3 C TOUKM 3peHns Kpucraroxumun. HegaBHue
paboThl, MOCBsAIEHHblE M3YYEHNMIO 3aMelleHNs TsDKeIbIX KaTMOHOB Bi*' moHamm Mn?' B
HEKOTOPBIX OKCOL|eHTpUpOBaHHBIX ¢aszax [Abraham et al. 2002; Aliev et al. 2014], takxe
BJJOXHOBWIM Ha IPOO/DKEHIEe PaboThI B 3TOM HaIlpaBIeHUN.

HecmoTpss Ha TO, 4YTO SKCIEPMMEHTHI IpMBEIM K CUHTe3y TOJIBKO OJHOM
OKCOILIEHTpUpPOBaHHOI (asbl (c5.2), IMOMUMO Hee OBUIO IONyYeHBI ellle IIeCTh HOBBIX
COeIMHEHNII, KOTOpble HECOMHEHHO TaK)Ke 3aCTy>KMBAIOT CaMOTO JIeTaTbHOTO PAcCMOTPEHNA.
OcHoBHBIe KpuCTaIIOrpaduuecKue CBefleHNA M IapaMeTpbl YTOYHEHUA KPUCTa/UIMYeCKUX

CTPYKTYp BCE€X CEMI HOBBIX COGJII/[HCHI/[f;[, IIpUBEAEHHBIX HIKE, IIPENCTAB/IEHDI B Tabn. 5.1.

¢5.1 - Mn(SeQO4)(H:0): ¢5.5 — Bis(Se03)4Clio
¢5.2 — Mn;[Bi>0](SeOs)4 ¢5.6 — p-Bi(SeOs)Cl
¢5.3 — MnBi(Se03).Cl ¢5.7 - PbBiio(SeO3)12Cls

c5.4 - MIM(Mns,Bi)(SeOs)z;Cls

TABJIMIA 5.1 Kpucrannorpadguueckne cBefieHUs U MapaMeTPhl YTOUHEHIUS CTPYKTYP COeNMHEHMIt
¢5.1, ¢5.2, ¢5.3, ¢5.4, ¢5.5, ¢5.6 1 ¢5.7

c5.1 c5.2 c5.3 c5.4 c5.5 c5.6 c5.7
M (r momp™) 233.93 1051.68 553.29 1896.37 2116.22 371.4 4104.1
IIp. Tpymma Pbca Pcen P-1 Pbcm P2i/c Cc Ccca
a(A) 10.4353(5) 10.8771(3) 7.0926(8) 10.7914(2) 21.460(2) 22.7052(3) 15.819(6)
b(A) 9.2420(5) 19.9770(5)  7.2695(6)  15.9782(3) 8.4012(9) 76.785(4) 17.871(7)
c(A) 10.5349(6) 5.5058(1) 8.0160(8) 17.5682(3) 15.3370(18) 16.0550(3) 15.857(6)
a(°) 90 90 88.226(4) 90 90 90 90
B () 90 90 72.005(3) 90 110.639(5) 135.000(2) 90
7 ) 90 90 64.560(4) 90 90 90 90
V(&%) 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
p (r/em?) 3.059 5.839 5.213 4.158 5.432 5.981 6.079
u(mm) 9.71 43.63 37.40 19.55 47.37 52.08 53.17
. (MoKa) (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Bcero pedr. 6089 8112 7238 32242 25390 242854 10469
He3aBMC. pediL. 1808 1895 2194 4767 4534 35097 2253
Rin 0.0295 0.0247 0.0198 0.0310 0.0421 0.0962 0.0496
R [I>20(1)] 0.0227 0.0285 0.0208 0.0220 0.0291 0.0612 0.0667
wR, [1>20(1)] 0.0467 0.0620 0.0436 0.0529 0.0711 0.0645 0.0639
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2.5 Kpucmamzoxumuuecrcoe uccnedosanue HOBbIX COOUHEHUTI cefleHa ¢ Mmapearnuem u 8UCMYmom

TABIMIIA 5.1  IIpodonserue

c5.1 c5.2 c5.3 c5.4 c5.5 c5.6 c5.7
R, [all data] 0.0302 0.0325 0.0219 0.0317 0.0333 0.1124 0.1057
wR [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
AP APiin 0.70, 2.54, 1.90, 0.73, 3.42, 5.39, 5.38,
(e A?) -0.93 -1.47 -1.67 -1.16 -2.95 -4.51 -7.01

2.5.1 3kcnepmMmeHTanbHbIE NpoLeaypbl

HoBble coemuHeHus, OIMCaHHBle B 9TOM pasfenie, ObUIM IOTy4eHBl Pas3TNIHBIMU
9KCIIePUMEHTATbHBIMI METOAMI.

Mertop BbInapuBaHuA 13 BOGHOTO pacTBOPA YeTHIPEXBOJHOTO X/IOPMA ABYXBa/IeHTHOTO
mapranna (2.4 mmornb), 40% ceneHoBoit kucnorsl H,SeO, (4.7 MMOJB) M FUCTMIPOBAHHOI
Bozbl (10 M) 6bUT Mconmb3oBaH A/ cuHTesa coeguHennsa Mn(SeO.)(H,0), (¢5.1). Pactsop
BoimapuBaics npu 80 °C 1 HOCTOSHHO IepeMeIBaICs IPY TOMOIY MarHUTHON MEIIaIKU JI0
IIOJTHOJI TOMOTEHM3al[ MY B TeUeHMe 3 YacoB. 3aTeM BsA3Kast )KMIKOCTb MOIOYHO-PO30BOTO I[BETa
Obl/Ta BBUIMTa Ha YacOBOE CTEKIO M OCTaBJeHAa B BBITSDKHOM IIKady HpM KOMHATHOM
TeMIIeparype. 31eCb YMeCTHO J06aBUTD, YTO NIpY HarpeBaHny Bbime 160 °C ceneHOBasA KMCIOTa
H,Se®* O, nerko pasmaraercsi ¢ o6pasoBanneM ceneHucroi kucinorel HySe**Os u BoifeneHueMm
kucnopopa [De 2003]. PosoBaTsie mpo3payHble KPUCTA/UIbI COeAMHEHM €5.1, Ioaxosie 11
MOHOKPYCTa/IbHOTO PEHTTEHOCTPYKTYPHOTO 9KCIIEPUMEHTA, BBIPOC/IN Ha YaCOBOM CTEKJIe Yepe3
JIBa THA.

Monoxkpucraminl coepyHenns Mn,[Bi,0](SeOs)s (€5.2) 6bU1M OTy4eHBbI IPU TOMOLIN
rugpotepManbHoit peakiuu SeO; (2.5 Mmonsb), MnO, (2.0 MMonb), Mn,Os (0.25 mmons) u BiOCl
(3.0 MMO7IB) B 6 MJI JUCTMWIMPOBAHHOI BOAbBL. Peakiys mpoxopwmna B 23 MJI aBTOK/IaBax ¢
tepronoBbIMM BcTaBKamu npu 200 °C B TedeHMe ABYX [Heil. 3aTeM aBTOK/IABBI MeJJIEHHO
OX/TaKIA/IVCh IO KOMHATHO TeMIIepaTypbl co CKopocThio 3.7 °C B vac.

Bce ocranbHble coemuHeHmsi ObUIM IOMydeHbl Ipy momouy Meropa XI'T peakijuil.
Coepunennst MnBi(SeO;),Cl (¢5.3) u Bis(SeO3)sClio (€5.5) BBIpOCIN B OFHOI CTEKISHHON
amIyJie B pe3yJbTaTe OHOM ¥ TOJ >Ke XMMUYECKON Ta3oTpaHCIOpTHON peakuyn SeO,
(4 mmonb), Mn,Os5 (1.0 Mmons), Bi,O; (1.0 mmonb) u BiCl; (2.0 MMosb), mpoTekaBieil ¢
TeMIlepaTypHbIM  rpagumeHtom  400-350 °C B  Tewermme 100 wacoB. Pasa
Mny(Mns,Bi)(SeOs)sCls (c5.4) 6pUTa CHMHTE3MpOBAHA Ta30TPAHCIOPTHON peakIMell cMecu ¢
TAKOM JKe CTeXMOMeTpMell, YTO NCIOIb30Balach A IONYy4eHMS IpeAbIAyINX ABYX
COefIMHEHNII, HO C TeMIlepaTypHbIM rpafyenToM 450-400 °C B TeueHne 240 yacos.

[TapannenbHO C 9TUMU IKCIEpUMeEHTaMU B JIM/UIbCKOI TabopaTopuu Katanmsa U XMMIN
TBEpIOTO Tela elle [JBa POACTBeHHBIX coemuHeHus - P-Bi(SeO5;)Cl (c5.6) u
PbBi;0(Se05)1.Cls (€5.7) - 6puIM crHTEe3MpOBaHBI FOKTOpoM AnMasoMm AnveBsiM. Kpucransl
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2.5.2 CmpykmypHoe onucanue cemu Ho6bix a3

€5.6 6butn nonmydenst MerogoM XI'T peakunmit us cmecu SeO, (1.0 mmonp), MnO, (1.0 MMonb),
BiOCl (1.0 mMMonb) M KalM KOHLEeHTpupoBaHHON comsgHoit kucrmorsl HCI, Torma xax
rasorpancnoptHas peakums cmecu SeO, (1.0 mmons), PbO (1.0 mmonp), BiOCI (1.0 Mmonp) u
KaIUIi KoHIleHTprpoBaHHoro pacrBopa HCl mpuBesna k 06pa3oBaHII0 HOBOTO COEMHEH NS €5.7.
B 3TMx 9KcepMMeHTaxX Tapbl COMSIHOM  KUCIOTBI PACCMATPMBAIOTCA B KadeCTBe
IOMOJIHUTE/IBHOTO TPAHCHOPTHOTO Ta30BOrO AareHTa, YYacTBYIOLIETO B XOfie IPOLECCOB
IlepeHOCa HAYa/IbHOTO BELeCTBA 13 30HBI-MICTOYHNMKA B 30HY OCAK/EHNS B BAKYYMIPOBAHHOI!

3alasgHHOI CTEKIAHHO aMITyJle ITOf Ie/ICTB/EeM TeMIIEpaTyPHOTO IpajieHTa.

2.5.2 CTpyKTypHOe onmncaHue ceMun HOBbIX a3

Mn(Se04)(H20):

Kpucramnmmueckass crpykrypa coegunenus Mn(Se®*O,)(H,O), (c5.1) copmep>xur opHy
CUMMETPUYHO HE3aBUCUMYIO OKTASPUIECKYI0 TIO3ULNIO, 3aHATYI0 KatnoHamu Mn*'. Yerepo
M3 LIECTV er0 KUCIOPOJHBIX JINTAaHHOB B3aMMOJENCTBYIOT C COCEHMMM KartmoHamm Set, a
IpYyTye [Ba IPYHAJIEKAT MOJIEKY/IaM BOJBI, PACIIOIOXKEHHBIM B CiS-OpMEHTALMU OTHOCUTEIBHO
Apyr gpyra. EnmHcTBeHHast KpucramiorpaduuecK HeSKBUBATEHTHas mosuums Se®* mmeer
IpaBIIbHOE TeTPaspUUIeCKOe OKPY)KeHMe, CBSI3bIBAsCh BCEMU CBOVMM  YETHIPHMs
KUCTIOPOSHBIMM BepUIMHaMU ¢ cocefHuMy okrasgpamu MnO4(H,O), B 3D apxurexrypy
(puc. 5.1a).

Kapkac KpucTannmeckoil CTPYKTYpbl coeluHeHus c¢5.1 MOXXHO paccMaTpuBaTh Kak
COCTOAIIMII 13 B3aMMOCBSI3aHHBIX TeTepONONMIApUIecKkux cnoes (puc. 5.16). CrpykrypHasd
TOIOJIOTMSI AHAJIOTMYHOTO Kapkaca Opuma ommcaHa C. B. Kpusosuuesvim Ha Ipumepe
coegmuenusa Zn(SeO,)(H,O), ¢ mpumeHenueM rpadumueckoro mopxopa [Krivovichev 2007].
I[TpencraBneHme C0s B KauecTBe YepHO-6enoro rpada mokaszano Ha puc. 5.18. I'pad ocHoBaH Ha
reKCaroHaJIbHbIX HEIUIOCKUX KosnblaX. OpueHrauus depueix (Mn**) u Genpix (Se®*) Bepumu
OTHOCUTEIBHO TUIOCKOCTH Tpada obosnauena cumBonamu U (BBepx) and D (BHU3). Irtm
CHMBOJIBI TaK)Xe 0603HAYAIOT HAIIPAB/IEHMs, B KOTOPOM OJVH CTOJ CBSI3BIBAETCSI C COCENHUM,
¢dbopmypys 3D KapKac KpUCTA/UINYECKOI CTPYKTYPHIL.

Crpykrypa coepyHeHVs €5.1 HpUHAMIEXNT K BapUCLUTOBOMY CTPYKTYPHOMY TUITY
M(TO4)(H,0),, toe M = Fe’*, AI*, Ga**, In** win Zn**, a T = P**, As®* wn Se®'. K sromy tumy
OTHOCATCS Takye MyHepaybl, Kak MaHcuabaut Al(AsO,)(H,0),, ckopoput Fe(AsOs4)(H,0),,
saaoMaMnT In(AsO4)(H;O),, mrpenrur Fe(PO,)(H,0), u cam Bapucuut Al(PO4)(H;O),. Cnenyer
3aMeTUTb, YTo HoBaA daza Mn(SeO,)(H,O), - 310 M1 BTOPOII IpUMEP BapUCIUTOIIOKO0OHOTO

COE€VHEHNA, CONECPIKAIIETO META/INYECKNE KaTVOHbBI B CTEIIEHN OKVC/IEHNA +2.
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PMCYHOK 5.1 Bup kpucrammmdeckoit CcTpyktypbl coemyHenns Mn(SeOs)(H:0). (c5.1) Bpomb
KpucTaurorpaduyeckoit ocu a — (a); reTepoIoIMAPUIECKIIT CIOi MapajyienbHblit wrockoctu (001) - (6)

U ero yepHo-6erbiit rpad — (B)

Mn2[Bi>0](Se03)4

Crpykrypa COeMHEHUS Mn;,[Bi,0](SeOs), (c5.2) COTEepPKUT €IMHCTBEHHYIO
KpucTa/uIorpaduyeckyo mo3uiyio Bi**, KOOpAMHMPOBaHHYI0 BOCEMbI0 aTOMAaMU KUCIOPOAA.
KooppuHaionuslit momusgp Bi** Moker ObITb OmMCaH KaK MCKaXeHHas KBajpaTHas
aHTUIpu3Ma. ENUHCTBEHHBII CYMMETPUYHO He3aBMCHMBI KaTmoH Mn®"  obmamaer
MICK>KEHHOIT OKTasipuiecKkoit KoopauHanueit. Kaxaplit okrasgp MnOg 06beanHsieTcs 0 ABYM
pebpaM ¢ IBYMA COCeHMMM OKTas[paMy, TeM CaMbIM (OPMUPYS 3ar3arooOpasHyIo IeMouKy

[MnO,]¢ Brone kpucramiorpadgudeckoit ocu ¢ (puc. 5.2a).

PUCYHOK 5.2  IIpoexums: KpUCTa//IMIECKON CTPYKTYphbl coemuHeHms Mnz[BiO](SeOs)s (c5.2) (6),
cocrosmer us nernodek [MnO4]% (a) n [Bi2O]** (B)
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IIBe xpucramtorpadudeckme HesaBUCHMBble IO3MLMy Se*’ 00pasyoT THINYHBIE
TPUTOHANbHBlE MMpaMuAbl. Kpucramimdeckas CTpykTypa ¢5.2 TakKe COLEPXKUT OAMH
«IOTIOTTHUTE/IBHBII» aTOM KUCIOPO/A, KOTOPBIIl KOOPAVHIPYETCS YeThIpbMs KaTroHaMu Bi** ¢
06pa3oBaH1eM OKCOLIEHTPYPOBaHHBIX TeTpasnpoB (OBiy) ', OHu 06benuHAIOTCA MeXTY CO6OIT
10 001MM pebpam, JIeXXAIVIM JPYT HAIPOTUB APYTa, COCTABILAA OeCKOHeuHbIe [enodkn [Bi,O]**
UAYLIMX BAONb Kpucramorpaduueckoit ocu ¢ (puc. 5.28). Takme LeMOYKYM [OBONBHO
pacmpocTpaHeHsl B OKCOLIEHTPMPOBAHHBIX CTPYKTYpax BUCMYTOBBIX (a3, M BCTPedYeHSbI,
HampuMmep, B CTpykrype coepuuenns [Bi,O]AuO, [Krivovichev et al. 2013b]. Hanee atu
OKCOILIEHTPMPOBaHHbIE BMCMYTOBbIE IIETIOUKN CBA3BIBAIOTCA ¢ rpymmamy SeOs U IeTOYKaMu
[MnO,]¢ B 3D kapKac ¢ ICeBAOTeTPArOHATbHBIMIU KaHAIAMM, 3aIIOTHEHHBIMI HETIOfe/IeHHbIMI
9/IEKTPOHHBIMY HapaMyt KaTroHoB Se** (puc. 5.26).

ApXNUTeKTypa COeMHEHMs €5.2 TeCHO CBs3aHa CO CTPYKTypaMiu, OOHApy>KeHHBIMU B
Tb,O[SeOs], [Wontcheu and Schleid 2002] n M;0,Cl[SeO;], (M>** = Tb [Wontcheu and Schleid
2005] n Y [Zitzer et al. 2011]). B cTpykTypax atux ¢as HemojeneHHbIe 57IEKTPOHHBIE TApPbI
KaTHOHOB Se** 06pasyIoT II0X0>K1e KaHa/Ibl BOKPYT KaTMOHHBIX erntovek [Th,O]* B Tb,O[SeOs],
u gBONHbIX Henovek [M;0,]% B M;0,Cl[SeOs], (M**=TbuY).

MnBi(Se03)2CI

B kpucrammdeckoit crpykrype coemmuenys MnBi(SeO;),Cl (c¢5.3) nHaxogurcsa opHa
CUMMETPUYHO He3aBUCUMas IIO3MULNS, 3aHsATast aToMaMu Mapranna. Karuons: Mn?* o6pasyror
okrasgpel (MnO,Cl,)*, KoTopsle CBsI3BIBAIOTCA MeX/Y c060it Yepes obiue pebpa Cl-Clu O-O
B GeCKOHeYHbIe 3ar3aro0OpasHble I[eIIOYKM, MPOTAHYBLINECS BAOIb KPUCTA/UIOrpadpuaeckoit
ocu a (puc. 5.3). Ilenmouku 3aTeM CBA3BIBAIOTCS XapaKTEPHBIMIU Ji/I1 YeTHIPEXBAJIEHTHOTO CeJIeHa
TPUTOHA/IbHBIMM IMPAMIAMU B CJION, JIeXKAaIlMe Mapa/UlebHO I1ockocty (001).

B mpoitecce pertieHns M yTOYHEHNS KPUCTATNYECKOT CTPYKTYPBI OBUIN OIIpefie/IeHbI [{Be
BO3MOXXHBIE KOH(OPMALMM OJHOTO W3 [IBYX CEJIEHUTHBIX OKCOAHVOHOB B CTPYKType BBULY
00Hapy>XKeHHOTO Pa3yHOPAOYEHNA ABYX KMCIOPONHBIX HO3ULMIL. YTOYHEHNEe 3ace/leHHOCTel
pasynopsARoYeHHBIX No3uIuit gano orHoumeHusa: 0.50/0.50 u 0.67/0.33 mnsa O(5)a/O(5)b u
0(6)a/O(6)b cooTBeTCTBEHHO. YTOYHEHNE AHM3OTPOIHBIX TEIIOBBIX [TaPaMETPOB IMO3MUIIUN
O(3), pacmonoXeHHOJt B TpeTbell BepliyHe TPEYTONbHOTO KUCTOPOSHOTO OCHOBAHMS
ceneHuTHON mupamupnbl Se(2)Os, MOKa3ajo HOpMalbHble TEIUIOBble 3HA4YEHNs, TOTHA Kak
yTOYHeHMe caMoii mo3uuuy Se(2) [aao 3HaYeHMA Bblle HOPMBL J[IBe BO3MOJXKHBIE
koH(popmanuyu rpynnsl Se(2)O; mokasanbl Ha puc. 5.3B. B cTpykType coemmHeHusa c5.3
eIVHCTBEHHBIII HE3aBUCUMBII KAaTMOH Bi** HaXOmmTCA B MCKaXEHHON [eBSATUKPATHOIN

KOOPAMHALMY C BOCEMbIO aTOMaMy KUCTIOPOa M OGHMUM aToMoM xmopa (puc. 5.38). Katuonsr
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Bi** pasmemsior cmom, coOpaHHBIE W3 CEMEHMTHBIX ¥ MapraHLEBBIX MOMMSLPOB, U

YPaBHOBEIINBAIOT 3apAx B CTPYKType.

PMICYHOK 5.3  O61mue npoeKumy KpUCTa/umndeckoit crpykTypbt MnBi(SeOs):Cl (¢5.3) o [010] -
(a) m Bponb [001] - (6) (pasynopsanoyeHHble mo3uiyu O OMyIIEHDI /I BU3YaIbHON CHOCTI); aHMOHHOE
OKpY>KeHIe MeTa/INYeCKIX KaTMOHOB B CTPYKType — (B)

B mpoitecce pelieHns M yTOUHEHNS KPUCTAINYECKOT CTPYKTYPBI OB OIIpefie/ieHbI [{Be
BO3MOXKHbIe KOH(pOPMAL[MM OFHOTO M3 ABYX CEIEHUTHBIX OKCOAHVOHOB B CTPYKType BBUAY
06GHAPY>KEHHOTO Pa3yIOPsAROYEHNs ABYX KVMCIOPORHBIX HOULMIL. YTOYHEHNE 3aCeleHHOCTel
pasynopsARoYeHHbIX no3uuyit gano orHoumeHus: 0.50/0.50 u 0.67/0.33 mna O(5)a/O(5)b u
0(6)a/O(6)b cooTBeTcTBEHHO. YTOYHEHNE AHM3OTPOIHBIX TEIIOBBIX [TapPaMETPOB IMO3MUIIVN
O(3), pacmono>XeHHOJt B TpeTbell BepliyHe TPEYTONbHOTO KUCTOPOSHOTO OCHOBAHMS
cemeHuTHOM mupamupnbl Se(2)Os, IOKa3ajo HOpMalbHble TEIUIOBble 3HA4YEHNs, TOTHA Kak
yTOYHeHMe camoll mmosmiyy Se(2) Hajo 3HAYeHMsT BbIlle HOPMBL. [IBe BO3MO>KHbBIE
koH(popmanuy rpymnnsl Se(2)O; mokasaHbl Ha puc. 5.3B. B cTpykType coemmHeHus c5.3
eIVHCTBEHHBIII HE3aBUCUMMBII KAaTMOH Bi’* HaXOmMTCA B MCKaXEHHON [eBSATUKPATHOIN
KOOPAMHALMY C BOCEMbIO aTOMaMy KUCTIOPOa M OGHMUM aToMoM xopa (puc. 5.38). Katuonsr
Bi** pasmemsior cmom, coOpaHHBlE W3 CENTEHUTHBIX ¥ MapraHUeBBIX IOMMSLPOB, U
YPaBHOBEIINBAIOT 3aPAJ B CTPYKTYpE.

K crpykrypHOMYy Tuily HOBOJ (asbl €5.3 MOXHO TaKXe OTHECTV paHee M3yYeHHbIe
coepunenusa MnSm(SeQ;),Cl, CoSm(SeOs),Cl u CuGd(SeO;),Cl [Wickleder and Hamida 2003].
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Mn? 4(Mn?*5,Bi**)(Se05s)sCls

Coenunenre Mny(Mns,Bi)(SeO;)sCls (c5.4) sBnsiercs TpuUMepOM MHTepecHON dassl ¢
YaCTUYHBIM pasymopsifodeHueM Bi/Mn B CTpyKType, Ipyu KOTOPOM HEKOTOpPble CTPYKTypHbIe
KOMIUIEKCBI O0JIafaloT CTaTUCTUYECKMM KAaTMOHHBIM pacIpefelieHNeM B HeCKOIbKUX
CMeLIaHHBIX Mmo3uuMAX. Kpucramimyeckas CTpyKTypa coeiMHeHus c¢5.4 OCHOBaHa Ha
2D CprKTyprIX KOMIIJIEKCaXx, O6pa3OBaHHbIX "3 VICKAa>X€HHBbIX KBaﬂpaTHbIX aHTI/IHpI/I3M
YeTblpeX KPUCTAIOTpapuuecKy HEeIKBUBANIEHTHBIX CMELIAHHBIX IIO3MLMI, 3aHATBIX
KarmoHamMu Mn?* n Bi’*, pacmpemesieHHBIX 1O HMM CTaTMCTMYeCKM. B cmoe pebepHo-
COWICHEHHbIe KBaJpaTHbIe aHTUIIPU3MBI PACIIONATAIOTCA B MIAXMATHOM HopsAfke (puc. 5.4a).
YTOYHeHMe CMeIIaHHBIX MTO3UIMI C YIeTOM COXPaHEeHNs HeMTPaIbHOCTH OOIIell XMMIYeCKO
bopMynIBI  COefMHEHNUsT A0 CleAyiollee pachpefeneHne KatmoHos: 0.97Mn*'/0.03Bi*,
0.92Mn?*/0.08Bi**, 0.87Mn?**/0.13Bi** u 0.37Mn?*/0.63Bi** mna mosuumit Mn(3), Mn(4), Mn(5) n
Bi(6) cooTBeTCTBEHHO.

B cTpykType coepuHenus 5.4 Tak>ke HAXORATCS [Be IOMHOCTBIO 3ace/IeHHbIE TTO3NUIINN
Mn?**, Kaxpjas 13 KOTOPBIX OKTad[ApUUYeCKV OKPY)KeHa TpeMsi aTOMaMM KMCIIOPOJa M TpeMs
aromamiu xj1opa. Ilapa aTrx OKTasfgpoB 00bERUHACTCS Yepes OOIIYI0 TPEYTONbHYIO IIOCKOCTD
Cl-Cl-Cl B gumep, KOTOPBIiT B CBOI0 O4Yepefb CBA3BIBAETCS Yepe3 OFHY M3 BepIIMH 3aHATHIX
AQHMOHAMI XJIOPa C COCEIHVIM [JYIMEPOM, 00pasysi KBafipaTHBII TeTpaMepHbIiT KOMIUIEKC. YeTbIpe
CI/IMMCTPI/I‘IHO He3aBUICUMbIX TpI/IFOHaHbHI)IX HI/IpaMI/IJIbI KAaTMOHOB Se‘“ HPI/ICOCJII/IHHIOTCH K

KICTIOPOJTHBIM BepIIMHAM TeTpaMepa (puc. 5.4r).

PVICYHOK 5.4  TIpoexijsi KpUCTa/UIMYECKOI CTPYKTYpbI coemuernss Mna(Mns,Bi)(SeOs3)sCls (c5.4)
Bonb [100] — (B), c1oit KBafpaTHBIX aHTUMIIpU3M — (@), TeTpaMepHblil KOMIUIeKC — (I) M croco6 ero
PacIoNIOXKeHNs B CTPYKType — (6)
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M3y4yeHne pacrpeneneHns S7IeKTPOHHON IUIOTHOCTM Ha KapTe Pypbe MO3BOINMIO
BbIABUTb  pasylopsfloueHMe [ByX U3  IATM  TNPUCYTCTBYIOIMX B CTPYKType
KpUCTa/yTorpaguieckyl HEeSKBUBA/JIEHTHBIX IIO3VMLUII aHMOHOB XJIOpa. YTOYHEHME WX
3aceneHHoCTell gano orHouenne 0.58/0.42 mna obeux mosumt Cl(1)a/Cl(1)b u CI(2)a/CI(2)b.
Pacrionoxxenne TeTpaMepHBIX KOMIUIEKCOB B CTPYKType COefuHeHMA 5.4 II0OKa3aHO Ha
puc. 5.46. TerpaMepsl COEAUHAIOTCS CO CTOSIMU U3 KBaIPATHBIX aHTUIIPU3M depes ob1ue pebpa
0O-0 nonmsppoB KaTNOHOB METAJUIOB, 00pasys B pe3y/IbTaTe CIOKHYI0 KAPKACHYIO apXUTEKTYPY
¢ 6O/IBIIMMY IICEBJJOTETPArOHAIbHBIMY KaHa/IaMM, MAYIIMMY BIOJb KPUCTa/UIOrpadpudecko

OCM a ¥ 3aIIO/THEHHBIMI HeTO/[e/IeHHBIMM 9JIEKTPOHHBIMY MapaMy KaTHoOHOB Se** (puic. 5.4B).

Big(S€03)4Clo

Kpucramnmuueckas crpykrypa coemuuenust Big(SeOs3)sClio (¢5.5) cdopmmpoBaHa mrecTpio
MICK@)XeHHBIMM OKCOXJIOPMAHBIMY Tonmmaapamu Bucmyta — Bi(1)OsCl, Bi(2)OsCl, Bi(3)05Cls,
Bi(4)OsCls, Bi(5)OsCL u Bi(6)OsCls, — cBsA3aHHBIMM Yepe3 aTOMBI KVMCIOPOAA C YeThIPbMs
KpucTa/uiorpaduyecky HesaBUCUMbIMU KatmoHamm Se** B 3D kapkac. Crepeoxmmmdeckast
aKTUBHOCTD HEIIOfle/IEHHBIX JJIEKTPOHHBIX IApP KATMOHOB BMCMYTa IIOATBEP)KHAETCS WX
HeCUMMETPUYHBIM KOOPAMHALMOHHBIM OKpY>KeHueM. ITonuanpsl Bi** ob6benmusioTcs depes
obuie pebpa 1 Bepinubl, 06pasys 6ok Bis(SeO3)4Clio, KOTOpBIe CBA3BIBAIOTCA MEXHAY c060i
¢ obpa3oBaHMeM OTKPBITOJ apPXUTEKTYPbL: CO CTPYKTYPHBIMU IIOTOCTSMY, OTPaHMYEHHBIMI
I7IaBHBIM o6pasoM aHroHamu Cl™ 1 mpocTupaoIMucs BoIb Kpucramorpadudaeckoit ocu b
(puc. 5.5). B cTpykType coenmHeHus €5.5 MOIOCTH MMEIOT Pa3Mepbl OKOJIO 9.7 As IIMHY 1 3.8 A

B LIMPUHY.

PMCYHOK 5.5  Tlpoekius KpUCTQ/UIMYECKO!l CTPYKTypbl coepuHenust Bis(SeOs)aClio (c5.5) Ha
wiockocTb (010), mokasbiBaollas o6beAVHEHHbIe depe3 0bIiMe BepUIMHLL 1 pebpa mommaapsl BiOxCly
(xentbie) u rpymmnel SeOs (OpaH>XeBbIe)
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Ha xapTe pacnpepeneHus s/1eKTPOHHOI IVIOTHOCTU Ha paccTossHuu 0.86 A ot mosumym
Se(3) 6b11 0O6HApYXKEH CHIBHBIN OCTATOYHbI NUK (8.71 e/ A%), yKa3bIBAIOLIMIT HA BO3MOXKHOE
pasymnopsAmoYeHue 3TOM IO3MLVM. YTOYHeHMe 3aceleHHocTum mosummit Se(3)/Se(3)' mamo
otHouteHue 0.95/0.05. VismepeHHsble mnuubl cBsdeit Se—O pnsa mosunum Se(3)' oxasamuch
HerpaBronono6Ho 6ompummu (2.09-2.41 A) o CPaBHEHMIO C OXKUJAEMBIMU PACCTOSIHVUSAMI,
paccuntanubivMu s Se(3) (1.71-1.74 A), maxopsammmmca B paMKax HOPMBI. DTO TIO3BOJIMIIO
HPEAIIONIOKIT, YTO JaHHAS OIS YaCTMYHO 3aHsATa TakoKe KaTnoHamu Bi**. OkoHYaTebHOE
yroyHeHMe 3aceneHHocTy mosuumii Bi(3)a/Bi(3)b u Se(3)a/Se(3)b mpuBeno k oTHoIIeHUIO
0.96/0.04. [letanbHoe omymcaHMe KPUCTAIMIECKON CTPYKTYPbl COeIMHEHNUA €5.5 IPUBEJIEHO B

cratbe A-III (cm. Included Articles).

B-Bi(Se03)Cl c 2zuzanmckoii anemeHmapHoii a4yelikoll

Kpucramnmuaeckas crpykrypa coenunerns 3—Bi(SeO;)Cl (¢5.6) Becbma HeoObIUHA U CTIOXKHA.
[OCTOMH OTHENIBPHOrO BHMMAHUS He TOJIBKO ee HELleHTPOCMMMETPUYHBIN XapaKTep, HO U
TIOpasuTENbHBII 06beM 3meMeHTapHO! sueitku (19 792 A%). Bcero B cTpykType 6blmO
JIOKaNM30BaHO 1o 48 Kpucraiorpadpuyecky HeIKBUBATEHTHBIX MOHOB BUCMYTA, Ce/leHA U
xnopa. CTpyKTypa coeayHeHUst €5.6 MO>KeT OBITh OIMCaHa KaK OCTPOEHHAs U3 ABYX GI0KOB
[BisClys]® (puc. 5.6r) n [BiClp]** (puc. 5.6B), 3aKOHOMEPHO PACIIONOXKEHHBIX MEXHY CIOSIMU
[Bi14(Se03)24] (puc. 5.66). Ha puic. 5.6a monmuappst BiO, mokasaHbI KeNTHIM LIBETOM, TOTZA KaK
cnou [BisClis]® n [BinCls]*" mns Bu3yambHOI SICHOCTM IpefCTAaBIEHBI B BUJE IIAPUKOB Bi

(xentsrit) u Cl (3enensni).

PVICYHOK 5.6  Ilpoexiusi KpMUCTa//IM9eCKOil CTPYKTypbl coepuueHus P—Bi(SeOs)Cl (c5.6) Bpomp
[100] - (a). YepemoBaHme Tpex pasHbIX MapauienbHbIX cnoeB: [Bia(Se0s)24]% - (6), [BinCls2]** - (B) u
[BisClis]® - (1)
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Cremyer 3aMeTUTb, YTO [IOXOXKMe TajoreHnpHble cmon coctaBa [BisClig)®* 6pumn Takxe
OOHapyXeHBl U B CTPYKType HoBOro coemyHeHusa PbBiip(SeO;).Cls (¢5.7), xoropoe 6ymer
omucano Hmke. CrpykrypHble KOMIUTeKCHI [Bii(SeO;)2]®” o6pasoBanbl TpyInmpoBKOIL
KaTMoHOB Bi** n tpuroHanpHbix mmpamunp SeOs. B mommsppax BiO, 3HaveHme x HaxopuTcs
Mexay 8 u 10. Bce HalileHHBIe B CTPYKType HO3SMLMM BUCMyTa MMEKT MCKaKEHHYIO
KOOPAMHALIMIO, YTO VKa3blBaeT Ha CTEPEOXMMMYECKYI0 aKTMBHOCTb HEIOfe/IeHHOM
9JIEKTPOHHOJ! Iapbl KATMOHOB TSDKEJIBIX METaJIIOB.

Bonbmias BemuunmHa Tapamerpa b (~76 A) amemeHTapHO# AYeiikM MOXeT OBITH
00bsiCHEHa BCTpEYEHHBIM pPAsHOOOpasyeM PpasIMYHBIX CTPYKTYPHBIX OJIOKOB, C/IAraloIjux
CTIOXKHYIO CTPYKTYpy coefuHeHMs ¢5.6 Bmomb HampasmeHua [010]. VHbIMM crmoBamy,
3aKOHOMEpHOe yIopsifodeHne KatmoHHbIX 0710K0B [BisClis]®* u [BiCls,]*, sakmouenHsix
MeX]Ty aHMOHHBIMM CTOUCTBIMY KoMITeKcamy [Biyy(SeOs)24]®, ABnserca kimouesbiM hakTopom
111 GopMUPOBaHMSA TAKOI TUTAaHTCKOJ 37IeMEHTaPHO AYeH KM ¥ OTBETCTBEHHO 3a (PaKTIIeCKoe
yaBayBaHMe mapaMeTpa b. [leTanbHOE OMVCaHMe KPYUCTAIUTNYECKOI CTPYKTYPbI COeIMHEeHNA €5.6
u aHam3 (as3oBBIX IepeXofoB a—>P—>y momuMopdHbx Momuduxauit  Bi(SeO;)Cl,
COITPOBOXXJAIOIINIICA PESKUM M3MEHEHMEM CTPYKTYPHOJ CIOXXHOCTY COENVHEHNI, TPUBEEHbBI

B cratbe A-III (cm. Included Articles).

PbBi 10(5€03)12C Is

Kpucrannmuueckas crpykrypa coeguHeHust PbBii(SeOs)Cls  (€5.7) comepxur ImATh
CUMMETPUYHO He3aBMCYMBIX TTO3ULNI, 3aHATHIX TsOKeNbIMM KaTnoHamy. OfHa ns Hux — Bi(1) -
[IO/HOCTBIO 3acelleHa KaTMoHamy Bi’*, Torga Kak yTOYHEHMe deTblpex APYIMX BBLIBIJIO
OfIMHAKOBYIO /I BCeX CMeIIaHHYI0 3acelleHHOCTb Bi**/Pb*, paBHywo orHowmeHuio 0.9/0.1.
[IpuHNMas BO BHMMaHMe TOMbKO IMHBI cBsiseli Bi/Pb—O u Bi-Cl menbme 3.10 A, 6pum
OIlpefie/IeHBI CTefiyIolIyie KOOPAMHALMIOHHbIE IOV PhI TXKebIX KaTnoHoB: Bi(1)Os, Bi(2)Oyy,
Bi(3)O10, Bi(4)O10 u Bi(5)04Cly (puc. 5.7).

Tpu xpucramnorpagudecky HeSKBUBAJIEHTHbIe TPUIOHAIBHO MMPaMUJaNbHbIE
Ce/IeHUTHbIe TPYIIbl INPUCOEAVHAITCA K 2D C/IOMCTBIM KOMIUIEKCAaM, COCTOALIMM 13
nonmaapoB Bi(1)Os, Bi(2)O1o, Bi(3)O10 1 Bi(4)O1o, uepes obuiue pedpa O-0.

CTpykTypy coeiMHeHusa ¢5.7 MOXHO ONUCaTb KaK CIOXKeHHylo u3 2D croes
[(Pb,Bi)14(SeOs)4]"  (pmc. 5.7a), BaKIOYEHHBIX MEXAY CIOMCTBIMU  KOMIUIEKCAMU
[(Pb,Bi)sClis]™ (puc. 5.78B), nexamux mnapamwienbHo Iockoctu (010). CrpykrypHas
apXuTeKTypa HaBOU (as3bl ¢5.7 HAXOJUTCA B TECHON CBA3M C KPUCTA/UIMYECKON CTPYKTYpOIl
coepunenusa CaNdo(Se0;),Clis  [Berdonosov et al. 2007]. [leranpbHoe ommcaHue
KPUCTaJUINYECKOIl CTPYKTYphl coefumHeHus c¢5.7 mpusefieHo B cratbe A-III (cm. Included

Articles).
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2.5.2 CmpykmypHoe onucanue cemu Ho6bix a3

PVMCYHOK 5.7  TIpoexiust KpUCTaIN4ecKoi CTpYKTypbl coenmHerns PbBii(SeOs)1.Cls (¢5.7) Bronp
Kpucraiorpadpudeckoit ocum a - (6). [IBa mHapa/UIeNbHBIX KATMOHHBIX U QHMOHHBIX CIIOS:
[(Pb,Bi)14(SeO3)24]" - (a) m [(Pb,Bis)Clis]"* - (B)



2.6

ceJieHaTOB U CeNlIeHNT-ceJieHaToB

Kpl/ICTaII.HOXI/IMI/I‘-IECKOE mnccnepoBaHme HOBbIX ypaHWUII-

OcHoBHEIE KpI/ICTaIUIOI‘pa(l)I/I‘IeCKI/Ie CBEAEHNA W IIapaMeTpbl YTOYHEHMA KPUCTA/UVIMIECKUX

CTPYKTYp 16 HOBBIX COeMHEHNIT, IPUBEIEHHbIX HIDKE, IPeCTaB/IeHbl B Ta0/L. 6.1 11 6.2.

6.1 [CHeN]. 6.9 [C:HsN].
) [(UO2)(SeO4)2(H20)](H-0) ’ [(UO2)(SeO4)2(H20)]
CHeN CoHsN
c6.2- CHNE c610- [N
[(UO2)(SeO4)2(H20)] [(UO2)2(Se04)3(H20)]
6.3 [CHeN]2 6.11 [C4sH15N3][H30]05[(UO2)2
) [(UO2)2(Se04)s] : (Se04)293(Se03)0.07(H20) [ (NO3)o.s5
6.4 [CHsN](Hs50) 6.12 [C:HsN]3[H50:]
) [(UO2)2(Se04)3(H20)] (H20) ) [(UO2)2(SeO4)3(H20)2]2(H20)s
6.5 [CH¢N]4 6.13 [C:HsN]2[H30][(UO2)3
: [(UO1)3(Se04)s](H20)4 ) (Se04)4(HSeO3)(H20)](H2SeO3)0.2
6.6 [CHsN](H50.)(H30)2 6.14 [CsH12N]3[H30]
: [(UO,)3(Se04)s] (H20)4 ) [(U0O,)3(Se04)s(H20)]
6.7 [CH6N]4(H30). 6.15 [C:HsN]3(C:H/N)
) [(UO2)5(Se04)s(H20)](H20)4 ) [(UO2)3(Se04)4(HSeOs) (H20)]
P [CHsN]15(H502)1.5(H30)35[(UO2)s 6.16 [C2HsN][(Hs02)(H20)]

) (Se04)s(H20)] (H2S€04)2.6(H20)3 ) [(UO2)2(SeO4)3(H2Se0s)] (H20)
TABJIMIA 6.1 Kpucrannorpadguueckne cBefieHUs U MapaMeTPhl YTOUHEHNUS] CTPYKTYP COeNMHEHMIt
¢6.1, ¢6.2, ¢6.3, c6.4, 6.5, 6.6, 6.7 1 6.8

c6.1 c6.2 c6.3 c6.4 c6.5 c6.6 6.7 c6.8
M; (r monp™") 639.99 623.99 1020.98 1042.96 1692.97 1678.91 2709.91 2946.25
p. Tp. Pnma P2i/c P2, P2y/c Pnna Ibca Pca2, Pnma
a (A) 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 (A) 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 (A) 15.836(1) 22.260(2) 10.095(1) 24.228(2) 10.3602(5) 18.663(2) 16.242(1) 10.417(1)
B () 90 104.566(9) 95.98(1) 102.803(9) 90 90 90 90
V(AK) 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
p (t/ev?) 2.960 3.078 3.908 3.376 3.577 3.280 3.392 3.277
u(mm) 16.423 17.507 25.012 21.166 21.319 19.720 20.814 20.086
A (MoKyg) (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Bcero pedrr. 10099 12119 5477 12326 18468 32094 27846 61466
He3aBIC. pedL. 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
R, [I>20(I)] 0.0467 0.0466 0.1072 0.0674 0.0541 0.1040 0.0852 0.0858
wR, [1> 20(I)] 0.0860 0.0637 0.2712 0.1551 0.1119 0.1867 0.1901 0.1736
R, [all data] 0.0566 0.0785 0.1126 0.0957 0.0790 0.2138 0.1305 0.1556
wR; [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
Apimaxs Apmin 1.44, 1.59, 8.61, 2.84 2.23, 2.58, 2.44, 2.90,
(e &) -3.13 221 _3.16 ~1.99 -1.82 _143 _1.84 ~1.49
CCDC # 866552 866549 866547 866553 866546 866551 866548 866550
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2.6.1 IxcnepumenmanvHvie npouedypol

TABJIVIIA 6.2 Kpucrannorpaguyeckue cBeieHA U IapaMeTpbl YyTOYHEHU CTPYKTYpP COeNVHEHMI
€6.9, ¢6.10, ¢6.11, c6.12, ¢6.13, c6.14, ¢6.15 1 ¢6.16

6.9 c6.10 c6.11 c6.12 c6.13 c6.14 c6.15 c6.16
M; (r monp™) 666.15 1079.14 2256.03 2267.28 1685.05 1770.70 1685.07 1217.08
p. Tp. P2,2,2, P2,2,2, P2i/c P2\/c P2\/m P2\/m Pnma P2i/n
a(A) 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 (A) 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(A) 16.760(2)  16.9138(8)  17.9913(6)  14.197(4)  11.5623(5)  11.377(3)  22.194(2)  16.4176(9)
B () 90.00 90.00 98.019(1) 120.39(2) 97.582(1) 97.510(4) 90.00 111.628(1)
14 (Ai) 1541.2(2) 2129.6(2) 2169.6(2) 4746(2) 1775.3(1) 1946.5(7) 3870.0(7) 2263.8(2)
VA 4 4 2 4 2 2 4 4
p (v/ev?) 2.871 3.366 3.457 3.173 3.152 3.021 2.892 3.571
u (mm) 15.306 20.394 20.036 18.323 19.286 17.217 17.310 20.822
A (MoKy) (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
BCero pedir. 13644 17184 23671 34682 23753 18435 10911 25431
He3aBuC. pedr. 4492 6112 4988 10896 5323 4597 1680 5476
Rine 0.056 0.065 0.072 0.096 0.076 0.120 0.112 0.073
Ry [I>20(])] 0.031 0.029 0.033 0.048 0.036 0.040 0.060 0.027
wR, [I>20(I)] 0.063 0.048 0.074 0.106 0.097 0.058 0.096 0.052
R, [all data] 0.035 0.038 0.049 0.104 0.055 0.099 0.095 0.041
wR, [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
Apimaxs Apmin 2.34, 1.10, 2.82, 4.61, 2.79, 1.65, 1.05, 2.39,
(e A"‘) -1.45 -1.20 -2.00 -4.34 -2.23 -1.38 -1.21 -1.81
CCDC # 901940 901941 901942 901943 901944 901945 901946 824406

2.6.1 3DkcnepmMeHTanbHbIe NpoLeaypbl

MOHOKPUCTA/UIBI BCEX HOBBIX YPaHN/I-CE/IEHATOB U CENeHUT-Ce/IEHATOB ObUIM IPUTOTOB/IEHBI
METO[IOM M30TEPMMYECKOTO JICIAPEHNA HpY KOMHATHBIX YCIOBMAX M3 BOJHBIX PacTBOPOB
HIECTUBOLHOTO ypaHUI-HUTpara, 40%-HOro pacTBOpa CeleHOBOM KUCTOThI, COOTBETCTBYIOIIETO
aMMHa U OMCTU/IMPOBAHHONM Bofbl. JKenTo-3efeHas roMOreHHas >KMIKOCTb BBbIIMBANACh Ha
JacoBbIe CTEKJIa, KOTOPbIe IIOMENIAICh B BBITSDKHOI 1IKad Ha HECKOIBKO JTHET TpU KOMHATHO
TeMmIlepaType, IIOCTe 4Yero 4YacoBble CT€KAa HAKPbIBalUCh CTEKIAHHBIMM KpBIIKAMM W
OCTaB/SINCh B TAaKOM IIONTy3aKOHCEPBMPOBAHHOM BUJe. DKCIIePUMEHTANIbHbIE TOAPOOHOCTH

YCIIOBMA CHHTe3a 16 HOBBIX COeYIHEHMII IPVBEfieHbI B Ta01. 6.3.

TABJIMIIA 6.3 ~ OxcnepuMeHTalbHble [eTaayM CUHTE30B HOBBIX YPAaHMUI-CEIEHAaTOB U CeleHUT-
CeTIeHaTOB, BBIIIOIHEHHBIX METOLIOM M30TePMIIECKOT0 UCIIapeHus (BO BcexX CIydasx TeMmeparypa: 23 °C;
BpeMs pOCTa KPUCTAJUIOB: 72 Yaca).

MonsapHble

c6.1 c6.2 c6.3 c6.4 c6.5 c6.6 c6.7 c6.8
COOTHOUIIEHNS:
SeO: 0.5 0.4 0.7 0.4 0.8 0.7 0.4 0.7
UO(NO3)26H0 ! 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.2
CH5N 2 0.4 0.5 0.2 0.5 0.1 0.1 0.5 0.1
HO (ml) 2 2 2 2 2 2 2 2
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2.6 Kpucmamzoxumuuectcoe uccnedosanue HOBbIX YpaHus-ceneHamos u cenieHum-ceneHamos

TABIMIIA 6.3 IIpodonserue

Monsapubie

6.9 c6.10 c6.11 c6.12 c6.13 c6.14 c6.15 c6.16
COOTHOIIEHMNA:
SeO; 4.1 4.1 0.7 0.7 0.7 4.7 0.5 0.8
UO,(NO3)26H0 ! 0.4 0.4 0.2 0.1 0.1 0.1 0.1 0.1
CH/N? 0.2 0.2 0.4 0.1
CHuN* 0.1
C4Hi3N; ® 0.1
CsH/NO ¢ 1.3 1.3
HO (ml) 2 2 2 2 2 2 2 2

'Bce ypaHOBble MaTepUa/Ibl B 9KCIIEPMMEHTAX ObUIM JEIUIETPOBAHHBIMY; “MeTinaMuH (MA); *aumernnamun
(DMA); *pmatunamun (DEA); *nustunenrpuamun (DETA); °N,N-gumerundopmamuyg (DMF)

2.6.2 CTpyKTypHOe onucaHue ecTHaguaT HOBbIX ¢pa3

Bce HOBbIe (a3bl OpraHNYECKy TeMIUIATVPOBAHHBIX YPAHWUI-CE/IEHATOB U CEJIEHNUT-CENeHaTOB,
IIpefiCTaB/IeHHbIe B HACTOSILIEl paboTe, MOXHO Pasfe/nTh Ha HECKOJIBKO TPYIIIT B COOTBETCTBUN
¢ pasHbIM cooTHoLIeHneM U Se®*/** B cTpyKTypHBIX KOMIUIEKCax coefuHenmit: 1: 2 — 6.1, ¢6.2,
€6.9, ¢6.16; 2 : 3 - ¢6.3, c6.4, ¢6.10 — ¢6.12; 3 : 5 - ¢6.5, 6.6, c6.13 — ¢6.15; 1 5 : 8 — 6.7, €6.8.
Kpucrammnaeckne cTpyKTypsl Bcex (pas CofepKaT ypaHWIbHbIE IEHTATOHA/IbHBIE OUITMPAMUTbI
(UO7)%, rerpasppst (Se®*O,)* n/mmu tpuroHanpHble nupamupsl (Se**O3)* co crepeoxuMmdecKn
AKTUBHBIMYM  HEIOJE/EHHBIMU  9NIEKTPOHHBIMM  I[IapaMy, BBICTYNAOLMMU B POJIU
HOIOIHUTE/IbHBIX JIMTAaHKOB. KaTMOHHBIE MOMMSLPHI CBSSBIBAIOTCA B HEOPTaHMYECKUE
CTPYKTYPHBbIE KOMIUIEKCI C OTKPBITBIMI aPXUTEKTYPaMI (T.€. C TAKIM, B KOTOPBIX CBS3bIBaHIE
4epes oOIye BepLIMHBI NPOMCXOAUT 3HAYMTENBHO dYallle, YeM CBsI3bIBaHME II0 pebpam).
B xpucrammmdecknx crpykrypax katnoHsl USt ¢GopMmmpyloT mpuOIMSUTENBHO JIMHEIHbIE

1** co cpepueit gimHoI cBsizu <U=0>, paBHoit 1.756 A, oCYnTaHHOI IS

ypanmn-uousl [UO,
BCEX CTPYKTYp, ONMCBHIBaeMbIX B IaHHOM pasferne. OTU 3/1eMEeHTapHble YpaHVWIbHbIE TPYIIIIbI
KOOPAMHUPYIOTCSI B 9KBATOPUAIBHOI ITIOCKOCTY MSATHI0 aTOMaMy KMCTOPOAA (MM 4eThIPhMsI
O u ognoit monekynoit H,O), o6pasys nenraronanbusie ounpamupasl UO; (i UOs(H,O)) co
cpenneit mmmHoit cBasu <U-O.g>, pasroit 2.390 A. B uenom, ceasu U-O.H, oxaswiBaorca
IJIMHHEE U JeXKaT B amamasoHe 2.42-2.54 A. Cpennee paccrosHmne <Se-O> B CEICHUTHBIX U
CeJleHaTHBIX TpyIIax cocrasiager 1.628 A. Bo Bcex cuHTesMpOBaHHBIX CTPYKTypax
Heopraumdeckre 1D u 2D CTpyKTypHBle KOMIUIEKCHI pasfe/ieHbl MeXAy coboit u
TeMIUIATMPOBAHbl OPTaHMYECKMMU W/WIM BOZHBIMU MoJekynamu. IloppobHoe ommcaHue
KPUCTAINYECKMX CTPYKTYpP BCeX HOBBIX (a3 npuBeneHo B cratbsax A-I (c6.16), A-II
(6.1 - ¢6.8) u A-VI (6.9 - ¢6.15) (cm. Included Articles). B nHacrosiueit guccepraunmu HiKe
OYZYT OIVICaHBI TOJIBKO TOIIOIOTMYECKYE U TeOMETPUIECKIie OCOOCHHOCT YPaHUI-CeJIeHaTHBIX

¥ CENIEHUT-CEJIEHATHBIX CTPYKTYPHBIX KOMIIZIEKCOB.
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2.6.2 CmpyxmypHoe onucanue wecrmnaoyamu Hosvix $as

Tomnonorus HeOpraHNIeCKUX KOMIUIEKCOB B PACCMAaTPMBAEMBIX CTPYKTYPaX MOXeT ObITh
OIMCaHA TPV IOMOLIM BCIIOMOTATeIbHOrO rpaduueckoro npexncrasiaerns. COMIacHO 3TOMy
nopxony [Krivovichev 2004; Krivovichev 2009; Krivovichev 2010] xooppuHaiMOHHBIE

HOJIVMAAPBI KaTNOHOB Ut 11 Sef/++

0603HAYAIOTCSI COOTBETCTBEHHO YePHBIMI 1 GE/IBIMU Y3TTaMIL.
ITu y371bI MOTYT OBITH COEAMHEHBI PeOPOM B CIydae, eC/M ABa COOTBETCTBYIOIMUX MOMALPA
obbeuHeHs! Yyepe3 o61Iyio BepumHy. ITonyyanoumuiicsa B pe3yabTaTe TaKOro NOCTpOeHu rpad
IpUMEHSETC /I M3YYeHMs TOIOJIOTMYECKMX B3aMMOOTHOIIEHMIT MEX[Y ITOXOXMMMU
CTpyKTypamu. Pric. 6.1 mOKa3biBaeT BCe TOIMOJIOTMYECKOE MHOrooOpasye HeOPTaHMYecKuX
CTPYKTYPHBIX KOMIUIEKCOB, OOHApy>)XKeHHBIX B KPUCTA/UIMYECKMX CTPYKTypax HOBBIX

CUHTEe3MPOBAaHHbIX coefiHeHM ¢€6.1 — ¢6.16.

CoeduHeHuacU:Se=1:2

Kpucrammuaeckue crpykrypsl  coepuHenuit  [CHgN][(UO,)(SeO4).(H,O)](H,0) (c6.1),
[CHeN][(UO,)(Se04)(H0)] (€6.2) u [CHsN]L[(UO,)(SeOy4).(H,0)] (¢6.9) mocTpoensr Ha
crpykTypHbIXx KoMiutekcax cocrasa [(UO,)(SeO.)(H,0)]*. B crpykrypax coepmuennii ¢6.1 u
¢6.9 nentaronanpubie O6unupamuasl (UOq(H,0))® obbemmusioTcs depes obiine BePLIMHBI
¢ pmByms coceguumu terpasgpamu (SeOs)*, dopmupys uemouku [(UO,)(SeOy),(H,O)]*,
yKIa#bIBalolyeca B Iapa/UleNibHble IceBpocnon (puc. 6.1a, 6), Torma Kak CTpyKTypa ¢6.2
OCHOBaHa y)Ke Ha IIOIHOLEHHbIX C/IOSIX TOTO JK€ XMMUIECKOTro cocTasa (puc. 6.18, ).

Takme 1memoukum ObUIM  BIEpBBlE  OINMCAHBI B CTPYKTYpe  COENMHEHNS
Mn[(UQO,)(SO04),(H,0)](H,0)s [Tabachenko et al. 1975], a mo3agHee BO MHOXXeCTBe APYIUX
YPaHWIbHBIX OKCOCOJIEN, TEMIUIATUPOBAHHBIX Pa3/IMIHbIMK C aMuHaMu. CIOMCTast TOMOIOTHS
daspl €6.2 TakKe SIBISAETCH LOCTATOYHO PACIPOCTPAHEHHON M BCTPEYAETCA BO MHOXKECTBE
coequuenuit cocrasa [A,0,(SO,),(H,0)] [Krivovichev 2009].

Kpucrammnueckass crpykrypa coegmuenns [CoHsN][(Hs0,)(H,0)][(UO,),(SeOs)s-
(H,Se0;)](H,0) (¢6.16) ocuosama ma cmosx [(UO,),(SeO.);(H,Se0s)]*, ob6pasoBaHHBIX
B pesy/lbTaTe MNOMMMEPU3ALUM KOOPAMHAUMOHHBIX KoMmmiekcoB (UO,)%, (Se*O,)* wu
(Se**O(OH),)° 4epe3 obupte aTroMpl KUCIOPOAA. B TOIOIOIMYECKON CTPYKType CrIost
(puc. 6.171, e) Kakmasi CeJleHATHas IPYNIA CBS3BIBAET CPa3y TPU YPAHMI-MOHA, a ABAXKMIBI
HPOTOHVPOBAHHbIE CE/IEHUTHbIE KOMIUIEKCHI [IPUCOENVHAIOTCS TOIBKO OLHOI KUCTIOPORHOIN
BEpIIVHOI K OFHOMY YPaHWIBHOMY IIOMMIAPY. OTa TOIOJNOTNMS paHee He BCTpedYanach

B CTPYKTypaX HEOPTaHMIECKIX OKCOCOIEN.

CoeduHeHuacU:Se=2:3

B kxpucrammMueckux CTPYKTypax coefuHeHuit ¢ orHomenuem U : Se, paBHpIM 2 : 3, -
[CHsN]L[(UO,)2(Se04)s] (c6.3), [CHeN](H50)[(UO,)2(Se04);(H.0)](H,O) (c6.4),
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2.6 Kpucmamzoxumuuectcoe uccnedosanue HOBbIX YpaHus-ceneHamos u cefieHum-ceneHamos

[C:HN]L[(UO,)2(Se04)5(H,0)]  (€6.10), [C4HisN3][H30]05[(UO,)2(SeO4)295(SeO3)007(H,O)]-
(NO3)os (€6.11) u [C:HsN]3[Hs0,] [(UO,)2(SeO4)3(H20)2].(H,0)s (¢6.12) — KoopAaMHaLMOHHbIE
nomappel U and  Se®*™"  obbenuusoTcs depe3 oOupe JMraHmbl ¢ OOpasoBaHMEM
2D xommnekcos ¢ xummdecknmu cocTaBoM [(UO,)12(Se0y);(Se0s3),(H,0),]* (n=0,1,2; x =0,
0.07).

PUICYHOK 6.1  Tomonormueckoe pasHoobOpasue HeOPraHMYECKUX CTPYKTYPHBIX KOMIUIEKCOB B
KPUCTA/UIMIECKUX CTPYKTYpax HOBBIX COeVMHEHMIL. YpaHMIbHblEe INEHTaroHajbHble OMIMPaMUABI 1
Ce/leHaTHbIE/CeJIEHUTHBIE TPYIIbI IIOKA3aHbI JKE/NTHIM ¥ OPAH)XXEBBIM I[BETOM B IIOJMIJPIYECKOM
IIpeCTaB/IeHNN U YePHBIMU U OeIbIMU BepLIHaMy Ha rpadax

228



2.6.2 CmpyxmypHoe onucanue wecrmnaoyamu Hosvix $as

Tonomorus cnost mpu n = 0, oOOHapy)XeHHast B COeAMHEHNN €6.3, OCHOBaHA TO/IBKO Ha
YeTbIPeXWIEHHBIX KOJ/blLIAX, COCTaB/IE€HHBIX U3 YepefyloIIMXCA YPaHWIbHBIX M CeJleHaTHBIX
nomdapos  (puc. 6.1x, 3). Panee yxe BcTpeuyanmach, HaIpuMep, B COeAMHEHUN
[CH¢N;]1[(UO,),(Se0,)s] [Krivovichev et al. 2009].

Kpucrannmyeckue CTpyKTypbl coefuHennit ¢6.4, ¢6.10 u ¢6.11 npu n = 1 0CHOBaHBI Ha
CTPYKTYPHBIX KOMIUIEKCAX C OOMHAKOBBIM XxummaeckuM coctaBoM [(UO,),(SeO.);(H.0)]*, Ho
MMEIOT Pa3HBIN CII0co6 Tononornyecko casu nomafpos U u Se. CTpykTypa coenyHeHus ¢6.4
comepxut crmom (puc. 6.lm, Ji), MOXOXKMe Ha CIOMCTble HeOpTaHMYeCKue KOMIUIEKCH,
BCTpeYeHHble B CTPYKType €6.16. I'maBHas pasHMIa MeXAy 3TUMM JBYMS TOIOJOTUAMMU
3aK/II0YaeTCAd B MPUCYTCTBUY JIOTIOIHUTENbHBIX CET€HUTHBIX IOMU3APOB, KOOPAVHMPYIOLINX
YPaHWIbHBIE IPYIIILL ¥ PACIIOIOXKEHHBIX B OOJIBIINX ITyCTBIX BOCBMWYWIEHHBIX KOJIbLIAX CTIOEB
B CTPYKTYpe coefyHeHus ¢6.16. Tomonorus cnos ¢6.4 sBnsercs penkoit. OHa 6b1a 06Hapy>KeHa
paHee TonbKO B ogHOM ypanui-ceneHare K(H;O)[(UO,),(SeO4);(H,O0)](H,O)s [Ling et al. 2010].

B crmosix coepmuennit ¢6.10 1 ¢6.11 (puc. 6.1k, /1) He3aIOTHEHHbIE HIECTUY/IEHHbIE KOTIbIIA
00beuHAIOTCA 0 00leMy pebpy ¢ obpasoBaHMeM IeNOYeK, IapaUIeNbHBIX APYT APYTY,
pasneneHHbIX MEXOY coboil 60/ee CIOXXHBIMM TI0 TOMONOTUM LIeTOYeYHBIMM KOMIUIEKCAMMU
IUIOTHBIX YeTBIPEXWIEHHBIX Kojel]. Takoil TUI TOIOJOTMY CTPYKTYPHBIX KOMIUIEKCOB OBIT
BCTpedeH B ITOYAI0KIHE OpraHMYecK) TeMIUIATHPOBAHHBIX OKcocoseit yparnmna [Krivovichev
2009].

Anamms Tomosnorum cimoeB ¢6.10 m ¢6.11 mokasan, 4TO HeCBSA3aHHBIE BepIIMHBI
CelIeHaTHBIX TPYNII MOTYT MMETb PaslIMYHYI0 OPMEHTALMIO OTHOCUTENBHO IJIOCKOCTM C/IOS:
BBepX, BHM3 WU Pa3ylmopANOYEHHYI0 (BBepX U BHU3). DTa HEOTHO3HAYHOCTb OOYC/IOB/IMBAET
BO3MO>KHOCTb BBIAB/IEHMSI T€OMETPUYECKMX M30MEPOB C pasHOil OpMeHTaluell IMONM3/IpOB
cemeHa B cmoe. C 1enpio upgeHTMuKanuy ¥ KraccuuKanuy TOJOOHBIX M30MEpPOB
C. B. Kpusosuues m Il. Beprc TpemoXWIN IOAXO/, OCHOBAaHHBINI Ha COCTaBIEHUN
OpMEHTALIOHHBIX MaTpui Ans usomepoB [Krivovichev and Burns 2003]. B coorBercTBuM
C 9TUM MOAXOAOM KaXXIoMy 6erroMy y3iy rpada mpucBanBalTCs CMMBOIBL U (BBepX), d (BHUS),
m (opueHTauMs BBepX — BHM3 TOIONOTMYECKM SKBMBaleHTHa) wmm [J (BepummHa B rpade
OTCYTCTBYeT). JII060MBITHO, YTO COCTAaB/IEHHBIE TAKMM OOPa3OM OPMEHTAIVIOHHbIE MaTpPUIIbI
CIIO€B B KPUCTAZIMIECKUX CTPYKTypax ¢6.10 1 ¢6.11 okasanuch sKBuBaneHTHbIMI. [Tonydyennas
Marpuna MoxkeT ObITh 3amucaHa Kak (u(Jdd)(uudd). Taxum o6pasomM, ypaHWI-celeHaTHbIE
C/ION B 3TMX CTPYKTypax OTBEYAIOT OIHOMY VM TOMY K€ TeOMeTPIIECKOMY M30Mepy.

Croit [(UO,)2(Se04)3(H,0),]* mpm n = 2 B CTpyKType coefyuHeHus1 ¢6.12 cocTaBieH us3
KOJIOHOK ~ pe6epHO-COYIEHEHHBIX  OONbIINX  IOJBIX BOCBMUWIEHHBIX U  IUIOTHBIX
YeThIpeXwIeHHBIX Kojtell (piic. 6.1M, H). Takas TONOMOrKs C/I0st paHee He BCTPevanach B ypaHUI-

CeIeHaTax.
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2.6 Kpucmamzoxumuuecrcoe uccnedosanue HOBbIX YpaHus-ceneHamos u cefieHum-ceneHamos

CoeduHeHuacU:Se=3:5

Kpucrammmueckue  crpykrypsl  coemmHeHuin  [CHeN]4[(UO,)5(SeOy4)s](H.0)s (c6.5) u
[CHN](H50,)(H30),[(UO,)3(Se0.)s] (H,0)4 (€6.6) 0cHOBaHBI Ha TOIOIOTMYECKY OfMHAKOBBIX
HeopraHmiecknx cmosx cocrana [(UO,);(SeOy)s]* (puc. 6.10, ). Crrou mOCTPOEHBI 13 YeThIPeX-
M UIECTUYIEHHBIX KOJel. JTa TOMONMOrMs paHee Oblla BCTpedeHa B HEKOTOPBIX YPaHMII-
ceneHarax u xpomatax [Krivovichev 2009].

Vcnonp3yss reoMeTpMYeCcKmii IIOAXOM, OCHOBAHHBIM Ha OIpefieIeHNI OpUEeHTALNN
HECBSI3aHHBIX BEpIUVH CeTeHAaTHBIX TeTPasfpOB, OpMEHTAIVIOHHble II0C/TIefOBaTeIbHOCTH
CeJIeHaTHBIX TPYNI B CIOAX COeAMHEHMII €6.5 1M €6.6 MOryT ObITb 3amlMCaHbl Kak
(Ouuddd)(mddmuu) 1 (DudOud)(duuddd)(Oduddu)(ddddud) coorBercrBenHo. Takum
06pasoM, celeHaTHble U CeJIEHUT-CEeNeHaTHble CI0M, OOHAPYXXeHHble B KPUCTA/UIMIECKUX
CTPYKTYpaX 3TUX COeVHEHMI, OTBEYAIOT Pa3HbIM r€OMETPUIECKIIM U30MepaM.

Kpucrannmmueckne CTPYKTYpBI COeVHEHMIT [CHsN]L[H30][(UO,);5(SeOy)4-
(HSeO;)(H,0)](H,SeOs)o>  (€6.13),  [CiHN]3[H;0][(UO,)3(SeO4)s(H.O)]  (c6.14) u
[C:HsN]3(CHN)[(UO,)3(Se04)4(HSeO3)(H,0)] (¢6.15) 06/1a5ar0T OGMHAKOBOI TOIIOIOTMEN
HeOopraHM4ecKux cnoes (pic. 6.1p, ¢), MOCTPOSHHO U3 YeThIpeX- U IeCTUYIEHHBIX Kojel]. JTa
TOIIOJIOTYA SIB/IAETCS BeCbMa XapaKTepPHOI! I/I1 HEMHOIMX M3BECTHBIX K HACTOAIEMY MOMEHTY
ypaHun-ceneHuT-ceeHatoB. OHa ObUta OOHapyeHa, Hampumep, B KPUCTA/UINYECKON
crpykrype coepuaeHys [CsHuN][(UO,)3(SeO4)4(HSeOs) (H,0)] (H.SeO5)(HSeO,) [Krivovichev
et al. 2006]. OpueHTaLMOHHBIE MATPULIBI /IS CTIOEB B €6.13, ¢6.14 11 ¢6.15 Mer0T pasmepsl 6 X 2.
[TocnemoBaTenbHOCTM  CMMBOJIOB,  3amMcaHHBIX B psax, -  (duuudd)(udOduOd),
(dumudm)(udOdud) u (ududud)(udOdulJ) - [JONONHUTENIBPHO XapaKTEPU3YIOT
TOIOJIOTMYECKYI0 CTPYKTYPY HEOPraHMYEeCKUX CIOMICTBIX KOMIUIEKCOB, OTHOCA VX K PasHBIM

reOMETPMIECKNM N30OMEPAM.

CoeduHeHuacU:Se=5:8

Kpucrammmueckue  crpykrypel  [CHeN]4(H30):[(UO,)s5(SeO4)s(H0)](H0)s  (¢6.7) m
[CHgN].5(H50,)15(H30)5[(UO,)s5(SeO4)s(H,0) | (H,SeO4),6(H20)5 (c6.8) 0OCHOBaHBI Ha C/IOSX C
xummdeckuM coctaBoM [(UQO,)s(SeOy4)s(H,0)]¢ (puc. 6.1, y). OHU cOCTaBIeHb TAKMM 06pa3oM,
YTO Iapbl MECTUYIEHHBIX KOJIel], 00 beAMHEeHHBIX Yepe3 OO0 BEPILINHY, Pasfe/sIIOTCs MEeXIY
co00il IenoyKkaMy peOepHO-COUYWICHEHHBIX YeTBIPeXWIEHHBIX Kojel. IIpu 3ToM mapsl
PAacIoaraloTcs IMoo4YepeHO BOIb B3aVIMHO NepIIeHVIKY/LIPHBIX Hanpasiernit. CoeMHeHNA
€6.7 1 €6.8 ABNAIOTCA NEPBLIMU YPAHNU/I-CEJIEHATAMM C TAKOI TOIIO/IOTHEN CTIOEB.

Vicrionp3yss TreoMeTpMYeCKUII IIOXOH, OCHOBAaHHBII Ha COCTaBI€HMM MATPULBI
OpMEHTAlly  OKa3aBIIMXCS  HECBA3aHHBIMM  BEpPIIMH  CEJICHATHBIX  TETPaspoB,

OPMEHTAMIOHHBIE IIOCTIENOBATEIPHOCTI [JIsI C/I0€B B c6.7 u c6.8 MOXHO 3ammcaTh Kak
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2.6.3 Ilonuscerue pasmeprocmu

(uu0uu)(ddudd) u (ddOdd)(duuud) coorBercTBeHHO. TakuM 06pa3oM, ypaHUII-Ce/leHaTHbIE
con, oOHapY)KeHHble B KPUCTA/UIMIECKUX CTPYKTYPAX STUX COENVHEHNIT, OTBEYAI0T Pa3sHBIM

T€OMETPUIECKUM N30MEPAM.

2.6.3 T[oHM>XeHMe pa3mMmepHOCTU

Jyisi TpoBefeHMsT KOPPETALUMM COCTaB — CTPYKTypa B ypaHWI-CeJleHaTaX ObUI IpUMeHeH
HIPUHINI pasMepHOcTHOro moHyxkeHns [Long et al. 1996; Tulsky and Long 2001]. B pamkax
HACTOAIIETO AUCCEPTAIMOHHOIO MCCAeOBaHNUA OblIa IIpOaHaIM3MpOBaHa OOJblIas TpymHIa
coepuuenuit ¢ obueit popmynoit A,(UO,),(TO4),(H,0), (A* = ogHo3apsagublit kKaTnoH, T° = Se,
S, Cr, Mo). Bouto mpeponoxeHo, 4To 6a30BOil BLICOKOIIONMMMEPU30BaHHO 3D CTpyKTypoit
asnaercsa (UO,)(TO,), Torza kak B oMM areHTOB, IMOHIDKAIOIIMX PasMEPHOCTD, BBICTYIIAIOT
A)(TO4) m HyO. B coOTBeTCTBMU € STUM NPERIIONOKEHNEM COOTHOLIEHME MEX[Y pasHbIMM
COCTaBaMU U CTPYKTypamu ObUIO pelieHO rpadudecky OTOOpasuTh Ha KOMIIO3UIIMOHHOI
anarpamme UO,TO, — A,TO, — HyO (puc. 6.2). Criucok Bcex HaHeCEeHHBIX Ha Hee COeVIHeHMI U
Pa3sMepHOCTHBIX XapaKTePUCTUK UX CTPYKTYp MOxXeT ObITh HaiifeH B cratbe A-II (cM. Included
Articles).

PMCYHOK 6.2  Iloma pasHOif pasMepHOCTM Ha KOMIIOSMIIMOHHOIN  JAMarpaMMe  CUCTEMBI
UO,TOs - A2TO4 - H20 (A = ognosapsigablit Katuol, T = S, Se, Cr, Mo)
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2.6 Kpucmamzoxumuuecrcoe uccnedosanue HOBbIX YpaHus-ceneHamos u cefieHum-ceneHamos

JuarpaMma Mo>xeT ObITb pa3jie/ieHa Ha I10JIA, B KOTOPBIX CTPYKTYPbI MMEIOT OffIHAKOBOE
3HauyeHMe pasMepHocT (0 = KOHEeYHBIE KJIACTephl, 1| = IIeMOYKy, 2 = C/IOM, 3 = KapKachl).
Omnpezpenenne rpannll MeXXly IOIAMI He AB/IAETCA OSHO3HAYHBIM U MIMEET OPMEHTUPOBOYHBIN
xapakrep. Tak, HalrpuMep, 1O MpUYMHE HATUYNA BCETO OFHOI TOUKM (36), COOTBETCTBYIOLE
0D (¢asaM, rpaHunbl Mexpy noaamyu 0D u 1D mpoBefeHbl IMIOTETUYeCKW. MOXHO
HPeAIONOXKUTb, YTO STU TPAHUIIBI JO/DKHBI OBITH GONee-MeHee MapaIe/IbHBIMM TPaHUIIAM
Mexay nonamu 1D-u-2D w 2D-u-3D m He NPOTUMBOPEYNUTH NPUHLMILY Pa3MEPHOCTHOTO
MOHVKEHNA /I HEOPTAHNIECKIX OKCOCOIENA.

Tem He MeHee ObUIM OOHApY)XeHbI HEKOTOpPBIE PACXOXAEHMA C OXUJAaHMAMIU.
B yactHOCTHM, TOYKkM 21 m 23 pacmonoxeHbl B 2D 1o7e, HO COOTBETCTBYIOT 3D KapKacaM
crpyktyp ¢ coctaBamu As(UO,)2(TO4)3(H,0)s n Ag(UO,)2(TO4)5(H,0);5 coorBercTBeHHO. DTI
OTKJIOHEHVSI MO>KHO CBSI3aTh € IBOAKOI posbio H,O: B 60/MBIIMHCTBE CTy4aeB MOJEKYIIBI BOJbI
BBICTYTIAIOT B Ka4€CTBE ar€HTOB, IOHVDKAIOLINX Pa3MEPHOCTD, TOT/ia KaK B C/Iy4asaX COeNVHEHNI
21 1 23 OHM IIPOCTO 3aIOIHAIOT IIYCTOTHI B YPAaHMUIbHOM KapKace.

JIna HarnAgHOM NEeMOHCTpaluy NPMHINUIA PasMEPHOCTHOTO IOHVDKEHMA B CUCTEME
MO>XHO PacCMOTPETb NMHUIO, BBIXOJAIIYIO 13 JIEBOTO YITIa AMAarPaMMbl U 3aKaHYMBAIOLIYIOCs B
ee BepumuHe. JIMHMA COOTBETCTBYET Ce€pUM COEIMHEHUI C XMMWYECKMM COCTaBOM
A, (UO,),(TO4)y. Touxm 24, 30, 28 u 36 OTBeyalOT CTPYKTypaM C pasMEPHOCTHIO, PaBHOII
COOTBeTCTBeHHO 3, 2, 1 n 0. Touku 16 u 8 nexxaT Ha rpaHuiax Mexay nonamu 2D-u-3D u 1D-u-
2D coorBeTcTBeHHO. Takum 06pasoM, pasMepHOCTb CTPYKTYPHBIX KOMIUIEKCOB YMEHBIIAeTCs
OT TOYKM 24 K TOYKEe 36, YTO IIOTHOCTBIO COINIACYETCA C INPUHLUIIOM PasMEPHOCTHOIO

IIOHVMI>KECHUIA.



2.7 AHanormsa mexay ceneHNTHbIMAN N POCPUTHLIMMN
OKCOaHUOHaMM

B sToM paspene npencTaBIeHbl Ype3BbIYANIHO IHTEPECHbIEe Pe3y/IbTaThl, IOTy4eHHbIe B CAMOM
KOHIIe pabOThI Hajl AUCCepPTALiNel, SIBHO yKasbIBAIOLINE Ha OTPULIATE/IbHBII 3apsif BOGOPOAA B
dochurax. Anmonsr (HPO;)*, ob6pasoBaHHBIE [HENPOTOHMpPOBaHMEM OpTOdochopuCTOI
kucnorsl HPO(OH),, 00BIYHO BCTpedaroTcA B BUe TPUJCHTATHBIX TETPasApUYECKUX
KOMIUIEKCOB B KPUCT/UINYecKyx coeayHenmsix. Obpasosannue csasu H-P B rpymme (HPO;)*
06BIYHO paccMaTPMBAETCsA KaK pe3y/IbTaT IIPOTOHNPOBAHMA HEIIOfIeTIEHHOI TIEKTPOHHOJ ITaphl
aroma docdopa. VI xotst B pactBopax ¢ocduram ObUIO yHeIeHO [OCTATOYHO BHUMAHUS CO
CTOPOHBI CIIEKTPOCKOMNYECKUX nccnefgoBanuit [Loub 1991], B kpucranmmiecknx dasax cBsspb
H-P B pochuTHBIX aHMOHAX JIO CUX ITOP He 6blTa TO/HDKHBIM 06pa3soM OXapaKTepU30BaHa.

B pamkax Hacrosieil paboTbl OBUIN CUHTE3MPOBAHBI ABA U30CTPYKTYPHBIX COEAUHEHNS
Fey(SeOs); u  Fey(HPOs);. TyHHenbHble KpUCTA/UIMYECKME CTPYKTYphl obeux  ¢as
DEeMOHCTPUPYIOT aHAJIOTMIO MEXHAY HEIOfIe/IeHHBIMM 3/IeKTPOHHBIMU IapaMy CeJIeHUTHBIX
mupamun u cBassimu H-P B docdurubix Terpasgpax (puc. 7.1). Hampammsaercs
IpefIIONIOKeHNe, YTO B KPUCTA/UIMYECKMX Marepuanax, copepkammx anmonsl (HPOs3)* u
(ESeOs)*, cBstsb H-P urpaer Ty >xe poib B pocdurax, 4T0O U HellOfieJIeHHASI 9/IEKTPOHHAs T1apa
E B cemenmrax, cumras, 4ro aroM H 3apsbkeH orTpumarensHo, a cBsisb H-P obmamaer

CYLLIeCTBEHHO TMAPUAHBIM XapakTepoM B aHnoHax (HPOs)>.

PMICYHOK?7.1  Crpykrypsl JIblonca U YIpOLIeHHOE Xy[0>KeCTBEHHOE IPefiCTaBlIeH)e OpOUTaIbHBIX
Mogeneit aHnoHoB (ESeOs)*” (a) u (HPOs)*~ (6), KoTOpoe HOfYepKUBAET CXOXKYI0 TeOMETPUYECKYIO POTIb

Huros 1 Eseos
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2.7 Amnanozus mexcoy cenenummuimu u GochumHobimu 0KCOGHUOHAMU

2.7.1 CuHTe3 M CTPYKTYypHOe onucaHve ceneHuta n ¢ochpura xxenesa

Mouoxkpucramsl coefunennii Fex(SeO;); (c7.1) um Fe;(HPOs); (c7.2) Oputu momydeHst
ruppoTepmanbHbiM MetonoM. Pearentsr FeCls-6H,0, Li,CO; 1 SeO,/H;PO; 6b1mn epemertianbl
B MOJIAPHOM cooTHoweHuu 1:1.5:2.5 M pacTBOpeHbl B 6 M/ JUCTWIIMPOBAHHON BOJBI.
TuppoTepManbHble peakLuy IPOTEKaIM B 23 MJI CTAIbHBIX ABTOKIABAX C Te(IOHOBBIMU
BCTaBKaMl, KOTOpble Harpepaiuch B meun go 160°C. IIpu Takoil TemiepaType aBTOKJIABbI
BBIIEP>KVMBAMICh B TeYEHNUE [IBYX CYTOK, a 3aTeM MeJICHHO OX/IAKHAMNCh NO KOMHATHOM
TeMIIepaTypsl B TedeHue eie 48 wacos. Criefyer 3aMeTuTh, 4TO paHee B pabote [Sghyar et al.
1991] 6511 omucan apyroi cnoco6 cuHTesa ¢aspr Fe,(HPO;)s, mpu KOTOPOM KpucTa/InyecKye
COeIHEHNA POCTM METOAOM MefiIeHHOro BbimapuBaHysa 1mpu 90 °C BOFHOTO pacTBOpa,
copepxxatero 20% Fe,Os, 30% H;POs 1 50% BopabL.

OcHoBHble  KpHUCcTajlorpadudyeckue  CBefileHMsA M TapaMeTphl  YTOYHEHVA

KPVICTa/UIMIECKUX CTPYKTYP BYX COeIMHEHMII IIPpeiCTaB/IeHbI B Ta6. 7.1.

TABJINIIA 7.1 Kpucrannorpagudeckie cBeeHMs U MapaMeTpbl yTOUHEHWs CTPYKTYP COENVHEHMI
Fe2(SeO3)s (¢7.1) u Fe2(HPOs)s (¢7.2)

c7.1 c7.2
M; (r monp™") 492.58 351.63
IIPOCTPAHCTBEHHAA IPYIIIa P6:/m P6:/m
a(A) 7.8720(9) 8.0195(2)
c(A) 7.3258(10) 7.3700(2)
V(A% 393.15(10) 410.48(2)
V4 2 2
p (r/em®) 4.161 2.845
u(mm) 17.603 4.144
7 (MoKa) (&) 0.71073 0.71073
Bcero pedr. 3894 8590
He3aBMC. pediL. 472 475
Rint 0.0303 0.0325
R [I>20(D)] 0.0141 0.0133
R, [I>20(])] 0.0141 0.0133
R, [all data] 0.0157 0.0154
WR, [all data) 0.0311 0.0433
GOF 1.098 1.249
ApmasDpmin (€ A3) 0.451, -0.426 0.423, -0.309

Kpucrammmaeckne crpykrypel coemmHeHuin Fe,(SeOs)s (c7.1) m Fe,(HPO;); (¢7.2)
conepxar gumepbl [Fe,Os]'*, cobpanHblie u3 okTasnpoB Fe*Os, 06benHeHHbIX Yepe3 061Iyio
TpeyronbHyo rpanb. CpenHie finHbl cBsaseit Fe—O B 06enx ¢pasax mpubImM3uTeIbHO paBHBI, TaK
e Kak 1 paccrossuusa Fe--Fe (2.987 A u 2.980 A coorBercrBenHO B €7.1 U c7.2). Iumepst
[FexOo]'*™ coemmHAIOTCSL BCEMM CBOMMMU IIECTbI0 BepummHamu ¢ Terpasgpamu (ESeO;)* mmm
(HPOs)*, obpasys rekcaroHanbHble KaHAIbl BO/Ib KpucTamtorpadudeckoit ocu ¢ (puc. 7.2).

Cssasu H-P HaIlpaB/I€EHbl BHYTPb KaHa/IOB IIO0 aHA/JIOTUM C HEIIOAE/IEHHBIMU 3/IEKTPOHHDBIMU
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2.7.2 Pacuem uacmuuHvLx 3apa006

napamu E cenenutabix rpynm (ESeOs)>. Cassu Se-O (1.676-1.722 A) okasbisaroTcs oxmaeMmo
mmmHHee cBaseir P-O (1.513-1.540 A). Tem He MeHee [uaMeTp IEeHTPaJIbHOTO KaHala B
crpykrype Fe;(HPOs); 6onbie, uem B coenunennu Fey(SeOs)s. Immua cBsisu H-P cocraBisier
1.310 A, Torla KaK reoMeTpUYecKuit IeHTP HEIOJIENeHHbIX 3MeKTPOHHBIX TIap CeNeHMTHbIX
AHMOHOB pACIONoXKeH Ha paccrosHmy =<0.260 A or aroma Se, uro 6bUI0 paccumTaHo
c ucnonb3oBanyeM nporpammbl HYBRIDE, HancaHHOI Ha OCHOBE TEOPUM HENIOJ€/IEHHbIX I1ap,

paspaboranHoit A. Bepbepom ¢ coaBropamu [Verbaere et al. 1978].

PUCYHOK?7.2  Bup xpucrammdeckux cTpyktyp coemuuernii Fex(SeOs)s (¢7.1) u Fex(HPOs)s (¢7.2)
BJO/Ib KpucTautorpaduaeckort ocu ¢ — (a) u (B) COOTBETCTBEHHO; CITOCOO CBA3BIBAHNS IIO/IMIAPOB JKejte3a
(xopuuHeBbIiT) 1 ceneHa (OpaHXeBbll) B CTpyKType ¢7.1 — (6)

2.7.2 PacyeT YaCTNYHbLIX 3apsaoB

Jist 6ombuIOro umcIa u3BeCTHBIX (ocHUTHBIX (a3 ¢ pasHOOOPASHBIMU KPUCTA/UINIECKUMIU
CTPYKTYpaMM Ppa3TUYHON PasMEPHOCTM C IeNbI0 BBIACHEHMS OCTATOYHBIX YaCTUYHBIX
OTpUIIaTENIbHBIX 3aPSLOB BOJOPOAA OBV PacCINTAHbl YaCTUYHBIE 3apsA/bl MOHOB HochuTHBIX
rpymn (tabn. 7.2), uctnonesys meron M. Aupu [Henry 2002; Henry 2008]. Pacuyersl mokasamu
Cn1abblil, HO OIpefie/IeHHO TUIPUAHBII XapakTep cBsa3u H-P: Hanpumep, cmabo oTpuijaTenbHbIit
3apsp, cocraBmaonmii —0.024 3/1eKTPOHHBIX eAMHULL (3. e.), ObUI IMONMy4YeH A atoMoB H B
coemuuennu Fe,(HPO;)s, a 3apsaper —0.108 2. e. u -0.099 2. e. 6bUIM paccUMTaHbI A1 [BYX
KpUCTamIorpapyeckyl HeSKBJMBaJIEHTHBIX BOJOPORHBIX IO3UINIT B CTPYKTYPe COENVHEHMNs
Sr(H,0):[(UO,)(HPO:s),] [Villa et al. 2013].

B coegnuennu Fe,(HPOs); paccumraHHble 4YacTM4HbBIEe 3apsmbl aas moHoB O u P
coctaBsaioT 0o & —0.34 2. e. u 8p ~ +0.17 2. e. cooTBeTCcTBEHHO. [lepexomst K 60/MbIINM TUTaHgAM,
HaIpuMep, aHnoHaMm xjtopa B coegyuenun PCls, nomspusoBanHocts cBsisu P**~Cl™ cmerena
B CTOPOHY 6071€e€ IIOJIOKUTEIBHOT0 YaCTUYHOTO 3apsifa noHa gpocopa (8c = -0.11 1 8p = +0.34),
YTO He MOAXOAUT A1 o6pasoBanus cssu H-P. I[Toxoxwit adpdexT HabmomaeTcss B apceHUTAx C
HOHVDKEHHOI 3/IEKTPOOTPUIIATETbHOCTBIO MBIIIbAKA ITO CpaBHEHNIO € pochopoM (Xp > Xas), ITO

CIIOCOOCTBYET CTEPEOXMMMUYECKON AKTMBHOCTH «CBOOOMHO» HEIOfe/NIeHHO! 3/IeKTPOHHOI
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2.7 Amnanozus mexcoy cenenummuimu u GochumHobimu 0KCOGHUOHAMU

mapsl rpymnmbl AsOs. boree snekTpooTpuIaTeIbHbIN KaTNOH ceneHa (Xs. >> Xp) 06pa3yeT MeHee
nonsgpusoBaHHble cBaA3K Se—0O, Takue Kak B Fe,(SeO;)s, uto gaer 3HaueHue Os. = +0.056 2. e., u
4TO TaKXXe He 1m03Bo/msgeT (QopmupoBaThcsa cBsid3sAM H-Se, HO XOpOLIO MOAXOAUT [iis

o6pasoBaHMst OKCOaHNOHOB (ESe0s)*” B KPUCTAINYECKX COEVHEHVISIX.

TABJINIIA 7.2 Paccunrannble yacTUYHBIE 3apAAbI HEKOTOPBIX COEIMHEHMI

YaCTUYHbIE 3apsAMbI, +q

H P/Se/As o/cl CCBITKA
Fe,(HPO:s)s -0.024 +0.170 -0.382 (x2), -0.293 [1],¢7.2
Sc:(HPO:s)s -0.068 +0.304 -0.602 (x2), -0.695 [2]
AL(HPO:s); -0.042 +0.454 -0.504 (x2), -0.573 [3]
Gay(HPOs)s ~0.032 +0.479 20.437 (x2), —0.483 3]
Fe,(HPO:)F, -0.048 +0.401 -0.453 (x2), -0.452 [4]
-0.108 +0.170 -0.539, -0.707, -0.695
Sr(H20).[(UO,)(HPO:s),] [5]
-0.099 +0.199 —-0.666, —0.585, -0.676
X -0.045 +0.478 -0.420 (x3)
Nlll(HPO3)2(OH)5 [6]
-0.048 +0.459 -0.432 (x3)
PCls +0.340 -0.114 (x2),-0.113 [7]
Fe»(SeOs)s +0.056 -0.353 (x2), -0.280 c7.1
Scx(SeOs)s +0.088 -0.558 (x2), -0.661 [8]
+0.231 -0.468 (x2), -0.467
Zn3(AsO3), [9]
+0.206 ~0.469 (x2), —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]

JONOTHUTENbHO BBIIOTHEHHBIE ab-initio MOTIEKY/LIpHBIE PacyeThl B COTPYAHUYECTBE C
npogeccopom Maiikom BaHr6o Taxoxe HOATBEpAVIIN HaTU4Me OTPULIATEIBHOTO 3apsA/a y aToMa
Bofoposia. Kpome Toro, mpu ToMOIIM MArHUTHBIX MCCIEHOBAaHMII OBLIO IIOTy4eHO
CBUJIETENBCTBO, YTO M3-3a CBOEI reoMeTpun u 3apsAna rpymnsl HPO; ABIAI0OTCA 04eHb crabbiMu
MarHUTHBIMM COEVMHNTE/IbHBIMY Y3/IaMU B CTPYKTYpax KpUCTA/UIMYECKUX MaTepuanos. Padora,
OIMICAHHAs B 3TOM pasfiese, ellle He 3aBepllieHa 1 obellaeT MPUBECTY K HOBBIM MHTEPECHBIM

pesy/IbTaTaM.



3 SAK/THOYEHUE N NEPCNEKTWBbDI

B mmccepraumoHHO paboTe IpefCTaBIeHbl Pe3y/IbTATBl M3y4eHMS] HECKOIbKUX MeTaslI-
OKCUIHBIX XUMIYECKUX CUCTEM, COEPXKALINX PasIndHble Xummnieckue anementsl (Cut?*, Ni*t,
Co?, V*#5+ Mn**, Fe*, Pb*, Bi**, U®). Kpucraoxummus O6OJbIION TPYIIbl HOBBIX
KICTIOPOLHBIX COENUHEHMII YeThIpeX- M IIeCTUBATEHTHOIO CeleHa ObUla M3ydeHa IIaBHBIM
00pasoM MeTOJOM MOHOKPUCTaJIbHOTO PEHTTeHOCTPYKTYPHOTO aHaausa. PesymbTaThl
JaJIbHEIINX SKCIEePYMEHTATBHBIX PaboT B TeKCTe He ONMMCAHbI, HO MOTYT OBITh HalieHbl B
OIyO/IMKOBAHHBIX CTAaThAX, IPWIOKEHHBIX B KOHIfe guccepTaumu. C Kpucramiorpaduaeckon
TOYKM 3peHys OONMBIIMHCTBO CUHTE3MPOBAaHHBIX COENVHEHWII IIPEeACTaBIAT COOOI
MOHOKDMCTA/ZIbl ~ XOPOIIEro  KadecTBa C  BBICOKOYNOPAJOYEHHBIMM  apXUTEKTypamu,
COCTOSILIIMMY U3 Pa3HOOOPA3HBIX CTPYKTYPHBIX KOMIITEKCOB. TONBKO COeVHEHNsI Ha OCHOBE
OKCOLIGHTPMPOBaHHBIX  KoMIitekcoB  O(Bi/Mn),  DeMOHCTpMPYIOT  TeHAEHLMIO K
pasyHopsAmodeHno. ITO CUTyaLMs XapaKTepHa /i1 KaTMOHOB Bi** B ciy4dasx, Korja BalleHTHOE
yewnue cBsasu O-Bi pmaer Bkmap 6ombine 0.5 6. e, YTO NPUBOGUT K MCKOKEHUIO MU
pasynopspgodennio nosuumit Bi. Kak pas ato n Ha6/II0/1aeTCsl B HEKOTOPBIX HOBBIX COEIMHEHNISX,
OINMCaHHBIX B JaHHOII pabore.

Hacrosamas guccepranys sABAAETCA ONHONM U3 IEPBbIX, B KOTOPOIl CUHTe3 pa3IUIHBbIX
Cepuil  HOBBIX  METAI-OKCUIHBIX  COEJUHEHMI  OCYLIECTBIAETCA C  IIPMMEHEHMEM
MHHOBAIlOHHOTO  TIOAXOfa, OCHOBAHHOTO HA  MCIONb30BaHMM  MUHEPATOTUYeCKON
uHpopManuy, T. e. MHGOPMALIL O COCTaBe, CTPYKTYpe, CBOJICTBAX U criocode GpopMupoBaHms
00BEKTOB IPUPOJHOTO MMpa. B paMkax gaHHOTO IMOAXofa Oblla IpefIpUHSATA IMONbITKA
CMOJIeNMPOBATh IPUPORHBIE IIPOLIECCHI KPUCTA/UINYECKOTO POCTa B TAGOPATOPHBIX YCTOBUAX C
[e/bI0 IMOJIy4eHMs] KOMIUIEKCHBIX (pa3, O0OMafalommux IOTEHUMAIOM C TOYKM 3PEHIUs
JanpHeIIero u3ydeHns ux GpusnuIecKux CBOVCTB. bonbioe pasHooOpasue CMHTE3VPOBAHHBIX
COeIMHEHNUII SBHO YyKasblBaeT Ha IPUTOJHOCTb M IPMMEHUMOCTb 3TOTO IIOAXOAA /A

paSpa6OTKI/I U IIO/Ty4€HI HOBBIX (byHKIH/IOHa}II)HbIX MaTepnaaoB. 3amMmeuaTenbHbIE Ppe3ynbTaThl,
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3 3AKJ/IOYEHVE M IIEPCIIEKTVBBI

MOJlyYeHHble C IIPUMEHEHNEM pasINYHBbIX Ta0OpaTOPHBIX MeTOJOB, IOATBEPAIIN, YTO
CelleHMTHblE U  CeJICHaTHble OKCOAHMOHHBIE TPYINMPOBKM MOTYT WIPath  POJb
TEeMIUIATUPYIOLIMX areHTOB IPM KPUCTAUIMYECKOM pOCTe MUHEPaNoOB B PasIMYHBIX
reoXUMUYECKUX 0OCTaHOBKAX.

B pamkax Hacrosieit paboTbl 6BIIO TIOTYYEHO BOCEMb HOBBIX MEIHBIX OKCOCENEHUTOB
meropoM XI'T peakumit. DTOT pe3ynbTaT HOKasbiBaeT 3(peKTMBHOCTb Ia30TPAHCIOPTHOIO
MeTOfa I/Is1 CUHTE3a HEOOBIYHBIX CMeNIaHHO-BameHTHbIX Cut-Cu®" KMCTIOPOJHBIX COeAMHEHNIL.
CoenyHeHNs, OMMCAHHBIE B IMCCEPTAL{MY, OCHOBAHBI Ha OKCOLIEHTPUPOBAHHBIX TeTPasfgpax
(#4—O)Cuy, KOTOpPBIE HMOMUMEPUSYIOTCS C 00pa3oBaHMEM CTPYKTYPHBIX KOMIUIEKCOB pPasHOIM
PpasMepHOCTH.

Tpoitnast Bopnass cucrema PbO-NiO-SeO, O6bUta CKpyIynesHO MCCTeOBaHA B
TUIPOTEPMAIbHBIX YCTIOBUMAX. TpM HOBBIX CBMHI[OBBIX Cel€HNTA HUKEAS M ORUH HOBBINI
CBMHIIOBBI/I CelIeHUT KOOanbTa ObUIM CHUHTESMPOBaHBI M CTPYKTYPHO OXapaKTepPU30BaHBL
OKCIepUMeHTaIbHBle pe3y/IbTaThl IOKa3alu, 4dYTo 3HadeHusa pH pacrBopa wurparor
CYILIeCTBEHHYIO POJIb B IPOLIeCCaxX IMAPOIM3a M KOHAEH AN B TUAPOTEPMAIbHBIX PEeaKLMAX B
U3YYEHHOJ  CUCTeMe I  OIpemeNAlT  CTPYKTypHble  apXUTEKTYpBl  00pPasyIOLIMXCA
KPUCTa/UINIECKMX IIPOAYKTOB CHHTe3a.

Tpu HOBBIX COeMHEHNUs ObUIM CHMHTE3MPOBAHBL B Pe3y/IbTaTe MCCIENOBAHNA TPOHBIX
BOJIHBIX CHUCTEM CO CBMHI[OM, C BaHajueM U cemeHoM. [IBe ¢aspl OKas3amuch HOBBIMMU
HOMMMOPQPHBIMY MOFU(PUKALNAMY yXKe U3BECTHBIX COefUHeHuil. VIsydenne monumopdusma
yKaszalo Ha 6OJbllIoe pasHOOOpasye BO3MOXKHBIX CTPYKTYPHBIX (popM BaHafaT-CeeHUTOB,
KOTOpOe MOXXeT OBIThb BBI3BAHO OTYACTV IIPUCYTCTBMEM XVUMUYECKU pa3INyYHbIX CBsA3eil B
nomappax V>*0,. Briag B 970 MHOroo6pasne BHOCAT TaK)Ke HECUMMETPUYHBIE CeJIEHUTHbIE
TPYNIIMPOBKM CO CT€PEOXMMMYECK) AKTUBHBIMIU HEIONE/ICHHBIMM 3/TeKTPOHHBIMM IIapaMIi,
KOTOpBbI€ IPUBOAAT K GOPMMUPOBAHNIO OTKPBITBIX CTPYKTYPHBIX apXUTEKTYP.

CeMb HOBBIX COeNVHEHWII Ce/leHa, COfep)KAIllMX MapraHel] J/WIM BUCMYT, ObUIM
CMHTE3MPOBAHBI Pa3HBIMU TAOOPATOPHBIMYU METOJAMU: BBIIAPMBAHME U3 BOLHOTO PACTBOPA,
TUApPOTEPMaTIbHBIE PEAKIVI, XUMIYECKIe Ta30TPaHCIOpTHBIE peakuuu. Tpy nomydeHHbIe (asbl
SIB/IAIOTCA  TIEPBBIMM  INIPUMEPaMU  OKCOCE/IEHUTOB, COHEpKallMX Of[HOBPEMEHHO W
MapraslieBble, I BUCMYTOBBIe KaTHOHBI.

Kpome Toro, 6bI10 CMHTe3VPOBaHO ¥ M3y4eHO 16 HOBBIX CeTIeHCOAEPIKALIMX OKCOCOTelt
ypaHWIa, TeMIUIATMPOBAaHHBIX OpraHudeckumy ammHamy. OOHapy>KeHHbIe TOIOTIOTUK
CTPYKTYPHBIX KOMIIIEKCOB HOBBIX COeIMHEHMII ObIIV IPOaHATM3VPOBAHBI IIPY OMOLIY TEOPUN
rpadoB ¥ CHELMATbHOIO NOAXOAa (OCHOBAaHHOTO HAa COCTAaBJIEHUM OpPMEHTALMOHHHOI
MaTpMIBI), NPUMEHIEMOTO [JI BBIABJACHUSA PAa3HBIX I'eOMETPUYECKMX M30MEPOB YpaHMI-
CeJIeHaTOB U CeIeHUT-CeJIEHATOB, OOAMAlONINX OfHOM TOIl e CTPYKTYPHOI TOIIOJIOTHEIL.
Amnanns nsBectHbix coepuuernii A,(UO,),(TO,4),(H0), (A* = ogro3apsaausi kKatnoH u T° = Se,
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S, Cr, Mo) ¢ ucnonp3oBaHMeM IpPUHINIA Pa3sMEPHOCTHOTO HOHIDKEHMA B KOMOVWHAIUM C
cocTaBjIeH/eM KOMIIO3MIIMOHHOI KOPPe/IALVIOHHOM YIarpaMMBbl COCTaB — CTPYKTYpa MO3BOJIN
BBIJIS/INTD Ha Hell TI07IA, COOTBETCTBYIOIIYE GOPMUPOBAHMIO YPAHMIbHBIX CTPYKTYP PasIM4HON
PasMepHOCTH.

ITpoBeneHHas aHA/MIOIMA MEXHAY HeIOfeNeHHbIMY 37IeKTPOHHBIMY IIApaMy CeJICHUTHBIX
rpynn u cBassavu H-P B pochur-annonax Ha ImpyuMepe CUHTE3MPOBAHHBIX U30CTPYKTYPHBIX
¢da3 ¢ puMepaMu TPeXBAJIEHTHOTO >Ke/le3a, MOAKpPEIIeHHas PacieTOM YaCTUYHBIX 3apsifioB,
yKa3bIBaeT Ha BePOATHYI0 OTPMIATEIbHOCTD 3apAfa aTOMa BOAOPOJA ¥ TUAPUAHBIN XapaKTep
csasu H-P B rpymme (HPO;)*. 9T0 OTKpBIBaeT IOTEHIMANbHYI0 BO3MOXHOCTD /IS CHHTe3a
KPUCTQ//INYECKUX ~ COENMHEHMII C  OTKPBITBIMU  apXUTEKTypamu,  OOJIafaioLiMu
MOJIApU30BaHHBIMY rpynmmpoBkamy P-H wmmu Se-E, KoTopble MOTYT HaITV NpMMeEHEHMe B
KauecTBe, HallpyMep, MHTePKA/ALMOHHBIX MaTep1asoB, MONIEKY/IAPHBIX CUT, B KaTa/lu3e U Ip.

O61111e pesynbTaThl, IPEICTaBIeHHbIE B HACTOAIIEH MCCIIeOBATeIbCKON paboTe, BHOCAT
BK/IaJ] B pyHJaMEHTa/IbHOE IIPECTAB/IEHNE O KPUCTA/UIOXVIMUM CUHTETUYECKNX U IPUPOZHBIX
KICTIOPOJIHBIX COEIVIHEHNUIT YeThIpeX- 1 IIeCTUBATEHTHOTO CelleHa. VICIonb3oBaHHbI B paboTe
HOJXOf, OCHOBAaHHBII Ha MIHEPAaTOTMYecKoil MHPOPMAIVM, JUIA CUHTe3a HOBBIX MeTalll-
OKCUIHBIX COEIMHEHMII SIB/SIETCS MHHOBALMOHHBIM U MOXeT ObITh IPUMEHEH B paMKax
HpPOTPaMMBI 110 OOHOBJIEHNIO COBPEMEHHOI HEeOPTaHWYeCKOil XMMMUU U lle/IeHaIpaBIeHHOTO
CO3JlaHMsA HOBBIX KOMIUICKCHBIX (YHKIJMOHQJIbHBIX MATepPUalOB, MMEIONIMX IOTEHIVAN B
obmacT M3y4eHMs] MX BO3MOXKHBIX (PM3NYECKUX CBOVICTB. Bonbinoe pasHoobpasie HOBBIX
CMHTETMYECKMX  CeJIEHOBBIX  KMCIOPOJHBIX  COe[MHEHMI  MO3BONAET  IpeficKas3aThb
CyLIeCTBOBaHMe BO3MOXKHBIX aH@JIOTMYHBIX MUHEpalbHbIX (a3, KOTOpble MOIYT
(GbopMHUpOBaTbCA B PaslTUYHBIX TEOXMMUYECKUX oOcTaHOBKaX. OOHapy)KeHHbIe OTKpBITbIE
CTPYKTypHBIE IIOCTPONKM OOJNBIIMHCTBA HOBBIX COENVHEHMII [alOT BO3MOXHOCTb M
VICTIONIb30BAHUA UX CTPYKTYPHBIX ITOTIOCTEN I MHTEPKAIAIMU/3KCTPaKIMY MOOVMIbHBIMU
OpPraHMYeCKMMIM JMOHAMM, YTO MOXeT ObITh BOCTPeOOBAaHO B IIEPCIIEKTMBE B KaTaluse U
MOHHOOOMeHHOI xumuu. [anpHelllIee ske U3ydeHNe KOHeHCHPOBAHHBIX CelTeHCOIepPIKAIIIX
CTPyKTyp ofeliaeT IpMBECTM K OOHAPY>KEHMIO MHTEPECHBIX MATHNUTHBIX CBOICTB. B artom
acIeKkTe eJVHCTBEHHBIM OIpaHMYEHNMEM MOXKeT OKAa3aTbCA TONBKO BBICOKAA JIETy4ecTb

OKCOCOJIell cefieHa B IIponeccax CMHTe3a.
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